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Abstract

Basalt fiber reinforced polymer (BFRP) composite pipe is an excellent alternative

to glass and carbon fiber reinforced composite pipes in industry and promising

in high recycling for polymer composite used in aerospace, marine, and automo-

tive. To enhance the solid particle erosion (SPE) properties of filament-wound

BFRP composite pipe while preserving its mechanical properties, reinforced

BFRP composite pipes were prepared to employ non-functionalized graphene

nanoplatelets (GnPs) at a reinforcement concentration of 0.25 wt.% and ultra-

sonication mixing technique. The SPE behavior of GnPs reinforced and non-

reinforced BFRP composite pipes were characterized by axial and radial

positioning of the inner and outer surfaces of the pipes. In each case, the ero-

sion rates of these composite pipes were evaluated at five impingement angles

(30�, 45�, 60�, 75�, and 90�) and an impact velocity of 34 m/s. The erosion

response of both BFRP composite pipes' outer surfaces showed a semi-ductile

in the axial positioning, with a maximum erosion rate at a 60� impingement

angle. However, these composite pipes' inner surfaces in the same positioning

presented a maximum erosion rate at a 45� impingement angle. Besides, it is

explored that the GnPs contribute to an improvement of approximately 10%–55%
in erosive wear resistance of the non-reinforced BFRP composite pipes. The

damage analysis of eroded surfaces was examined through scanning electron

microscopy (SEM), and the GnPs effect upon composite pipes' erosion micro-

mechanisms was presented and discussed in detail.

Highlights

• GnPs increased the BFRP composite pipe's erosion resistance.

• Erosion rate on the inner surface increases due to particle accumulation.

• GnPs improved erosion behavior via solid lubrication and mechanical

properties.
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1 | INTRODUCTION

Recently, basalt fibers reinforced polymer (BFRP)
composite pipes have been increasingly desirable for
aerospace applications (rocket engine cases and launch
tubes), marine (especially yacht poles), automotive, and
so forth because of their lightweight, high modulus,
strength, and comparatively low cost.1,2 Understanding
the erosion behavior of these pipes is crucial for ensuring
their long-term structural integrity and reliable perfor-
mance. In the last decade, Rafiee and co-workers have
experimentally, theoretically, and numerically investi-
gated the failure mechanisms and modes of composite
pressure vessels,3 pipes,4–6 and cylinders7 subjected to dif-
ferent loading conditions, including low-velocity impact
and internal pressure. It is evident that considerable
research efforts have been devoted to understanding the
failure behavior of composite structures under various
loading conditions. However, a comprehensive investiga-
tion focusing on filament-wound composite pipes' ero-
sion behavior is currently lacking. During service life, the
outer surface of the composite pipe may be subjected to
wear by hard solid particles carried by strong winds in
nature. On the other hand, their inner surface may be
exposed to eroding in applications such as pipelines car-
rying sand slurries in petroleum refining or hydraulic
transportation of solids.8,9 However, these erosive envi-
ronments that cause progressive material loss can result
in wearing mechanically or chemically in engineering
applications.10

In the literature, to the best of the author's knowledge,
many researchers have investigated the mechanical11–13

and tribological properties14–16 of reinforced polymer com-
posites (PCs). In general, they have reported high wear
resistance17 and low coefficient of friction of PCs18

with the addition of various nanoparticles into the
epoxy matrix. In the other works, the synergistic effect has
been attributed to the improvements in superior wear prop-
erties obtained by adding two or more nano-reinforcements
to the epoxy.19 Furthermore, the research on the graphene
nanoplatelets (GnPs) reinforced PCs of erosion behavior is
remarkably limited. However, Prajapati et al. investigated
the tribological properties of glass fabric-reinforced epoxy
(GFRE) composite with 0.5–1 wt% of GnPs through a
pin-on-disk wear testing tribometer. They reported that
the frictional coefficient decreased with the addition of
0.5–1 wt% of GnPs, and increased the wear resistance of

the GFRE composites.20 Moreover, it is reported that the
GnPs improve the tribological performance of epoxy/
basalt plates through their well-known solid lubricant
properties and thermal conductivity.21–23 Also, Berman
et al. reported that graphene layers significantly reduced
wear and coefficient of friction.24

There have been many studies of applications of rein-
forced PCs in solid particle erosion (SPE) works in the
literature.25–29 However, the SPE of reinforced composite
pipes' inner and outer surfaces has not been inquired into
the same extent as polymer-based plates. This lack of
research reveals the challenge of the wear mechanism on
the curved surface. The curvature radius of components
has an important effect on erosion intensity. The greater
the radius of curvature of the outer surface, the weaker
its resistance to erosion.30 When solid particles impinge
on a curved surface, the direction of their impact changes
due to the surface curvature. This change in impact angle
alters the distribution of impact forces, leading to varia-
tions in erosion intensity across the curved surface. Addi-
tionally, the curvature influences the flow behavior of
solid particles, causing changes in particle trajectories,
velocities, and impact energies. Moreover, the magnitude
of curvature on surface can affect the formation and
development of erosion damage patterns. In this context,
in the SPE tests performed in this study, the focus was
not on the magnitude of the radius of curvature but
instead on the pattern geometry occurring on the outer
surface of the composite pipes. A filament-winding pat-
tern on the composite pipe's outer surface appears
because the BFRP pipes are produced via helical winding.
This helical cycle of the fiber on the mandrel, the so-
called mosaic, generates pattern geometry such as angle-
ply laminate and zig-zag regions.31,32 Consequently, the
occurrence of these patterns can lead to several internal
structure irregularities including wrinkle, undulation,
resin starvation, delamination, porosity, void, fiber misa-
lignment, fiber distortion, and fiber breakage.33–36 All of
these irregularities have the potential to impact the
strength, integrity, and erosion resistance of the final
composite structure. The total area of ±55 zig-zag region
is much smaller than the total area of ±55 angle-ply lami-
nate zones. Therefore, this study aims to investigate the
SPE behavior of the inner and outer surfaces of GnPs
modified BFRP composite pipes in the ±55 angle-ply
laminate regions, which are prone to erosion due to their
filament-winding pattern. The outcomes of this study are
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expected to contribute to the development of more dura-
ble and reliable composite pipes for various engineering
applications.

2 | EXPERIMENTS

2.1 | Materials and production

The reinforced and unreinforced BFRP composite pipes
were manufactured through the filament winding method
shown in Figure 1, and it was preferred an EPIKOTE™
828 LVEL bisphenol and EPIKURE ™ 866 hardener agent
as epoxy resin system, monofilament 400 tex basalt as nat-
ural fiber with 13 μm. For the epoxy modification, a non-
functionalized GnPs with a surface area of 800 g/m2, a
layer thickness of 3–7 nm, an average layer width of
1.5 μm, and a purity of 99.9% were employed as nano rein-
forcement. The nano reinforcement, epoxy, and fiber were

provided by Nanografi, Hexion Inc, and Kamenny Vek
Inc, respectively. Table 1 presents the properties of the
epoxy system and basalt fiber.

To incorporate the GnPs into the polymer, the follow-
ing steps were followed. First, the GnPs were arranged to
achieve the desired weight ratio and then added to the
neat epoxy resin. The mixture of GnPs and epoxy resin
was subjected to mechanical mixing for a duration of
10–15 min. This step ensured the initial dispersion of
GnPs throughout the epoxy matrix. Subsequently, the
GnPs and epoxy resin mixture was subjected to ultrasonic
mixing for 30 min to achieve a uniform dispersion of
GnPs within the epoxy matrix. This process utilized high-
frequency sound waves to enhance the homogeneity of
the GnPs, ensuring their consistent distribution through-
out the epoxy. After the ultrasonic mixing process, the
mixture was maintained at a temperature of 60�C to facil-
itate the removal of air bubbles that may have formed
during the mixing procedure. To further eliminate any

FIGURE 1 Filament winding

process (A), the BFRP composite pipe

with mosaic pattern (B) winding pattern

architecture in ±55 angle-ply lamina

and ±55 zig-zag regions, and helical

cross-over (C).

TABLE 1 Properties of resin and

fiber used in the production of BFRP

composite pipe.Type

Elasticity
modulus
E (GPa)

Ultimate tensile
strength
σ (MPa)

Strain at the
break
ε (mm/mm)

Density
ρ
(g/cm3)

Basalt fiber 90–95 2900–3200 – 2.48

Epoxy
resin

3.2 70–75 4–5 1.25
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remaining air bubbles, a spoon was used to remove them
from the surface of the mixture. Next, an anhydride-
based hardener (EPIKURE ™ 866) was added to the
GnPs/epoxy mixture and mechanically mixed the mix-
ture, resulting in the development of a cross-linked net-
work. During the winding process, the basalt fibers were
passed through a drum, allowing for the impregnation of
the GnPs/epoxy mixture and ensuring comprehensive
saturation of the basalt fibers with the GnPs/epoxy
matrix. 0.25 wt.% GnPs reinforced BFRP composite pipe
was considered in the current study because it was exper-
imentally optimized to 0.25 wt.% in terms of mechanical
properties in the previous works.1,2,37,38

2.2 | Erosion testing

The experimental equipment for the erosion rig is illus-
trated schematically in Figure 1A, and it complies with
the ASTM G76-95 standard. The abrasive particles are
accelerated by static pressure and delivered onto the
specimen through a 10 mm diameter nozzle. The rotating
disc method theoretically determines the velocity of the
abrasive particles.39 During the erosion test, the average
velocity of the abrasive particle at 2 bar pressure was
34.0 m/s when the distance between the specimen and
the nozzle was 10 mm. The inner and outer surfaces of
reinforced and unreinforced BFRP composite pipes were
subjected to an abrasive particle flow at a five impinge-
ment angle (30�, 45�, 60�, 75�, and 90�) and axial and

radial positioning, as shown in Figure 2B. The average
erosion time was 24 s throughout the test, and the ero-
sion wear in the composite pipes was determined by mea-
suring the weight loss by employing a precision balance
of ±0.0001 g. The erosion test specimens of 50 mm length
were cut from the composite pipe with a 1.0 m length,
75.9 mm outer diameter, and 1.95 mm wall thickness
and mounted on a steel sample holder with 5 mm thick
using plastic (Velcro) clamps. To carry out erosion tests
on the internal surface of the pipes, surfaces perpendicu-
lar to the pipe's axis were cut at appropriate angles, as
shown in Figure 2B; II, and IV. The erosion test parame-
ters are summarized in Table 2.

FIGURE 2 Schematic diagram of SPE rig (A), Definition of impingement angle, and BFRP composite pipe positionings (B); axial and

radial positioning of the outer surface of the pipe (I and II), axial and radial positioning of the inner surface of the pipe (III and IV).

TABLE 2 Erosion test conditions.

Test parameters Description

Erodent Aluminum oxide (Al2O3)

Erodent size 600 μm

Erodent shape Angular

Hardness of erodent Mohs 9

Density of Al2O3 particles 3.94 g/cm3

Impingement angles 30–90�

Impact velocity 34 m/s

Specimen positioning Axial and radial

Erodent feed rate 24 g/s

Test temperature 20–22�C

Nozzle to specimen distance 10 mm

SEPETCIOGLU ET AL. 6947
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2.3 | Damage analysis of eroded region
on the specimen

Erosion damages formed on the inner and outer surfaces
of the composite pipes after the erosion test were cut for
fractographic analysis, and then samples were coated
with a 3–4 nm thick gold layer for scanning electron
microscopy (SEM) analysis. Micro and macro damages
containing the eroded surfaces' morphology and the
material removal mechanism on the test specimens' inner
and outer surfaces were detected utilizing a Zeiss LS10
SEM and a stereomicroscope.

3 | RESULTS AND DISCUSSION

3.1 | Erosion behavior

The contribution of GnPs with 0.25 wt.% on the erosion
performance of BFRP composite pipe was quantitatively
investigated utilizing the erosion rig, and the results were
summarized in Tables 3 and 4. Figures 3 and 4 present the
variation of the erosion rates as a function of impingement

angles (α) at different specimen positioning. Figure 3A
shows that the erosion rate decreases with increasing
impingement angle. However, the results in Figure 3B
indicate that the erosion rate rises with increasing
impingement angle up to 60� and then shows a decreasing
trend again. According to these results, the response of all
specimen's outer eroded surfaces was detected as ductile
in the radial specimen positioning and semi-ductile in the
axial specimen positioning.

The pipe's inner eroded surfaces' response is similar
to the outer eroded surface behavior. Figure 4B shows
that the erosion rate decreases with increasing impinge-
ment angle. In contrast, Figure 4A shows that the erosion
rate increases with increasing impingement angle up to
45� and then decreases again. As mentioned above, it is
seen that the inner surface of the pipe is ductile in radial
positioning and semi-ductile in axial positioning. These
results are consistent with studies40,41 reporting that
fiber-reinforced composites have ductile and semi-ductile
erosion behavior.

The erosion rate of solid particles on a target surface
can depend on the properties of the solid particle (such
as size, shape, and hardness), the properties of the surface

TABLE 3 Erosion rates of BFRP and GnPs/BFRP composite pipes' outer surfaces obtained in the positioning of axial and radial

according to impingement angle.

Impingement
angle (�)

Specimen
positioning

Specimen
types

Erosion
rate (mg/kg)

Standard
deviation Improvement %

30 Outer surface Axial BFRP 211.75 ±14.25 20.01

GnPs/BFRP 169.28 ±24.62

Radial BFRP 87.5 ±7.59 49.0

GnPs/BFRP 44.63 ±1.09

45 Axial BFRP 203.50 ±12.73 22.62

GnPs/BFRP 157.47 ±25.08

Radial BFRP 199.20 ±20.88 45.56

GnPs/BFRP 108.46 ±7.21

60 Axial BFRP 153.23 ±13.67 54.74

GnPs/BFRP 69.35 ±18.5

Radial BFRP 329.16 ±25.92 45.46

GnPs/BFRP 179.50 ±7.19

75 Axial BFRP 57.50 ±5.24 35.86

GnPs/BFRP 36.88 ±2.92

Radial BFRP 65.53 ±5.91 43.0

GnPs/BFRP 37.18 ±1.5

90 Axial BFRP 45.34 ±10.19 19.32

GnPs/BFRP 36.58 ±1.71

Radial BFRP 45.17 ±4.96 46.93

GnPs/BFRP 23.97 ±0.89
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being eroded (such as surface roughness, surface
energy, and material properties), and operating or test
conditions (such as exposure time, particle concentration,

and impingement angle).14,15,39 In the current study, we
detected that a target object's surface having concave and
convex also affects the erosion rate of solid particles. It was

TABLE 4 Erosion rates of BFRP and GnPs/BFRP composite pipes' inner surfaces obtained in the positioning of axial and radial

according to impingement angle.

Impingement
angle (�)

Specimen
positioning Specimen types

Erosion
rate (mg/kg)

Standard
deviation Improvement %

30 Inner surface Axial BFRP 715.25 49.95 32.24

GnPs/BFRP 484.59 5.88

Radial BFRP 877.72 41.58 23.98

GnPs/BFRP 667.25 15.25

45 Axial BFRP 792.75 37.56 29.14

GnPs/BFRP 561.74 3.39

Radial BFRP 597.20 31.95 15.67

GnPs/BFRP 503.58 13.65

60 Axial BFRP 470.53 35.28 13.98

GnPs/BFRP 404.75 2.75

Radial BFRP 368.52 45.22 16.0

GnPs/BFRP 309.54 7.50

75 Axial BFRP 290.12 37.54 28.0

GnPs/BFRP 208.88 3.85

Radial BFRP 260.04 33.65 16.0

GnPs/BFRP 218.43 4.75

90 Axial BFRP 252.25 41.50 21.01

GnPs/BFRP 199.25 0.75

Radial BFRP 252.24 45.60 10.86

GnPs/BFRP 224.85 1.75

FIGURE 3 The erosion rates of BFRP and GnPs/BFRP composite pipe as a function of an impingement angle at different positioning;

(A) outer surface in the positioning of axial and (B) outer surface in the positioning of radial.

SEPETCIOGLU ET AL. 6949
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determined that the rate of SPE formed on the outer sur-
face at all impact angles was lower than on the inner sur-
face. The main reason is that a test specimen is an object

with a cylindrical geometry, as seen in Figures 4 and 5.
For concave surfaces, the erosion rate is generally higher
due to the focusing effect of the surface geometry. This

FIGURE 4 Schematic views of the variation of the impingement angle in the BFR composite pipe inner (A–E) and inner (E–J) surfaces
axial positioning. Illustrates the trajectory of splashed particles (in red) and particles that cause intense erosive action (in gray) as they flow

in the direction of particle impact.

FIGURE 5 Schematic views of the variation of the impingement angle in the BFR composite pipe outer (A–E) and inner (E–J) surfaces
radial positioning. Illustrates the trajectory of splashed particles (in red) and particles that cause intense erosive action (in gray) as they flow

in the direction of particle impact.
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effect causes the particles to converge on the surface
and create high-stress zones, which increase the ero-
sion rate. In contrast, convex characters tend to have
lower erosion rates due to the dispersal effect of the
surface geometry. This effect causes the particles to dis-
perse and reduce the concentration of high-stress
zones, decreasing the erosion rate.

Figures 4A–E and 5A–E demonstrate that solid parti-
cles striking the outer surface have varying impact inten-
sities, with some particles hitting the surface tangentially,
resulting in less abrasive effects. This phenomenon is par-
ticularly prominent at impact angles of 45� and 30� when
in radial positioning. In contrast to tests with axial posi-
tioning, a higher wear rate is observed at a 60� impact
angle in radial positioning, resulting in semi-ductile ero-
sive wear behavior on the outer surface due to the occur-
rence of cracks and material loss. In axial positioning on
the outer surface, the impact angle has an active role in
wear, as the force acting on the fiber and matrix increases
with the cosine component of the impact angle. The ero-
sion rate increases on the inner surface due to the con-
cave geometric shape and cumulative impact of abrasive
particles that accumulate on the surface, causing more
wear. In axial positioning tests, the SPE rate in the inter-
nal surface reaches its maximum value at a 45� impact
angle, resulting in semi-ductile erosion wear behavior.
The maximum SPE rate is observed at a 60� impact angle
on the outer surface in radial positioning, with abrasive
particles causing cracks on the surface and resulting in
significant material loss. The maximum material loss at a
45� impact angle on the inner surface is due to an
increase in the particle/contact surface resulting from the
solid particle focusing effect on the concave surface of
the pipe, causing more material loss.

The erosion behavior of the GnPs reinforced BFRP
composite pipes under various influences of impinge-
ment angle (α) was investigated. As seen in Figures 3 and
6, the erosion rate of all GnPs/BFRP composite pipes, as
compared BFRPs, showed the same decreasing trend,
regardless of axial and radial specimen positioning. In
each impingement angle case, adding GnPs significantly
reduces the erosion rate of the BFRP composite pipe. The
minimum erosion rate is detected for the GNPs rein-
forced BFRP composite pipes at 90� of impingement
angle in the radial specimen positioning of the outer sur-
face. The maximum erosion rate values are 877.12 and
667.25 mg/kg for the BFRP and GnPs reinforced BFRP
composite pipes at 90� of impingement angle in the radial
specimen positioning of the outer surface, respectively.
With the addition of 0.25 wt.% GnPs to the epoxy, it is
reached a significant improvement of 54.74% in the ero-
sion rate at 60� in the axial specimen positioning of the
outer surface. The decrease in the erosion rate can be

attributed to the solid lubricating effect of GnPs42 and the
hardness and impact toughness increased by GnPs.1,38,43

Another crucial effect of the GnPs is that it increases the
strength on fiber/matrix interfacial.2,38,44 The erosion
response resulting from the high strength, extremely
chemically inert trend, and the capability of being easily
sheared of GnPs solid lubricants is considered to signifi-
cantly enhance the SPE potential of BFRPs composite
pipe.42 The presence of GnPs in the epoxy matrix reduces
the frictional forces between the erosive particles and the
pipe surface, leading to a reduction in the erosion
rate.21,45 The GnPs-reinforced BFRP composite pipes
exhibit superior resistance to SPE while providing highly
elastic and impact properties compared to BFRP compos-
ite pipes.2,38 The resistance of the pipes reinforced with
GnPs against incoming abrasive particles rises due to the
increased impact strength of epoxy reinforced with
GnPs.1,37,38 In addition, Sepetcioglu et al. informed that
GnPs increased the hardness values of the BFRP compos-
ite pipe of GnPs reinforced.46 The increased hardness
value of BFRP composite pipe supports the reduction of
SPE rate. GnPs improve the strength of the fiber/matrix
interfacial because GnPs have high strength and stiffness,
which can help to transfer stresses from the matrix to the
fibers more effectively, and have a large surface area,
which allows them to form strong chemical bonds with
the matrix.2,45 Kumar et al. discussed the impact of incor-
porating GnPs on the interlaminar shear strength (ILSS)
of glass fiber-reinforced epoxy composites. They reported
indicating an apparent increase in ILSS with the addition
of GnPs.45 The matrix dominates the ILSS properties of
composites, so incorporating GnPs leads to better interfa-
cial adhesion between the epoxy matrix and fibers and
more effective stress transfer between them.47 During an
erosive particle impacts the surface of a BFRP composite,
it causes damage by creating a scratch or a crack. There-
fore, the interfacial bond and ILSS properties enhanced
by GnPs resist this damage and prevent it from propagat-
ing further into the composite plies.

As reported in our previous study,39 as the impinge-
ment angle decreases, the flow of particles on the pipe
surface undergoes a transformation due to the angular
position between the specimen and the nozzle. Conse-
quently, the area of damage on the pipe's surface also
changes. At an impingement angle of 60�, the influence
of the cosine component becomes more pronounced
compared to angles of 75� and 90�. At 45� and 30�, the
particles contact a larger region on the pipe's surface.
The plowing effect of the cosine component of erosive
particles leads to significant damage on the outer surface
of the pipe, resulting in a higher erosion rate character-
ized by greater material loss. As can be seen in Tables 3
and 4, the observation that the improvement efficiency of

SEPETCIOGLU ET AL. 6951
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GnPs in the erosion resistance decreases with a high ero-
sion rate and increases with a low erosion rate on the
inner and outer surfaces of GnPs/BFRP composite pipe
can be attributed to several factors. The strong fiber/
matrix interface can effectively inhibit the gap increase
created by erosion and maintain the material's structural
integrity. However, in a high erosion rate, the impacting
particles have higher energy, leading to deeper penetra-
tion and larger damage to the pipe surface. This could
result in reduced effectiveness of the GnPs in improving
erosion-induced damage. High erosion rates can result in
the formation of localized stress concentrations on the
pipe surfaces due to the impact of solid particles. These
stress concentrations can lead to crack initiation and
propagation, which may not be effectively mitigated by
the GnPs. The stress concentrations in a low erosion rate
might be less severe, allowing the GnPs to distribute the
stresses and reduce crack formation. It is important to
note that the reasons mentioned above are hypothetical
explanations based on experimental data and observa-
tion. The actual underlying mechanisms and interactions
can vary depending on the composite production, test
conditions, and experimental parameters used in the
erosion test.

3.2 | Erosion mechanism

The SPE-induced damage images of BFRP and GnPs/
BFRP composites pipes formed in ±55 angle-ply lamina
region is given in Figures 7–10. These SEM and stereomi-
croscope images were selected based on the maximum
SPE rates on the outer and inner surfaces of neat BFRP

composite pipes. In order to characterize the shift from
global to localized SPE phenomena, an approach was
taken whereby SEM and stereomicroscopic images were
merged to provide a comprehensive view of surface defor-
mation. This enabled a comparative analysis of fiber and
matrix damage penetration.

When a solid particle impacts a cylindrical object, the
depth and extent of the damages may depend on several
factors, such as the velocity, angle of impact, material
properties (elasticity and strength) of the particle and the
cylindrical object, and the concave and convex surfaces
of the cylindrical object. Upon comparison of the stereo
microscope images depicted in Figures 7 and 8A as well
as Figures 9 and 10A, it is evident that the depth of the
damage on the inner surfaces of the pipe and the regional
width penetration is comparatively greater. The impact
force generated by the impact of the solid particle on the
outer (convex) surface was distributed along the surface,
causing the pipe to deform slightly. On the other hand, it
can be concluded that on the pipe's inner surface, the
impact's force is concentrated in a smaller erosion area of
concave origin, causing intense deformation.

The effects of GnPs on the damage of the outer and
inner surfaces of BFRP composite pipes were investi-
gated. The results are presented in Figures 7–10 for differ-
ent impingement angles. For the outer surface, at a 30�

impingement angle in axial positioning and a 60�

impingement angle in radial positioning, adding GnPs
reduced the depth of erosion damage but did not signifi-
cantly affect the spread of regional damage on the pipe
surface. Similarly, for the inner surface, at a 45� impinge-
ment angle in axial positioning and a 30� impingement
angle in radial positioning, GnPs decreased the depth of

FIGURE 6 The erosion rates of BFRP and GnPs/BFRP composite pipe as a function of an impingement angle at different positioning;

(A) inner surface in the positioning of axial and (B) inner surface in the positioning of radial.
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erosion damage without affecting the spread of regional
damage on the pipe surface. These findings suggest that
GnPs can effectively reduce the depth of erosion damage

on both the inner and outer surfaces of BFRP composite
pipes, but their impact on the regional damage area
spread is limited.

FIGURE 7 SEM images of matrix damages and fiber breakage on the outer surface at the 30� impingement angle in the positioning

of axial: (A) BFRP and (B) GnPs/BFRP composite pipes.

FIGURE 8 SEM images of matrix damages and fiber breakage on the outer surface at the 60� impingement angle in the positioning

of radial: (A) BFRP and (B) GnPs/BFRP composite pipes.

FIGURE 9 SEM images of matrix damages and fiber breakage on the inner surface at the 45� impingement angle in the positioning

of axial: (A) BFRP and (B) GnPs/BFRP composite pipes.
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SEM images revealed the presence of epoxy residues on
the fibers in the damaged region formed in the inner and
outer surfaces of the pipes. These residues' formation was
attributed to the interfacial strength enrichment between
the fiber and epoxy. The addition of GnPs significantly
improved the adhesion of the epoxy to the fibers. Further-
more, SEM images of pipes doped with GnPs showed a
much lower erosion depth than those without additives,
indicating improved wear resistance. This improvement in
erosion resistance is also contributed by the solid lubricat-
ing effect of GnPs, which reduces friction and erosion
between the abrasive particle and the GnPs reinforced
epoxy. In addition to improved erosion resistance, the addi-
tion of GnPs also led to an increase in the impact tough-
ness of the epoxy. The increased impact toughness
significantly supported the reduction of the SPE ratio with
less fragmentation on the eroded surface. Increased interfa-
cial strength resulted in an increase in the hardness value
of the pipe. Overall, these results obtained from damaged
surfaces suggest that the addition of GnPs can significantly
enhance the mechanical properties of BFRP composite
pipes, making them more durable and resistant to erosion.

4 | CONCLUSIONS

The SPE behavior of BFRP composite pipes was investi-
gated, and it was found that the SPE rate of the inner sur-
face was more due to the concave effect. However, by
adding with GnPs, the depth of erosion was significantly
reduced. The SEM images revealed that the epoxy residue
on the fibers was due to the enrichment of the interfacial
strength between the fiber and epoxy. GnPs were found
to improve the interfacial strength, increase the impact
toughness of the epoxy, enhance the hardness value of
the pipe, and have a solid lubricant effect, resulting in a

decrease in erosion rate due to the improved erosion
resistance. In conclusion, this study's results demonstrate
that GnPs/BFRP composite pipes could be functional in
various industrial applications, including oil and gas,
water supply and sewage systems, chemical processing
plants, and so on. These pipes' enhanced durability and
toughness could play a role in increased efficiency,
decreased maintenance costs, and improved safety. Fur-
ther research could be conducted to investigate the feasi-
bility of using GnPs/BFRP composite pipes in real-world
scenarios and to optimize their performance for specific
applications subjected to harsh erosion.
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