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Abstract: In industrial applications, the potential of basalt
fibre-reinforced polymer (BFRP) composite pipes as a com-
pelling alternative to glass and carbon fibre-reinforced
composite pipes is recognized. Their high recyclability
makes them a viable option for aerospace, marine, and
automotive applications. In this study, a comparison is
made between the mechanical properties of virgin basalt—
epoxy composite pipes and graphene-modified counter-
parts. To conduct the experiments, pipe section specimens
were prepared using a flex grinding machine. Graphene
nanoplatelets (GnPs), serving as an exceptional reinforcing
material, were uniformly incorporated into the basalt-
epoxy composites at a specific concentration. The inclusion
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of these nanoplatelets resulted in significant changes in
mechanical stiffness compared to the virgin basalt-epoxy
composite pipes. A series of tests, including uniaxial tensile,
Charpy impact, microhardness, Shore D hardness, uniaxial
3-point bending, and dynamic displacement transmissibility
tests, were carried out to assess the mechanical properties of
both graphene-reinforced and virgin basalt—epoxy pipes. The
findings indicated that the pure basalt-epoxy composite
exhibited lower ductility compared to the graphene basalt—
epoxy composites after undergoing uniaxial mechanical
loading. Non-destructive dynamic mechanical vibration
testing was used to investigate the complex mechanical
response of the materials under examination. The observed
complex frequency-dependent responses reflected the
mutual ductile/brittle mechanical performance of the devel-
oped composites.

Keywords: graphene-modified basalt fibres, composite pipes,
epoxy polymer, mechanical testing

1 Introduction

Composite structures are tailored to achieve specific prop-
erties suitable for anticipated environments [1,2]. Fibre-
reinforced epoxy resin composites have emerged as an
advanced material choice for pipe fabrication, surpassing
traditional metal pipes in applications such as under-
ground material and fluid transport, including oil, natural
gas, wastewater, thermal water, and drinking water. The
diverse range of fluids and their associated pressures can
significantly impact the material performance. Neverthe-
less, thanks to their exceptional corrosion resistance, wear
resistance, and high strength-to-weight ratio, fibre-rein-
forced epoxy resin composites offer a substantial advan-
tage over conventional pipe materials [3-6].

Pressure pulsations, arising from centrifugal pumps or
reciprocating compressors in pipeline systems, have well-
known detrimental effects on industrial applications. Hydraulic
pumps (e.g., centrifugal, piston, or gear pumps), operating on
positive displacement principles, inherently produce output

8 Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/ntrev-2024-0052
mailto:lapcikl@seznam.cz

2 —— Harun Sepetcioglu et al.

flow pulsations leading to pressure pulsations upon encoun-
tering liquid resistance. These pulsations traverse the pipeline,
causing vibration, noise, damage, and potential safety hazards
such as pipes rupture or damage of other components in
hydraulic systems [7-11].

Basalt, a natural and environmentally friendly mate-
rial, is used to produce basalt fibres (BFs) [12]. BFs are
more recyclable compared to glass fibres, making them
an excellent choice for various applications, including marine,
automotive, and aerospace industries where a basalt fibre-rein-
forced polymer (BFRP) is used [13,14]. They show promise as
replacements for glass and carbon fibres due to their excep-
tional recyclability. BFs have been proven to be non-toxic and
non-carcinogenic. These fibres are created by drawing a nat-
ural ore through a platinum-rhodium alloy melted at high
temperatures [15]. They are cost-effective and possess
outstanding properties, including minimal moisture
absorption, high-temperature resistance, corrosion resis-
tance, sound absorption, and high strength [16-18]. Basalt’s
rough surface promotes strong adhesion to the polymer
matrix, resulting in robust interfaces. Moreover, BFs exhibit
a higher elongation percentage compared to carbon and glass
fibres [19].

Epoxy resins serve as the matrix in composite fabrica-
tion, offering desirable characteristics such as low shrinkage
during curing, excellent heat and chemical resistances, and
high strength. However, they have a brittle structure [20-22].

Hybrid nanocomposites are typically fabricated by
embedding two or more reinforcement materials within
the host matrix. This combination enhances specific fea-
tures, such as ductility, elastic modulus, strength, light-
weight properties, and flame retardancy, providing the
material with tailored superior properties [23-25].

Mechanical and thermal conductivity properties of
polymers can be significantly enhanced by introducing
carbon-based nano-sized reinforcements, including full-
erene [26], carbon nanofibers [27,28], carbon nanotubes
[29], and graphene [30].

The discovery of graphene has opened up new avenues
for research as it is being incorporated into various composite
structures to enhance their properties. Graphene was first
isolated and characterized in 2004 by researchers at the
University of Manchester (Manchester, UK), using adhesive
tape to separate graphite into individual layers of carbon.
A decade later, graphene-enhanced composite applications,
from aramid nanofiber-reinforced supercapacitors for elec-
tric vehicle batteries to aerospace composite tooling and
cryogenic pressure vessels, made the headlines. While the
material has been commercially available for about a decade,
its path to commercialization has significantly accelerated
over the past couple of years, with over 2,300 graphene-
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related patents approved in the last 12 months, according to
the Graphene Council (Manchester, UK).

The hexagonally structured single layer of carbon
atoms offers extraordinary properties, such as a remark-
able thickness of 0.334 nm, a vast specific surface area of
approximately 2,600 m?g, high electron mobility at
200,000 cm?/Vs, thermal conductivity ranging from 3,000 to
5,000 W/mK, exceptional optical transparency at 97.4%, and
formidable mechanical strength with a Young’s modulus of
elasticity of 1 TPa [31]. These unique properties have opened
doors to a diverse range of applications, including energy
storage, electronics, healthcare, and construction, with gra-
phene playing a pivotal role in enhancing various material
and device performances [32-34], e.g., filament-wounded
BFRP solid particle erosion property enhancement by the
reinforcement of non-functionalized GnPs at a concentra-
tion of 0.25% [35].

Graphene nanoplatelets (GnPs) integrated into an epoxy
matrix exhibit excellent mechanical properties. The non-iso-
tropic nature of a composite pipe reinforced with GnPs con-
tributes to the enhancement of its mechanical properties,
effectively minimizing potential damage from static and vari-
able loads encountered during service conditions [30]. In
practical engineering applications, particularly in the design
of composite pressure vessels, rocket engine casings in aero-
space, transportation of various fluids, safe conveyance
and storage of chemicals, marine and offshore structures,
penstock applications in hydropower projects, infrastructure
projects like bridges and tunnels, cost-effective solutions for
agricultural water distribution, and in mining operations for
the transport of abrasive materials, the consideration of
mechanical loads, both static and variable, holds a para-
mount significance. The ground-breaking aspect of composite
pipes lies in their capacity to amalgamate the robustness of
conventional materials with heightened corrosion resistance
and prolonged durability. This quality renders GnP-rein-
forced composite pipes exceptionally well suited for a diverse
array of industries and applications [30].

Several studies have been conducted to clarify the
influence of GnPs on the mechanical properties of compo-
site structures made from BFs, specifically in plate and
pipe configurations. Sepetcioglu et al. [34] investigated
the fatigue behaviour of basalt-epoxy composite pressure
vessels with the incorporation of GnPs. According to their
research, the addition of a small amount of GnPs improved
the fatigue life of basalt—epoxy composite pressure vessels
[34]. Madhukar and Drzal conducted a study on the low-
velocity impact behaviour of twill basalt-epoxy composites
by incorporating GnPs. The results indicated that the pre-
sence of GnPs in the BEC matrix increases low-velocity
impact resistance by reducing absorbed energy during
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rebound and increasing the contact angle [36]. Bulut inves-
tigated the enhancement of interlaminar shear strength,
which subsequently improved the flexural and tensile
properties through the addition of GnPs to the composite
[37]. Boehm explored the mechanical properties of basalt—
epoxy composite laminates with the incorporation of GnPs.
The findings revealed that adding 0.1 wt% of GnPs to the
composite significantly enhanced the bonding strength at
the interface, leading to improved mechanical properties [38].

It is well established that graphene is an exceptional
material for enhancing composite mechanical properties.
In this study, the impact of GnPs incorporated into basalt-
epoxy composites on material’s mechanical properties
was investigated, with a particular focus on their suit-
ability for pipe applications. The comprehensive mechan-
ical characterization of basalt composite pipes, enhanced
with GnPs, is imperative prior to their broad utilization
across diverse industries. This necessitates a thorough
series of fundamental tests to ascertain their mechanical
properties. Therefore, static and dynamic mechanical pro-
perties (tensile, bending, micro/nanchardness, unnotched
fracture toughness, and vibration damping measurements)
of graphene-modified BF-epoxy composite pipes manufac-
tured by the filament winding method were studied. These
mechanical tests in an academic context provide a holistic
understanding of the composite pipe performance, aiding in
material optimization and design for specific industrial
needs, ensuring reliability, safety, and longevity.

2 Materials and methods

The unreinforced (Sample 1) and reinforced (Sample 2)
BFRP composite pipes (outer diameter of 76 mm and 1m
length) were fabricated using the filament winding tech-
nique, as described by Sepetcioglu et al. [34]. The pipe’s
wall thickness was of 2 mm. EPIKOTE 828 LVEL bisphenol
and EPIKURE 866 hardener agents were chosen as the
epoxy resin system (Hexion, Inc., Columbus, Ohio, USA),
with monofilament 400 tex BFs measuring 13 ym in dia-
meter (Kamenny Vek, Inc., Dubna, Russian Federation). For
epoxy modification, non-functionalized GnPs with a sur-
face area of 800 g/m? a layer thickness ranging from 3 to
7nm, an average layer width of 1.5 pm, and a purity of
99.9% were used as nanoreinforcements (Nanografi Nano
Technology, Ankara, Turkey). Photographs of cutouts of
tested composite pipes are shown in Figure S1. From these
pipes, individual testing specimens were prepared for each
testing methodology used in this study as described below
(Figure 1).
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Figure 1: Photograph of cutouts of tested composite pipes.

To incorporate the GnPs into the polymer matrix, a
series of steps were followed. Initially, the GnPs were orga-
nized to achieve the desired weight ratio and were then
introduced into the pure epoxy resin. The mixture of GnPs and
epoxy resin was mechanically stirred for a period of 10-15 min,
ensuring the initial dispersion of the GnPs throughout the
epoxy matrix. Subsequently, the GnPs and epoxy resin mixture
underwent ultrasonic mixing for 30 min to achieve a consistent
distribution of GnPs within the epoxy matrix. This ultrasonic
process introduced high-frequency sound waves to enhance
the uniformity of GnPs, ensuring their even distribution
throughout the epoxy [30].
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During the winding process, BFs were passed through
a drum to allow the impregnation of the GnP/epoxy mix-
ture, ensuring the comprehensive saturation of the BFs
with the GnP/epoxy matrix. In this study, a BFRP composite
pipe reinforced with 0.25 wt% GnPs (based on our previous
experimental optimization) was considered [34].

2.1 Scanning electron microscopy (SEM)
analysis

An Axia ChemiSEM scanning electron microscope (Thermo
Fisher Scientific, Inc., Seattle, USA) was used for SEM ana-
lysis of the fractured surfaces after uniaxial tensile testing.
SEM measurements were performed at an accelerating
voltage of 2kV. No coatings of the specimens were used
in the experiments.

2.2 Uniaxial tensile testing

A Universal Testing Machine Autograph AGS-100 Shimadzu
(Kyoto, Japan) and a Zwick 1456 multipurpose tester (Zwick
Roell, Ulm, Germany) equipped with a Compact Thermostatic
Chamber TCE Series were used for tensile testing of virgin
and graphene-reinforced specimens. All measurements were
recorded according to CSN EN ISO 527-1 and CSN EN ISO 527-2
standards. Samples were cut by a flex grinding machine GWS
7-125 (Robert Bosch, JSC, Gerlingen, Germany) in dimensions
of (25 x 200 x 2) mm (width x length x thickness). These pipe
strip specimens, also referred to as pipe section specimens,
exhibited curvature on hoth their inner and outer surfaces
[39-41]. They were affixed using hydraulic flat jaws. However,
it should be mentioned that plastic deformation of the pipe
strip specimens at the holding area position can be induced by
this clamping procedure. A snapshot photograph of the used
uniaxial tensile testing instrument is shown in Figure S2.

Experimental measurements were performed at the room
temperature of 25°C with 5 mm/min (Shimadzu instrument)
and 10 mm/min (Zwick instrument) strain rates. Young’s mod-
ulus of elasticity (E) and the elongation at maximum tensile
force (dL,,x) were obtained from the stress—strain dependency
plots. Each experiment was repeated 10, and mean values and
standard deviations of the measured quantities were subse-
quently calculated.

2.3 Uniaxial three-point bending tests

The uniaxial three-point bending test was carried out on a
Zwick 1456 testing machine (Zwick Roell GmbH &Co. KG,
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Ulm, Germany) according to the CSN EN ISO 14125 stan-
dard. The results were evaluated using the TestXpert soft-
ware. The distance between the supports was set to 60 mm,
and the roundness of the supports and the load mandrel
was 5mm (Figure 2, scheme of the experimental design).
The loading velocity was 50 mm/min. Samples were cut by
a flex grinding machine GWS 7-125 (Robert Bosch, JSC, Ger-
lingen, Germany) in dimensions of (15 x 100 x 2) mm (width
x length x thickness). Each measurement was repeated 10x,
and mean values and standard deviations of the bending
modulus of elasticity (Eg), upper yield point (Fyy), and elon-
gation at upper yield point (dLryy) were determined. All
experiments were performed at the ambient laboratory
temperature of 25°C. A snapshot photograph of the used
uniaxial tensile testing instrument in three-point bending
test configuration is shown in Figure S3.

2.4 Charpy impact testing

Impact tests were carried out using a Zwick-Roell HIT25P
machine (Zwick Roell, Ulm, Germany) according to the
CSN EN ISO 179-2 standard, allowing a 7.5] energy drop.
Samples were cut by a flex grinding machine GWS 7-125
(Robert Bosch, JSC, Gerlingen, Germany) in dimensions of
(15 x 50 x 2) mm (width x length x thickness). Each experi-
ment was repeated 10x, and mean values and standard
deviations of the fracture toughness (ay) and the absorbed
impact work (W) were calculated. All experiments were
performed at the ambient laboratory temperature of 25°C.

2.5 Displacement transmissibility
measurements

The dynamic mechanical properties of the investigated speci-
mens under harmonic loading were assessed by means of
displacement transmissibility, denoted as Ty, and defined as
follows [42]:

RS 7
™
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Figure 2: Scheme of the experimental setup for three-point bending
tests.
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In this equation, y; is the displacement amplitude on

the input side of the tested sample, while y, is the displacement
amplitude on the output side of the tested sample. Similarly, a
is the acceleration amplitude on the input side of the tested
sample, and a, is the acceleration amplitude on the output side
of the tested sample. The displacement transmissibility of a
spring-mass—damper system, consisting of components such
as a spring with stiffness k, a damper with a damping coeffi-
cient ¢, and a mass m, is defined by the following equation [43]:

T - k2 + (c-w)? _
d= (k - m-w? + (c'w)? -

1+ Q20T

1 -rH?+ @20r)? @

When the zero value is reached by the derivative dTy/dr
in equation (2), the frequency ratio ry at which the maximum
value of displacement transmissibility is attained can be
determined [44,45]:

Vi+8¢ -1 3)
20 :

Equation (3) clearly demonstrates that as the damping
ratio {'increases, or as the material’s mechanical stiffness k
decreases, the local extreme of the displacement transmis-
sibility tends to shift towards lower frequency ratios r.

To conduct mechanical vibration tests, the forced oscil-
lation method was applied. The displacement transmissi-
bility, T4, was quantified through experimental measurements.
This was accomplished using a BK 4810 vibrator, in conjunc-
tion with a BK 3560-B-030 signal pulse multi-analyser and a BK
2706 power amplifier, spanning a frequency range from 2 to
1,600 Hz. The input and output sides of the test specimens were
equipped with BK 4393 accelerometers (Briiel & Kjaer, Neerum,
Denmark) to record acceleration amplitudes a; and a,.

The measurements of displacement transmissibility were
conducted on test samples of the following dimensions:
15mm in width, 60 mm in length, and 2mm in thickness.
These tests involved two inertial masses (m; weighing 90
and 300 g, respectively, placed on the top side of the tested
specimens. Each measurement was repeated 10x, all con-
ducted under ambient conditions at a temperature of 25°C.

n =

2.6 Micro-hardness testing

Micro-indentation tests were performed on a micro-indentation
tester (Micro Combi Tester, Anton Paar, Graz, Austria) according
to the CSN EN ISO 14577 standard. The applied diamond tip was
cube-corner-shaped (Vickers, Anton Paar, Graz, Austria).
Measurement parameters were set as follows: a maximum load
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of 3N, a loading rate (unloading rate) of 6 N/min, and a holding
time of 90 s. Samples were cut by a flex grinding machine GWS 7-
125 (Robert Bosch, JSC, Gerlingen, Germany) in dimensions of (15
%100 x 2) mm (width x length x thickness). All experiments were
performed according to the depth sensing indentation method,
allowing simultaneous measurement of the acting force on
the indenter and the displacement of the indenter’s tip. The
embossing modulus (Eyy) was calculated from the plane strain
modulus of elasticity (E*) using an estimated Poisson’s ratio (v) of
0.35 for the studied samples [3546]:

Er = EX(1-v?) (C))]

The indentation hardness (Hir) was measured as well.
Each measurement was repeated 10x, and mean values
and standard deviations of the indentation modulus were
calculated. All experiments were performed at the ambient
laboratory temperature of 25°C.

2.7 Shore D hardness measurements

Shore D hardness measurements were performed on an AFFRI
Microhardness DM2D instrument (AFFRI, Inc, Wood Dale, IL,
USA). The holding time was set to 4 s, and the applied method
was “Shore D.” Samples were cut by a flex grinding machine
GWS 7-125 (Robert Bosch, JSC, Gerlingen, Germany) in dimen-
sions of (15 x 100 x 2) mm (width x length x thickness). Each
measurement was repeated 10x, and mean values and standard
deviations of Shore D hardness were calculated. All experiments
were performed at the ambient laboratory temperature of 25°C.

2.8 Statistical analysis

All experiments were repeated 10x. Experimental results
were expressed as average values with standard devia-
tions. SigmaPlot 12.5 software (Systat Software, Inc., San
Jose, CA, USA) was used for the statistical analysis of
data, and significance was determined through one-way
analysis of variance (ANOVA) with a significance level set
at p < 0.05. The normality of data distributions was con-
firmed using Shapiro-Wilk normality tests.

3 Results and discussion

3.1 SEM analysis and uniaxial tensile testing

Figure 3 depicts typical stress—strain patterns for the tested
Samples 1 and 2 at a deformation rate of 5 mm/min. Three
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Figure 3: Results of the uniaxial tensile testing of studied materials at the
5 mm/min deformation rate: red line - sample 1, black line - sample 2.
Insets: SEM images of the fracture surfaces of the tested samples (a -
80x magnification, b - 30x magnification).

distinct deformation regions were clearly distinguished.
The initial region corresponded to the linear elastic phase,
typically observed for relative strains less than 0.02. An
increase of 5% in the upper yield strain was observed for
the GnP-reinforced composite compared to the virgin basalt
epoxy specimen. However, this phase was characterized by
the brittle fracture of both the epoxy matrix and the BF
bundles, as confirmed by SEM analysis (Figure 3a inset).

Following the elastic region, a subsequent plastic defor-
mation phase occurred, marked by the matrix’s elongation
and simultaneous frictional sliding of the fibres. This phase
took place at relative strains ranging from 0.02 to 0.03.

Finally, a third debonding region was observed, where
individual BF bundles were pulled out from the epoxy
matrix, ultimately leading to specimen fracture (Figure
3b inset, SEM of the fracture surface). The step-like stress—
strain pattern observed was attributed to the ongoing pro-
cess of individual BF debonding.

Notably, in the low-strain elastic region, two consecutive
linear elastic behaviour patterns were observed, as depicted
in Figure 4. These patterns were modelled as the linear
dependencies of the stress, represented as stress = b[1] x
strain + b[0]. The observed Young’s modulus of elasticity,
denoted as b[1], was found to be 7.84 GPa for virgin basalt-
epoxy composites (Sample 1). However, in the case of gra-
phene-modified matrices (Sample 2), the observed Young’s
modulus of elasticity increased to 8.67 GPa for lower strains.
Conversely, for higher strains ranging from 0.004 to 0.016, a
decreased Young’s modulus of elasticity of 4.57 GPa was
noted.

DE GRUYTER

L ) ) 1
r /
a
60 | @ p 1
—~ L bloj=139MPa 7 _
Ff e a8 yes
E 40 F r2=0.998
) [
n L
o L
5 20 N .
:
o —+——t+———gp———f
60 [ ®) / ]
o [ b[0]=0.65 MPa b[0]=6.80 MPa
@© [ b[1]=8.67 GPa , b[1]=4.57 GPa
o [ 2=0099 r2=0.998
= 40 .
» :
N L
o L
n 20r T
3
0 % T T W W NN TN TN TN W Y S W NN SN NN S T T
0.000 0.004 0.008 0.012 0.016
Strain (-)

Figure 4: Details of the stress—strain dependencies of the studied materials
observed at a 5mm/min deformation rate. Inset: Parameters of the linear
regression fittings of the tangents of the linear elastic parts: b[1] - Young’s
modulus of elasticity; b[0] - initial residual bias: (a) - sample 1, (b) - sample 2.

Based on these findings, it can be concluded that the
first steeper tangent represents the Young’s modulus of
elasticity (E) of BFs, while the second tangent represents
the E of the epoxy matrix, in alignment with the findings of
Khalid et al. [47]. The obtained intercept magnitudes, b[0],
in the first elastic region were 1.39 MPa for Sample 1 and
0.65 MPa for Sample 2. These values indicated a slippage-
induced bias dissipation mechanism in the graphene-mod-
ified specimens. This interpretation was based on the
assumption that it follows a similar fashion to the case of
the initial residual bias, which occurs due to pre-existing
stress in samples resulting from the process of stretching
and extending of the fabric material at an angle or direc-
tion not aligned with the primary warp and weft directions
of the fabric [48].

Results of the uniaxial tensile testing at 10 mm/min
deformation rate are shown in Figure 5 and Table 1. Young’s
modulus of elasticity (E) was increased to 11.25GPa for
Sample 1 and to 10.44 GPa for Sample 2 compared to the
elastic moduli obtained for the 5 mm/min deformation rate.
This confirmed a more rigid response of the matrix to the
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Figure 5: Results of uniaxial tensile testing for the studied samples at a deformation rate of 10 mm/min. (a) Young’s modulus of elasticity. (b) Elongation at
maximum tensile force. Box plot parameters: Long dashed lines indicate mean values, solid lines represent median values, and corresponding outliers.
Obtained mean and median values of both parameters were not statistically significantly different as determined through one-way ANOVA (p > 0.05). Data
match the pattern expected if the data were drawn from a population with a normal distribution as obtained by the Shapiro-Wilk normality test.

Table 1: Summary of the results of the measured quantities of the

studied composite samples

Parameter Sample 1 Sample 2

E (GPa) 11.25 £ 1.22° 10.44 + 1.45°
dLmax (%) 1.88 £ 0.17° 1.92 + 0.21%

Eg (GPa) 12.86 + 0.78° 13.09 £ 0.57°
dLyy (mm) 14.02 + 1.32° 14.23 + 1.52°
Fuy (N) 125.60 + 9.05° 134.90 + 7.22°
ax (/m?) 125.19 + 15.62° 164.03 + 20.81°
W () 4.01 £ 0.50° 5.25 + 0.67°

fra (mi =90 ) (Hz)
fra (m; =300 g) (Hz)

653.38 + 21.25°
305.66 + 10.12°

706.42 + 20.19°
411.37 £ 13.31°

Er (GPa) 4.44 + 0.09° 4.25 + 0.06
Hir (MPa) 225.15 £ 7.12° 21116 + 3.52°
Shore D (-) 88.87 £ 1.67° 86.25 + 2.34°

Differences in the mean values among the statistical groups were tested
at a significance level of p < 0.05. The Tukey test was applied for multiple
comparisons of the mean values to assess the statistical significance, i.e.,
to evaluate if the differences were greater than what would be expected
by chance; different superscript letters were used to indicate statistically
significant differences between the values determined. The results were
expressed as arithmetic mean + standard deviation.
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applied loads for measurements at 10 mm/min deformation
rate. The obtained deformations at maximum force were
higher in the case of Sample 2 (1.92%) compared to Sample
1 (1.88%). This was assumed to be due to the successful fric-
tional sliding of GnPs proceeding within the complex compo-
site matrix similar to that observed in carbon nanotubes’
epoxy honeycomb sandwich panel composites [29].

3.2 Uniaxial three-point bending tests

The results of uniaxial three-point bending tests are pre-
sented in Figures 6 and 7. The observed bending modulus
of elasticity increased from 12.86 GPa for Sample 1 to
13.09 GPa after the addition of planar GnPs into the com-
posite structure (Figure 6a). This increase indicated a
greater bending stiffness when subjected to perpendicular
loading acting via the specimen’s cross-section.

These effects were also reflected in the observed elon-
gations at upper yield points (Figure 6b), which increased
from 14.02mm (Sample 1) to 14.23mm (Sample 2).

18 T T
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Figure 6: Results of uniaxial three-point bending tests for the studied composites (at a deformation rate of 50 mm/min). (a) Bending modulus of elasticity. (b)
Elongation at the yield point. Box plot parameters: Long dashed lines indicate mean values, solid lines represent median values, and corresponding outliers.
Obtained mean and median values of both parameters were not statistically significantly different as determined through one-way ANOVA (p > 0.05). Data
match the pattern expected if the data were drawn from a population with a normal distribution as obtained by the Shapiro-Wilk normality test.
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Figure 7: Force at the yield point obtained by the uniaxial three-point
bending test of the studied composites. Box plot parameters: Long
dashed lines indicate mean values, solid lines represent median values,
and corresponding outliers. Obtained mean and median values of both
parameters were statistically significantly different as determined
through one-way ANOVA (p < 0.05). Data match the pattern expected if
the data were drawn from a population with a normal distribution as
obtained by the Shapiro-Wilk normality test.

Analogous to the previously discussed uniaxial tensile
tests, it was proposed that this behaviour provided clear
evidence of the continuous frictional sliding of the flat
phases of the GnPs within the composite matrix. The
hypothesized energy-dissipative pathways, relying on the
latter-mentioned frictional sliding of GnPs and the simul-
taneous debonding and pull-out of BFs, were further sub-
stantiated by the increased forces observed at the upper
yield points, increasing from 125.6 N (Sample 1) to 134.9N
(Sample 2), as illustrated in Figure 7 and detailed in Table 1.

3.3 Fracture toughness measurements

The results of fracture toughness measurements for the
studied composites are presented in Figure 8 and Table 1.
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It is recognized that achieving high mechanical toughness
in a material necessitates not only sufficient high material
strength but also adequate deformability. The energy required
to fracture the test specimen encompasses multiple components.
In addition to the generation of new fracture surfaces, a signifi-
cant portion of the hammer’s energy is expended on viscoelastic
or plastic deformations within the material surrounding the
fracture surface or on the bending deformation of the entire
test specimen. Another energy portion is converted into the
kinetic energy of flying fragments or acoustic emissions or is
absorbed by the testing equipment [49]. It was found that the
graphene-reinforced Sample 2 exhibited an approximate 31%
increase in fracture toughness (a, = 164.03]/m? compared to
the unmodified Sample 1 (@ = 12517]/m?). A similar trend
was also observed for the absorbed impact work, with a 31%
increase as well (W = 525] for Sample 2 and W = 4.01] for
Sample 1).

3.4 Vibration-excited dynamic mechanical
testing

The results of the vibration-excited dynamic mechanical
tests of the studied composite pipe’s specimens are shown
in Figure 9 and summarized in Table 1. The obtained fre-
quency dependencies revealed distinct first resonant peak fre-
quencies (fgy) in the displacement transmissibility, reflecting the
materials mechanical stiffness of the tested composites. It was
observed in excellent agreement with equation (3) that higher fx
values corresponded to the higher mechanical stiffness of the
composite matrix [42,43]. Figure 9 illustrates that Sample 2 (with
a GnP-modified matrix) consistently exhibited higher f values,
regardless of the applied inertial mass, compared to Sample 1
(with an unmodified composite matrix). This indicated that the
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Figure 8: Results of Charpy pendulum impact tests for the studied composites. (a) Fracture toughness. (b) Absorbed impact work. Box plot
parameters: Long dashed lines indicate mean values, solid lines represent median values, and corresponding outliers. Obtained mean and median
values of both parameters were statistically significantly different as determined through one-way ANOVA (p < 0.05). Data match the pattern expected
if the data were drawn from a population with a normal distribution as obtained by the Shapiro-Wilk normality test.



DE GRUYTER

3.0

o T T T T
25 :_ 1:R1 Sample 1 (90 g) _
N Sample 1 (300 g)
o \b Sample 2 (90 g)
20 ¢ /\ Sample 2 (300 g) |
s 1.5 E— /;\ﬁ/\/\\/\// i
L v
1.0 J,[ , .
0.5 - /\\ 1
: =
0-0 1 Y Y W WO N SR TR ST S Y N ||¥i‘|—|/| PR
0 400 800 1200 1600
Frequency (Hz)

Figure 9: Frequency dependencies of the displacement transmissibility
for the tested composites with applied inertial masses of 90 and 300 g.

addition of GnPs increased the mechanical stiffness of the
composite matrix, making it suitable for applications in pipes
subjected to high-pulsatile hydraulic pressure. A similar reinfor-
cement effect was found for carbonaceous fillers in epoxy resin
composites as well [29]. Therefore, these novel composites are
excellent candidates for use in critical infrastructure or high-
loaded pressurized components of tubular transport systems.
Additionally, the increased mechanical stiffness of the GnP-rein-
forced composites led to higher durability [34], low weight, and
simultaneous anticorrosive properties. The observed dynamic
mechanical behaviour aligned positively with fracture tough-
ness measurements, where the fracture toughness (a,) increased
when graphene was incorporated into the composite matrix
structure.

Furthermore, a shift in f;; towards lower excitation
frequencies was observed with increasing inertial mass
pre-loading of the specimen during dynamic mechanical
vibrator testing. Because the natural frequency of the
undamped system is proportional to the square root of
the ratio of the material stiffness to the applied inertial
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mass [50], this leads to a decreasing dependence of the first
resonance frequency with increasing inertial mass for
each of the studied composites, as shown in Figure 9.
This shift signifies that as the inertial mass increases,
the system’s tendency to vibrate at lower frequencies
becomes more prominent. This effect plays a crucial
role in energy damping mechanisms for vibration isola-
tion. The lower frequency f;, of the composite system at
higher inertial mass suggests that the system is less
inclined to vibrate at higher frequencies, resulting in
increased stability. This trend is evident from Eq. (3),
which shows that the local extreme of the displacement
transmissibility generally shifts to lower values of the
frequency ratio (r) as the damping ratio (¢{) increases or
as the material stiffness (k) decreases.

3.5 Micro-hardness and Shore D hardness
testing

The results of microhardness tests shown in Figure 10 con-
firmed the decrease of the measured indentation modulus
(Eyy) after incorporation of the GnP filler into the composite
matrix. E;r decreased from 4.44 GPa (Sample 1) to 4.25 GPa
(Sample 2). This behaviour was attributed to the plasti-
cizing effect induced by the incorporated nanofillers within
the composite matrix. These filler particles impacted the
surface layers of the testing specimens. This assump-
tion was further supported by the reduction in micro-
hardness (Hyr), which decreased from 225.15 MPa (Sample
1) to 211.16 MPa (Sample 2). The obtained Shore D hard-
ness of 86.25 of the graphene-modified Sample 2 was
lower compared to the unmodified Sample 1 hardness
of 88.87. This lower Shore D hardness reflected the
same plasticizing effect of GnPs in the complex compo-
site matrix as that observed in the microhardness mea-
surements discussed above (Table 1).

240

(b)

H,; (MPa)

B

200 L L
Sample 1 Sample 2

Figure 10: Results of micro-hardness measurements of the studied composites: (a) Embossing modulus (7). (b) Indentation hardness (Hyy).
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4 Conclusions

In this study, the increase in mechanical stiffness of basalt—
epoxy composite pipes after incorporation of GnPs into the
epoxy matrix was confirmed. An extensive set of experi-
mental tests included uniaxial tensile tests, uniaxial three-
point bending tests, fracture toughness measurements,
vibration-induced dynamic mechanical tests, microhard-
ness, and Shore hardness tests. The microstructure of the
fracture surfaces was analysed by means of SEM. The
simultaneous combination of fracture mechanisms initiated
by the applied mechanical load, including the brittle frac-
ture of the epoxy matrix, ductile fracture mechanisms such
as BF separation, and internal friction of the GnPs, was
confirmed. The results demonstrated changed material’s
mechanical properties, including Young’s modulus of elasti-
city, elongation at break, hardness, mechanical stiffness and
toughness, resulting from the incorporation of GnPs into the
complex composite matrix. These changes were accompanied
by observed plasticization effects, resulting in an approxi-
mate 2% increase in mechanical bending stiffness and a
significant rise in fracture toughness from 125 to 164 J/m?
(approximately 31%) in the composite tubular matrix.
Additionally, there was an observed increase in dynamic
mechanical stiffness from vibration damping tests of the
GnP-modified epoxy composite pipe, making it suitable
for a wide range of applications subjected to high-pulsatile
hydraulic pressure. Therefore, these novel GnP-basalt—
epoxy composites are excellent candidates for critical
infrastructure or high-loaded pressurized tubular trans-
port components.
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