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Highlights

. GFRP and CFRP composites were aged in seawater, engine oil, and diesel fuel.
e Tribological performance was evaluated using dry sliding pin-on-disc tests.

e  CFRP showed better aging resistance; GFRP was more sensitive to degradation.
e Aging time and environment had a significant impact on wear and friction.

e  Specific wear rate and COF were influenced by load, aging, and material type.
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ABSTRACT: In this study, the dry sliding behavior of carbon/epoxy (CFRP) and glass/epoxy (GFRP)
composites, aged for 30, 60, and 90 days in artificial seawater, engine oil, and diesel fuel environments,
was experimentally tested and compared using the pin-on-disc method. The composites were
manufactured using a vacuum-assisted resin transfer molding (VARTM) process, reinforced with RIM
135 epoxy polymer matrix, twill-woven glass fibers, and plain-woven carbon fibers. Wear tests were
conducted following the ASTM G99-17 standard. AISI 52100 bearing steel, hardened to 65 HRC, was
used as the abrasive disc, and the experiments were performed on a pin-on-disc wear testing device. The
dry sliding behavior of the aged composites was examined under 10 N, 20 N, and 30 N loads using the
pin-on-disc method. The results indicated that the lowest weight loss occurred in the diesel fuel
environment, while the highest weight loss was observed in the engine oil environment. Furthermore,
the seawater environment was found to have the least impact on the specific wear rate.

Keywords: Degradation, Fiber Reinforced Polymer Composites, Wear, Friction, Pin on Disc, Seawater Aging
1. INTRODUCTION

Wear is defined as the undesirable loss of material that occurs on the surfaces of bodies in contact
and in relative motion due to frictional forces. Materials of machine elements exposed to wear degrade
over time and can no longer perform their functions effectively. The need to combat wear has led to the
development of newer materials, especially polymer-based composite materials. Fiber-reinforced
polymer matrix composites are among the fastest-growing material classes in current material design
and modeling, as they offer a good combination of lightness, corrosion resistance, and high specific
strength [1], [2]. The most commonly used fiber types in the production of such composites are glass and
carbon fibers. Laminated composites are increasingly used in the defense industry due to their superior
strength, lightness, and durability. These materials are expected to resist various abrasive factors
encountered in nature during military operations, such as soil, gravel, debris, and other environmental
effects. The wear resistance of composites depends on factors such as the type of reinforcing fibers, the
resin matrix, and surface treatments applied to enhance durability. For fiber-reinforced polymer matrix
composites, wear mechanisms under dry sliding conditions include matrix wear, fiber pull-out, fiber
breakage, and interfacial debonding. In literature, a low coefficient of friction is generally associated
with high wear resistance. Friction and wear problems occur in almost every surface interaction
involving contact. Adhesive wear typically characterizes the interaction between polymer-based
materials and metal surfaces in relative motion [3]. The dry sliding test is one of the tribological methods
used to evaluate the friction and wear behavior between two surfaces. The coefficient of friction is
defined as the ratio of the friction force to the applied load, indicating how easily one material slides
over another [4]. To enhance the wear resistance of polymer matrix composites sliding on metal surfaces
under dry conditions, various fibers or polymer matrices are used. One of the most common approaches
to improving the wear resistance of polymer matrices is to incorporate different types and ratios of
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nanoparticles uniformly within the polymer matrix [5]-[11]. Nanoparticle-reinforced polymer
composites, particularly a-Al203 and SiO2 filled PTFE, demonstrate good wear resistance under loads
ranging from 1 MPa to 10 MPa. Among them, a-Al203/PTFE shows superior performance due to the
formation of thicker and more cohesive tribofilms [12]. Studies have been conducted to improve the
tribological performance of composites exposed to deep-sea environments by reinforcing POM plastic
with carbon fiber and Al203 nanoparticles. It was concluded that the addition of AI203 nanoparticles
simultaneously enhanced the mechanical strength, thermal stability, and seawater resistance of the
composite, with optimum properties achieved at a 4% loading of AI203 nanoparticles [13]. Glass,
carbon, basalt, and kevlar fiber-reinforced polymer composites are commonly used in marine
applications. Examples include the hulls, elbows, and sonar domes of boats and ships [14]-[17]. The
mechanical and tribological performance varies depending on the fiber type, matrix type, and stacking
configuration of the fiber/matrix composite structure. Glass and carbon fibers have different mechanical
strengths, and their wear resistance also differs when exposed to corrosive environments. Composites
subjected to corrosive media such as seawater may experience swelling, weakening, or microstructural
damage due to chemical and physical degradation of the matrix. For example, with every 100 m increase
in ocean depth, seawater pressure increases linearly by approximately 1 MPa, which typically leads to
accelerated seawater absorption. The effects of deep-sea pressure and seawater diffusion on the
tribological and mechanical performance of polymer composites remain uncertain [18]. Studies on
improving the mechanical and tribological behavior of polymer matrix composites under various
environmental conditions continue to be relevant [19]-[26]. The wear behavior of glass fiber-reinforced
polyester (GFRP) composites under different environmental conditions was investigated. Wear tests
were performed under 60 N load, 500 rpm speed, and 2-hour duration, simulating various artificial
aging conditions such as acidic environments, hydrothermal cycling, and UV radiation. It was observed
that the glass fiber content, varying between 11-18 wt%, significantly affected wear resistance and the
coefficient of friction. Excessive glass fiber content increased the accumulation of wear debris, which led
to a higher coefficient of friction [27]. The wear behavior of glass fiber-reinforced epoxy (GFRE)
composites under varying environmental temperatures and thermal aging conditions was also
examined. The coefficient of friction (COF) was found to be most significantly influenced by thermal
aging (p = 0.001). The effect of sliding distance was reported as p = 0.028, while load changes showed no
statistically significant impact on COF (p = 0.165) [28].

In this study, the tribological resistance of glass and carbon fiber-reinforced epoxy matrix
composites aged in different liquid-based corrosive environments under dry sliding conditions was
evaluated. Seawater, motor oil, and diesel fuel were used as corrosive media. The aim was to address the
research gap in the literature by comparing the tribological performance of glass and carbon epoxy
composites subjected to these three degradation environments. The schematic representation of the
experimental procedures is presented in Figure 1.

2. MATERIAL AND METHODS
2.1. Production of Composite Materials

In the experimental study, two types of fiber reinforcements were used in the laminated composite
structures: glass fiber and carbon fiber. As reinforcing elements, a 300 g/m? area density E-glass twill
weave fabric and a 200 g/m? area density carbon plain weave fabric were employed. The E-glass (twill)
2x2 fiber weave refers to a pattern in which each weft and warp yarn passes over two yarns and under
two yarns alternately. A single layer of E-glass fiber has an approximate thickness of 0.23 mm. The
carbon (plain) fiber forms a grid-like pattern, with weft and warp yarns passing over and under each
other alternately. A single layer of carbon fiber has an approximate thickness of 0.2 mm.
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Figure 1. Process scheme of tribological performance of composites.

As the matrix material, a combination of RIMR 135 resin and RIMH 135 hardener epoxy system was
used. The mixing ratio of the epoxy system was prepared by weight as 100:30 (RIMR 135 / RIMH 135).
The specific properties of the epoxy system are as follows: viscosity (700-1100 mPas), density (1.13-1.17
g/cm?3), and flash point (200°C).

Composite plates required for specimen production were manufactured using the vacuum-assisted
resin transfer molding (VARTM) technique. Based on preliminary studies, it was determined that for an
8-layer composite plate of dimensions 300 x 330 mm, an epoxy matrix amount corresponding to
approximately 65-70% of the fabric weight was sufficient to fully wet the fiber surfaces. During the
VARTM process, the appropriate amount of epoxy mixture needed to fully impregnate the
reinforcement layers was identified.

The composite samples were produced using the vacuum-assisted resin transfer molding method
(VARTM), as illustrated in Figure 2. All composites were kept under vacuum and cured at room
temperature (25°C) for 24 hours. The fiber volume fractions of the produced composites were as follows:
50.91% for glass/epoxy composites (GFRP), 56.06% for carbon/epoxy composites (CFRP), and 54.2% for
glass-carbon hybrid epoxy composites (GCFRP). The thicknesses of the produced GFRP and CFRP
composite plates were 1.90 + 0.1 mm and 1.85 + 0.1 mm, respectively. Both GFRP and CFRP composites
consisted of eight layers of fiber laminates [29] .

2.2. Aging Processes

Composite specimens reinforced with glass (GFRP) and carbon fibers (CFRP) were fabricated
utilizing the Vacuum Assisted Resin Transfer Molding (VARTM) process. Following production, the
specimens were machined into appropriate dimensions conforming to the ASTM G99-17 standard,
which outlines procedures for wear testing using the pin-on-disc method[30]. After specimen
preparation, an aging procedure was conducted under three chemically distinct liquid media, each
applied over three separate immersion periods. The characteristic properties of these aging
environments are detailed in Table 1, while the distribution of test conditions—including aging
duration, fluid medium, and normal load applied during abrasion testing —is presented in Table 2. The
composite coupons were immersed in artificial seawater, lubricating oil, and diesel fuel for exposure
durations of 30, 60, and 90 days respectively (Figure 3). To simulate a marine-like degradation
environment in the laboratory, 35 grams of sodium chloride were precisely weighed and dissolved in
tap water until the solution mass reached 1000 grams. The mixture was continuously stirred until
complete dissolution was achieved, ensuring homogeneous salinity throughout the solution. For the
hydrocarbon-based environments, Shell Helix HX7 10W-40 motor oil was employed to represent a
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lubricative industrial exposure condition, while Shell V-Power diesel was used to mimic conditions akin
to fuel storage or spillage scenarios. These environments were selected to evaluate the durability and
wear response of the composite materials under chemically aggressive and industrially relevant
conditions.

Step 1
B step

8 layers of cut fiber

peel ply

spiral hose and valve tape sealant vacuum G-bag packaging

< SR~

vacunming in the G-bag resin transfer with vacuum Pplates produced with
VARTM

Figure 2. Production of composite plates with VARTM.

This immersion-based preconditioning aimed to simulate potential service environments that the
composites might encounter in real-world engineering applications, particularly in the maritime,
automotive, and energy sectors.

2.3. Wear Test Using Pin-on-Disk Method

Wear test specimens were prepared from CFRP and GFRP composites produced via VARTM, in
accordance with the dry sliding wear test parameters presented in Table 2. A total of 60 specimens were
tested under the dry sliding wear conditions defined in Table 2. The specimen geometries used for the
wear tests were prepared according to the ASTM G99-17 standard, as illustrated in Figure 4. To obtain
the appropriate specimen dimensions for the dry sliding wear tests, the GFRP and CFRP composite
plates produced by VARTM were cut using a waterjet cutting machine.



Dry Sliding Wear of Aged CFRP and GFRP under Environmental Degradation 951

(a) Seawater (b) Engine oil (c) Diesel fuel

Figure 3. Aging environments of composites: (a) seawater, (b) engine oil, (c) diesel fuel.

Table 1. General physical properties of aging environments [29].

Degradation environment Density (g/cm3) Viscosity (MPas)

Seawater 1.023 0.959
Engine oil 0.860 96.310
Diesel fuel 0.832 3.168

Table 2. Test parameters determined for the dry sliding wear test.

Sample Degradation environment Aging time (day) Wear load (Newton)

Room temperature 0 0 0 10 15 20

Seawater 30 60 90 10 15 20

GERP Engine oil 30 60 90 10 15 20
Diesel fuel 30 60 90 10 15 20

Room temperature 0 0 0 10 15 20

Seawater 30 60 90 10 15 20

CFRP Engine oil 30 60 90 10 15 20
Diesel fuel 30 60 90 10 15 20

Before the tests, the surface roughness of the AISI D2 tool steel disk, used as the counter surface, was
measured using a Time TR 3200 surface roughness tester. The measurements were conducted with a
sample length of 0.8 mm and an evaluation length of 3 mm to determine the average surface roughness.
After completing all wear tests, the surface roughness of the disk was measured again for comparison.
The surface roughness measurement process is illustrated in Figure 5. The average surface roughness of
the disk before wear was measured as 0.183 um, and after the wear tests, it increased to 0.753 um. The
mechanical properties of the AISI D2 tool steel disk are presented in Table 3.
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Figure 4. GFRP and CFRP wear test specimen dimensions.

The five-step dry sliding wear test procedure is presented in Figure 6.
In the first step, GFRP and CFRP composite specimens, cut into 20x20 mm squares, were prepared. Pins
with a diameter of 12 mm were machined from @15 mm low-carbon steel rods on a lathe to be mounted
on the pin-on-disk wear test machine.

In the second step, the composite specimens were bonded to the 12 mm pins using the Mitre Apel
instant adhesive set manufactured by BETA Kimya. Prior to bonding, the pin surfaces were cleaned with
acetone to ensure strong and precise adhesion between the composite sample and the pin surface.

In the third step, the weights of the specimens, with and without the pins, were measured using a
precision balance before the wear test. These measurements were used to calculate the specific mass
wear rate after the tests.

In the fourth step, a counter face disk made of AISI D2 tool steel with dimensions of 110x16 mm
and a surface hardness of 59 HRC was used. After determining the wear distance based on the selected
sliding speed, the test equipment was prepared for operation.

In the fifth step, the wear test machine was activated, and the composite specimens attached to the
pins were subjected to dry sliding wear tests against the abrasive disk over the predetermined sliding
distance. Tests were conducted under constant sliding distance while varying the applied load. All wear
tests were carried out under laboratory conditions at an ambient temperature of 23 °C to assess the
tribological behavior of the composite materials.

Figure 5. (a) Wear disk surface, (b) measurement of surface roughness of worn disk surface.
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Table 3. Chemical composition and thermal and mechanical properties of AISI D2 tool steel[31].

Properties Units  Value

Chemical composition
C % 1.50
Cr % 12.00
Mo % 1.10
Mn % 0.50
Si % 0.50
\ % 1.00

Thermal properties

Thermal conductivity =~ W/mK 21
Specific heat capacity  J/kg°C 485
Mechanical properties

Young’s modulus GPa 180
Poisson’s ratio 0.3

Density kg/mm?®  7.64
Hardness HRC 62+1
Elongation % >16

I Pin and composites samples

2

Bonding composites to pins

4

Wear test machine

Figure 6. Pin-on-disc wear testing process steps of GFRP and CFRP composites.

Before starting the dry sliding wear tests, the test parameters were determined and entered into the
Turkyus device software on the computer for calculation. First, a sliding speed of 2 m/s was selected as
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one of the dry sliding test parameters. Then, a track diameter of 80 mm was chosen, and the device’s
balance arm was adjusted and calibrated accordingly. The rotational speed (in rpm) required for the
abrasive disk to reach a sliding speed of 2 m/s at a track diameter of 80 mm was calculated using

Equation (1).
_ 6000V,
n=—— (1)

In Equation (1), the variables are defined as follows:
n :Rotational speed (rpm),

Ve : Sliding speed (m/s),

d :Track diameter (mm).

According to this equation, the required rotational speed of the disk was calculated to be n = 477.5
rpm. A reflective tape was attached to the edge of the disk in the Turkyus wear testing device, and the
rotational speed was measured using a DT-2236C laser tachometer to determine the inverter frequency
corresponding to this speed. As a result, the inverter frequency was identified as 34.3 Hz. Based on
preliminary assessments before the wear tests, the sliding distance was set to 3 km. According to the
calculated rotational speed, the tests were conducted for 25 minutes to reach this distance. The
composite specimen was then mounted on the Turkyus wear test device, and the force arm was
balanced horizontally using a spirit level. After entering the calculated values into the Turkyus software,
as shown in Figure 7, the wear tests were initiated. The sampling frequency was set to 5 Hz, enabling
data collection at five points per second. For each defined test parameter, the sliding speed and dry
sliding distance were kept constant, while the applied load was varied as 10 N, 15 N, and 20 N,
respectively. During the tests, the coefficient of friction between the wearing composite specimen and
the disk surface was recorded and transferred to the computer. The tribological behavior of GFRP and
CFRP composites aged in seawater, motor oil, and diesel fuel environments for 30, 60, and 90 days,
respectively, was evaluated using this test setup, and the results were interpreted accordingly.

5/ Turkyus Agindirma Gz
Dosya Ayarar Vardm  Cikig

Pin On Disk Reciprocating Siittinme Katsaysi | Kuvvet | Sirtinme Katsays (Ort)|
Siirtinme Katsayisi Grafigi
Donig Hizi [rpm] 4775 £ Sire  [s] 1500
Sirtinme Katsayisi
IlzCapi [mm] 800 = Yol [mm] 3000000, Sifirla 05
Hiz [mm/s] (20001 2|  Dediskenlerden birini giriniz
04

Degiskenlerden ikisini giriniz Normal Kuvvet [N] (200 =

Kaydet Kaydet

M 499 999 1499

Zaman [s]

Surtinme Katsaysi | Kuyvet

Port Segimi Siirtiinme Katsayisi

Omekleme Frekansi [Hz] 5.0 = COM1  ~
Sicaklik [C] 25,0 = 0

o Yende L % % U \J o
MACHINE R&D PRODUCTION TECADLOGIES 1439.1 1459.1 1479.1 1499.1

s.com Zamanls]

04 Ocak 1980 Cuma v

Figure 7. Defining the determined and calculated data for the wear test to the Turkyus wear test device.
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According to the eight different parameters listed in Table 2, based on the environmental condition
and aging duration of the GFRP and CFRP composites, wear tests were conducted in accordance with
the ASTM G99-17 standard. For each parameter, tests were performed at a constant sliding speed of 2
m/s and a fixed sliding distance of 3 km, under three different applied loads (10 N, 15 N, and 20 N). At
the beginning and end of each wear test, the composite wear specimens were weighed using a Necklife
FA 2004 precision balance with a sensitivity of 0.1 mg. The difference in mass was used to calculate the
worn mass. To compare the wear resistance of the composite specimens, the specific wear rate—a
reliable parameter —was calculated using Equation (2).

- @)

- pFNS

In Equation (2), the variables are defined as follows:
W : Specific wear rate (cm?/N-m),

Am : Mass Loss (g),

o :Density (g/cm?),

Ex : Applied load (N),

S :Sliding distance (m).

3. RESULTS
3.1. Coefficient of Friction

Wear tests were conducted on GFRP and CFRP composites aged in seawater, motor oil, and diesel
fuel environments for 30, 60, and 90 days, respectively, according to the test parameters presented in
Table 2. The wear tests were designed based on parameters such as aging environment, aging duration,
and applied load. In each wear test, the sliding speed, sliding distance, and test duration were kept
constant, while different loads of 10 N, 15 N, and 20 N were applied. The average coefficient of friction
values were calculated for a total of 60 test specimens. The coefficient of friction-load graphs for GFRP
and CFRP composites under seawater aging conditions for 30, 60, and 90 days are shown in Figure 8, for

the motor oil environment in Figure 9, and for the diesel fuel environment in Figure 10.
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Figure 8. COF-Load graph of GFRP and CFRP composites aged in seawater environment.
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Figure 9. COF-Load graph of GFRP and CFRP composites aged in engine oil environment.
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Figure 10. COF-Load graph of GFRP and CFRP composites aged in diesel fuel environment.

As shown in Figure 8, which presents the coefficient of friction (COF) versus load graphs for GFRP
and CFRP composites aged in seawater for 30, 60, and 90 days, the following observations were made:
Under a 10 N load, the average coefficient of friction for GFRP composites increased by 7.57%, whereas
for CFRP composites, it decreased by 1.88% compared to those in the room temperature (unaged)
condition after 90 days of seawater aging. Under a 15 N load, the average coefficient of friction
decreased by 1.67% for GFRP and by 4.95% for CFRP after 90 days of seawater aging. Under a 20 N load,
the coefficient of friction decreased by 0.67% for GFRP and by 6.97% for CFRP under the same aging
conditions.

As shown in Figure 9, which illustrates the coefficient of friction (COF) versus load graphs for GFRP
and CFRP composites aged in motor oil for 30, 60, and 90 days, the following results were obtained:
Under a 10 N load, the average coefficient of friction decreased by 53.52% for GFRP composites and by
25.16% for CFRP composites compared to those in the room temperature (unaged) condition after 90
days of aging in motor oil. Under a 15 N load, the average COF decreased by 46.41% for GFRP and by
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19.14% for CFRP after 90 days of exposure to motor oil. Under a 20 N load, the COF decreased by 37.90%
for GFRP and by 24.08% for CFRP composites under the same aging conditions.

As shown in Figure 10, which presents the coefficient of friction (COF) versus load graphs for GFRP
and CFRP composites aged in diesel fuel for 30, 60, and 90 days, the following results were observed
Under a 10 N load, after 90 days of aging in diesel fuel, the average COF increased by 0.35% for GFRP
composites, while it decreased by 13.79% for CFRP composites, compared to those in the room
temperature (unaged) condition. Under a 15 N load, the COF decreased by 11.25% for GFRP and by
1.57% for CFRP. However, under a 20 N load, the COF decreased by 5.24% for GFRP composites,
whereas it increased significantly by 31.39% for CFRP composites after 90 days of exposure to diesel
fuel.

3.2. Mass Loss

In the 60 composite test samples of GFRP and CFRP, mass losses occurred due to wear as a result of
different aging environments, aging durations, and applied wear loads. To calculate the mass loss
between the pre- and post-wear weights, precise measurements were taken using a sensitive balance for
each experimental parameter, and the weight losses were calculated accordingly. The mass losses for all
aging conditions, material types, and applied loads were computed and are presented in Table 4.

Table 4. Mass losses of GFRP and CFRP composites on pin-on-disc after wear.
Applied load (Newton)
10(N) 15(N) 20(N)
GFRP 0.0013  0.0022  0.0031
CFRP 0.0010 0.0015 0.0025
GFRP 0.0015 0.0024 0.0032

Degradation environment Sample

Room temperature

Seawater (30 day) CFRP  0.0011 0.0017 0.0026
Scavwater (40 day) ChRP o003 0001900027
Scavater (90 day) PP oo0s 003 0003
Engine ol (30 day) CPRP 00015 00020 0009
Engine ol (60 day) CRRP 00019 00093 00036
Engine oil (00 day) CPRP 0000 0009 o0om
Diesel el G0day) e giois oomr ooume
Diesel kel @0day) i (o012 o o0
Dicselfoel (90 day) GFRP 00017 00027 0.0038

CFRP 0.0019  0.0025 0.0029

The mass losses observed in the composite specimens in this study are not solely attributed to
mechanical wear during dry sliding. Due to the different aging environments and exposure durations,
the polymer matrix underwent measurable internal degradation processes such as plasticization, chain
scission, and micro void formation. These degradative phenomena significantly alter the density,
structural integrity, and adhesion at the fiber-matrix interface, thereby weakening the composite
material even before mechanical testing.

In addition, the long-term immersion of specimens in aggressive environments such as seawater,
engine oil, and diesel fuel led to significant fluid absorption. This uptake process contributes to changes
in specimen mass independent of mechanical wear, and reflects the influence of chemical diffusion,
hydrolysis, and swelling within the polymer network. Consequently, the reported mass loss values
reflect not only the removal of material due to frictional interaction but also the combined effects of
environmental degradation and fluid absorption. This dual mechanism more accurately represents the
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tribological behavior of fiber-reinforced polymer composites subjected to coupled mechanical and
chemical stress conditions. Recent studies confirm this interpretation. A hygrothermal aging study on
multi-filler epoxy composites documented an 11% increase in wear rate and approximately 7% change in
mass after accelerated aging cycles [32]. One of the recent studies on moisture absorption in hybrid
Kevlar-carbon-glass epoxy composites reported up to 15% increase in water absorption and up to 5-10%
increase in wear rate under humid conditions [33]. These findings reinforce the validity of tracking mass
change as an integrated metric for evaluating the combined influences of environmental aging and
mechanical wear in polymer composite systems.

These findings validate the consideration of total mass loss as a robust metric for evaluating the
interplay between environmental aging and dry sliding wear in composite systems. In all environmental
conditions, the lowest mass loss for GFRP and CFRP composites was observed in wear tests conducted
under 10 N load, while the highest mass loss was observed in tests conducted under 20 N load.
Regarding the aging environment conditions, the lowest mass loss occurred in the diesel fuel
environment, while the highest mass loss occurred in the motor oil environment. In the motor oil
environment, the wear tests conducted under 20 N load showed that the mass loss of the composites
after wear increased by 70.96% for glass/epoxy (GFRP) composites and 64% for carbon/epoxy (CFRP)
composites compared to the weight loss of the composites in the normal environment. In the seawater
environment, wear tests conducted under 20 N load showed that the mass loss of the composites after
wear increased by 38.70% for glass/epoxy (GFRP) composites and 20% for carbon/epoxy (CFRP)
composites compared to the normal environment. In the diesel fuel environment, wear tests conducted
under 20 N load showed that the mass loss of the composites after wear increased by 52% for
glass/epoxy (GFRP) composites and 6.45% for carbon/epoxy (CFRP) composites compared to the normal
environment.

3.3. Specific Wear Rate (SWR)

One of the reliable parameters used to compare the wear resistance of materials is the specific wear
rate. At the beginning and end of the wear test, the samples were weighed using a precision balance, and
the difference in mass was calculated to determine the worn mass. The mass losses for 60 samples,
presented in Table 4, were used to calculate the specific wear rates using the equation in (2). The wear
tests of GFRP and CFRP composites, based on environmental type and aging time, were conducted
under the wear rate (2 m/s), sliding distance (3 km), and applied wear load values (10 N, 15 N, and 20 N)
in accordance with the ASTM G 99-17 standard. The calculated specific wear rates are presented in Table
5. The specific wear rates of GFRP and CFRP composites for seawater aging environment are shown in
Figure 11, for motor oil environment in Figure 12, and for diesel fuel environment in Figure 13.

In Figure 11, the change in the specific wear rate-load graph of GFRP and CFRP composites aged in
seawater for 30, 60, and 90 days is shown. It was found that the specific wear rate at 10 N loading
increased by 30.769% for GFRP composites and 40% for CFRP composites when aged for 90 days in
seawater compared to the ambient temperature condition. At 15 N loading, the specific wear rate
increased by 36.36% for GFRP composites and 53.33% for CFRP composites after 90 days of seawater
aging compared to the ambient temperature condition. At 20 N loading, the specific wear rate increased
by 38.70% for GFRP composites and 20% for CFRP composites after 90 days of seawater aging compared
to the ambient temperature condition.

In Figure 12, the change in the specific wear rate-load graph of GFRP and CFRP composites aged in
engine oil for 30, 60, and 90 days is presented. It was calculated that the specific wear rate at 10 N
loading increased by 61.53% for GFRP composites and 100% for CFRP composites after 90 days of aging
in engine oil compared to the ambient temperature condition. At 15 N loading, the specific wear rate
increased by 54.54% for GFRP composites and 93.33% for CFRP composites after 90 days of engine oil
aging compared to the ambient temperature condition. At 20 N loading, the specific wear rate increased
by 70.96% for GFRP composites and 64% for CFRP composites after 90 days of engine oil aging
compared to the ambient temperature condition.
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Table 5. Specific Wear Rate (SWR) values of GFRP and CFRP composites according to aging
environment and applied wear load.

Specific wear rate (10-8cm?/Nm)

Degradation environment Sample 10 (N) 15 (N) 20 (N)
Room temperature GFRP 24208 i oe

CFRP 2.2371 2.2371 2.7964
Sewar 00 iy pues a5 o0
Sewar 04 Gy pom  awy 30
Sevwater 00 Crpp  yame s asw
Brgneoil 04 Crrp s oo aw
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Bagine ol 00d%) e s ams s
Diesel fuel (30 day) 211:11:11; i?gig ;?g?i z;(g)zi

GFRP 2.7932 3.1036 3.0726
Diesel fuel (60 day) CFRP 33557 34302  3.2438
Diesel fuel (90 day) SIEIEIE i;gg; gigglgg igig;
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Figure 11. Comparison of Specific Wear Rates of GFRP and CFRP composites aged in seawater.
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Figure 12. Comparison of Specific Wear Rates of GFRP and CFRP composites aged in engine oil.
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Figure 13. Comparison of Specific Wear Rates of GFRP and CFRP composites aged in diesel fuel.

In Figure 13, the change in the specific wear rate-load graph of GFRP and CFRP composites aged in
diesel fuel for 30, 60, and 90 days is shown. It was found that the specific wear rate at 10 N loading
increased by 61.53% for GFRP composites and 100% for CFRP composites after 90 days of aging in diesel
fuel compared to the ambient temperature condition. At 15 N loading, the specific wear rate increased
by 54.54% for GFRP composites and 93.33% for CFRP composites after 90 days of diesel fuel aging
compared to the ambient temperature condition. At 20 N loading, the specific wear rate increased by
70.96% for GFRP composites and 64% for CFRP composites after 90 days of diesel fuel aging compared
to the ambient temperature condition.

The lowest specific wear rate values for both GFRP and CFRP composites under all environmental
conditions were found at 10 N loading, while the highest specific wear rates were observed in the wear
tests conducted under 20 N loading.
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4. CONCLUSIONS

In this study, the tribological performance of GFRP (Glass Fiber Reinforced Polymer) and CFRP
(Carbon Fiber Reinforced Polymer) composites was compared by conducting dry sliding wear tests on a
pin-on-disk apparatus after aging in three different environments (seawater, engine oil, and diesel fuel)
for 30, 60, and 90 days. The study revealed the sensitivity of the tribological properties of GFRP and
CFRP composites to external factors such as applied load, aging environment, and aging duration. The
effects of these parameters on the friction coefficient and specific wear rate exhibited an interactive
rather than independent relationship. The evaluation was extended across three main axes: load
variation, aging environment, and material type.

The effect of load variation generally showed a tendency for the friction coefficient to decrease as the
load increased. This phenomenon can be explained by the increased surface area undergoing plastic
deformation due to the higher load, and the wear of micro-roughness leading to a smoother surface. In
GFRP composites, the change in friction coefficient was more erratic under low load and more affected
by the environment, while at high load, environmental effects were less pronounced. This can be
attributed to the lower surface hardness of the glass fiber-reinforced structure, which is more susceptible
to deformation under load. In CFRP composites, structural stability was achieved under high loads, but
the 31.39% increase in the friction coefficient observed under 20 N load in the diesel environment
suggests that this load level may cause matrix degradation.

The effect of aging environment played a decisive role in the physical and chemical structure of
polymer matrices. The seawater environment, through the diffusion of water into the matrix, can create
microscopic voids, disrupting the surface morphology and weakening the fiber-matrix bonds. In GFRP,
this effect particularly increased the friction coefficient under low load, while in CFRP, the friction
coefficient decreased due to a more limited diffusion effect. The engine oil environment emerged as the
most aggressive for GFRP, with the oil penetrating the matrix deeply, causing a plasticizing effect,
significantly weakening the fiber-matrix interaction, and reducing friction by creating a lubrication effect
on the surface. In CFRP, this effect was less pronounced because of the higher chemical resistance of the
carbon fiber structure and the limited matrix diffusion effect. The diesel fuel environment produced
relatively more complex results. In GFRP, the increase in the friction coefficient under low load
suggested that diesel left chemical residues on the surface, creating a sticky layer, while in CFRP, the
significant increase in friction coefficient under 20 N load indicated that diesel fuel could further
degrade the carbon fiber-matrix structure.

The effect of aging duration (Time Change): The results from the 30, 60, and 90-day aging periods
showed that as the aging time increased, more significant changes occurred in the mechanical and
tribological performance of the composites. After 90 days of aging, the environmental effects were
observed to reach their maximum level. In particular, the dramatic reduction in the friction coefficient in
the engine oil environment for GFRP composites indicated that the oil could penetrate the matrix more
over time, potentially leading to permanent surface changes. CFRP composites exhibited more stable
behavior over time, indicating that carbon fibers are more resistant to aging effects both chemically and
structurally.

The effect of material type: GFRP exhibited a more sensitive behavior towards aging environments
due to its more porous structure and weak bonding tendency between glass fiber and the matrix. In
contact with liquid environments, physical swelling, fiber separation, and microstructure degradation
occurred more quickly, leading to higher variability in tribological performance. CFRP, due to its high
strength, low water absorption capacity, and chemical inertness of carbon fibers, showed more stable
friction behavior in many environments. However, it was observed that CFRP exhibited less tolerance to
structural degradation, particularly under high load in the diesel environment.

The specific wear rate values of GFRP and CFRP composites significantly increased depending on
the environment, load, and duration. In all environments, the 90-day aging period caused
microstructural degradation in the composites, leading to higher wear rates. In aggressive environments
such as engine oil and diesel fuel, significant wear increases were observed in both composites under
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10-20 N loads. While CFRP composites were more resistant to friction, they showed higher increases in
specific wear rate after aging compared to GFRP, suggesting that the carbon fiber-matrix interface is
more sensitive to chemical effects. As the load increased, the wear rate also tended to rise, with a
particularly noticeable increase of over 70% in GFRP under 20 N load in the engine oil environment. The
results clearly indicate that aging duration and environmental conditions significantly affect the wear
performance of GFRP and CFRP composites. After 90 days of exposure under a 20 N load, the specific
wear rate of GFRP increased by 70.96% in engine oil, 38.70% in seawater, and 52% in diesel fuel,
compared to unaged conditions. For CFRP, these increases were 64%, 20%, and only 6.45% respectively.
These findings confirm that engine oil represents the most aggressive environment, while diesel fuel has
a relatively milder effect on composite degradation.

These findings highlight the critical importance of environmental selection in the lifespan, friction
behavior, and environmental durability of composite materials. When choosing GFRP and CFRP for
tribological applications, environmental conditions must be considered, and the material's suitability for
lubrication and chemical resistance should be evaluated. Understanding the behavior of fiber-reinforced
polymers like GFRP and CFRP under different environmental and load conditions is crucial for
determining their suitability for automotive, marine, and industrial applications. In order to develop
more durable composite systems for polymers subjected to abrasion under harsh environmental
conditions, fiber-matrix interface improvements and long-term durability tests under chemical-thermal-
mechanical load combinations are recommended to designers.
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