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ABSTRACT
Glass fiber–reinforced epoxy composites are used in lightweight structural and sliding components, yet dry-con-
tact damage can shorten service life and generate wear debris. Filler engineering offers a practical route to 
strengthen the matrix-rich surface while controlling friction and material loss. A coordinated comparison of 
lubricating, ceramic, and lamellar fillers within a single glass fiber–epoxy platform is still needed. This study 
aims to assess the mechanical, tribological, and waste-control response of graphite-, SiC-, and MoS₂-filled 
glass fiber–epoxy laminates. Laminates containing 0, 2, 3, and 5 wt.% filler were fabricated by hand lay-up and 
compression molding, then tested by tensile, flexural, Shore D hardness, notched Izod impact, ASTM G99 pin-
on-disc wear, profilometry, SEM, and response surface modelling. S5 recorded 328 MPa tensile strength, 438 
MPa flexural strength, 90 Shore D hardness, and 1.70 × 10⁻⁴ mm³ N⁻¹ m⁻¹ specific wear rate, representing 13.1%, 
15.3%, 9.8%, and 39.5% gains over C1. M3 recorded 65 kJ m⁻² impact strength, 0.374 coefficient of friction, 
and 1.510 µm roughness, giving 12.1%, 40.4%, and 19.8% gains. The results support application-specific filler 
selection: SiC is suitable for load-bearing wear components, while MoS₂ is suitable for low-friction sliding 
interfaces. Future innovation should extend validation to high loads, ageing, filler mapping, and multi-criteria 
ranking.
Keywords: Glass fiber–reinforced epoxy composites; Pin-on-disc tribology; Response surface methodology; 
Solid lubricant fillers; Waste recycling.

1. INTRODUCTION
Glass fiber–reinforced epoxy composites occupy a strong position in structural and sliding-contact components 
because the glass fabric carries load while the epoxy matrix binds fibers, transfers and protects the reinforcement 
from moisture and chemical exposure.  Still the same matrix-rich surface suffers during dry sliding: adhesive 
junctions form, heat accumulates at asperities, matrix fragments detach, and exposed fibers start to abrade the 
counter face [1]. Filler modification has become a practical route to altering this surface response without replac-
ing the underlying laminate architecture. Recent reviews connect filler type, filler scale, interfacial bonding, and 
processing route with mechanical, thermal, and wear response in polymer composites [2]. Modified MoS2/SiC/
epoxy systems also support the idea that a hard ceramic phase and a lamellar solid lubricant can act via distinct 
contact mechanisms within the same polymer matrix [3]. Low-loading MoS2/epoxy work provides additional 
evidence: tribofilm formation can control friction even when filler content stays below 1 wt.% [4].

Graphite, SiC, MoS2, Al2O3, and waste-derived mineral fillers have been studied using various exper-
imental approaches, but their comparison remains difficult because specimen architecture, filler size, sliding 
load, speed, counter face, and statistical design vary from one research to another. Graphite-filled epoxy studies 
focus on self-lubrication and abrasive-wear control, with particle size and resin [5] viscosity shaping processing 
quality [6]. MoS2/helical carbon nanotube epoxy systems demonstrate that solid lubricants can be paired with 
reinforcing nanostructures to adjust friction, hardness, and elastic modulus within a single material system [7]. 
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Hybrid Al2O3/graphite epoxy composites extend this design logic by pairing a ceramic particle with a lubricating 
carbon phase [8]. In fiber-reinforced epoxy, alumina-filled E-glass laminates were studied under erosion condi-
tions using Taguchi analysis, linking process variables and filler content to erosion rate rather than sliding wear 
alone [9]. Ceramic-particulate AA6061 composites also show the usefulness of Taguchi and ANOVA for iden-
tifying dominant tribological control factors, even though the matrix is metallic rather than polymeric. Industri-
al-waste-filled epoxy systems add another dimension by replacing conventional fillers with blast furnace slag, 
ferrochromium slag, or converter slag under ball-on-disk wear testing [10]. Nano clay-filled glass fiber–epoxy 
laminates show that nanoparticle addition can alter mechanical and thermal response, yet tribology, roughness, 
and waste loss need a separate sliding-contact framework [11].

Experimental studies use hand lay-up, compression molding, solution casting, powder processing, coating 
deposition, and electrodeposition, so the processing conditions differ substantially across the field (Table 1). Tagu-
chi design, ANOVA, RSM, ANN, SEM, EDS, and roughness mapping are frequently reported , but not always in 
the same study. Common patterns can be inferred from the comparative data: hard ceramic particles strengthen 
contact surfaces, while graphite- or MoS2-rich phases lower shear at the interface. The main technical differ-
ences lie in matrix type, reinforcement form, filler size, load range, wear mode, and whether the work measures 
mechanical strength and tribology under one design.

The research is increasingly shifting from single-property composite reporting toward multi-response 
design, where strength, hardness, impact resistance, coefficient of friction, wear rate, roughness, and morphol-
ogy are evaluated collectively. This direction is useful for glass fiber–epoxy laminates because sliding damage 
is not controlled only by bulk strength. Surface roughness, transfer-film stability, debris adhesion, and exposed 
fiber abrasion all affect material loss. The most related studies, therefore, combine mechanical testing with 
controlled tribology and post-wear microscopy, but this complete pattern is still uneven across filler families.

Existing studies do not yet provide a direct comparison of graphite, SiC, and MoS2 within a single 
glass fiber–epoxy platform, using the same fabrication route, filler loading window, and mechanical–tribological 
response set. Many studies examine only one filler family, use waste-derived particles without direct comparison 
with solid lubricants, or use ceramic fillers across different matrix systems [22]. Parameter ranges also differ 
widely, so load, speed, sliding distance, counter face, and surface analysis cannot be directly extrapolatedfrom 

Table 1: Literature on filler types, experimental methods, and tribological findings relevant to glass fiber–epoxy composites.

STUDY  
OBJECTIVE

METHODOLOGY MATERIALS/
PARAMETERS 

KEY FINDINGS RELEVANCE TO 
CURRENT STUDY

Waste tribology 
review

Literature synthesis Agricultural, indus-
trial, post-consumer 

fillers

Waste fillers 
improved wear 

utility

Supports waste-control 
framing [12]

Dry-sliding CFRP 
lubrication

Hydrothermal hybrid 
filler

FGr@MoS₂, carbon 
fabric, epoxy

Friction and wear 
decreased substan-

tially

Supports lamellar 
transfer-film logic [13]

Resin comparison 
under wear

Dry wear testing GFRE, GFRP, slid-
ing load

Epoxy composites 
retained tribologi-

cal potential

Supports GF/epoxy 
material selection [14]

GFRC drill-
ing-wear analysis

Mechanical, wear, SEM 
tests

B₄C, graphite, 
GFRC

Graphite improved 
wear resistance

Supports graphite 
comparison [15]

Predict GFRE 
tribology

Taguchi, ANN, FESEM GNP, load, dry 
sliding

SWR and COF 
optimized

Supports DOE-based 
tribology analysis [16]

Hybrid epoxy 
bearing design

Steel/self-contact tri-
bology

UHMWPE, MoS₂, 
base oil

COF reached 
0.08–0.10

Supports MoS₂ lubri-
cant selection [17]

PTFE particle-size 
effect

Reciprocating wear tests PTFE size, GF/
epoxy

Large PTFE 
reduced wear order

Supports filler-size 
concern [18]

Powder epoxy 
tribology

Graphite-filled epoxy 
tests

Powder epoxy, 
graphite content

Abrasive tendency 
became lower

Supports graphite 
dosage control [19]

2D hybrid coating 
design

Hydrothermal synthesis, 
coating wear

h-BN/MoS₂, epoxy 
coating

COF and wear rate 
decreased

Supports MoS₂ film 
mechanism [20]

Dual hard/lubricant 
coating

Electrocodeposition 
wear tests

Nano-SiC, graphite, 
Ni coating

Mixed particles 
protected surfaces

Supports hard-soft 
filler logic [21]
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one work to another. In several cases, mechanical tests and tribological tests are separated, while roughness 
and SEM evidence are treated only as supporting observations. This creates a interpretation limitation: strength 
gains, friction control, wear loss, surface topography, and morphology cannot be correlatedwhen test standards, 
filler types, and response models are not aligned.

The present work addresses this gap using a common glass fiber–epoxy laminate framework, in which 
three functionally distinct fillers are compared at 2, 3, and 5 wt.% using the fabrication and testing . Graphite is 
treated as a carbonaceous solid lubricant, SiC as a hard ceramic load-bearing filler, and MoS2 as a lamellar solid 
lubricant. Mechanical response, pin-on-disc wear, coefficient of friction, surface roughness, SEM morphology, 
and RSM-based tribological modelling are integrated into a single design. This structure directly addresses the 
inconsistent filler ranges, separated property measurements, and incomplete validation patterns identified in the 
reviewed literature.

The objective of the present study is to determine the effects of graphite, SiC, and MoS2 fillers at 2, 3, 
and 5 wt.% on the mechanical response, dry sliding tribological behavior, surface preservation, and wear-related 
material loss of glass fiber–reinforced epoxy composites.

2. MATERIALS AND METHODS
Bidirectional woven E-glass fabric with an areal density of 220 g m−2 was used as the reinforcement. Araldite 
LY556 epoxy resin was used as the polymer matrix, and HY951 amine hardener was used as the curing agent. 
Nano-graphite powder with a stated purity of 99.5% and an average particle size of 1–2 µm, silicon carbide 
powder with a stated purity greater than 99.9% and an average particle size of approximately 60 µm, and 
molybdenum disulfide powder with a stated purity of 99.9% and an average particle size of 80–100 nm were 
used as functional fillers. The composite designations and filler contents used throughout the experimental 
work is given in Table 2, and the raw-material specifications are summarized in Table 3. The particle-size val-
ues listed in Table 3 were based on supplier specifications. Independent particle-size verification by scanning 

Table 2: Composite designation and composition.

COMPOSITE 
ID

COMPOSITE 
DESCRIPTION

FILLER 
TYPE

FILLER LOADING, 
WT.%

C1 GF/Epoxy None 0
G2 GF/Epoxy + graphite Graphite 2
G3 GF/Epoxy + graphite Graphite 3
G5 GF/Epoxy + graphite Graphite 5
S2 GF/Epoxy + SiC SiC 2
S3 GF/Epoxy + SiC SiC 3
S5 GF/Epoxy + SiC SiC 5
M2 GF/Epoxy + MoS₂ MoS₂ 2
M3 GF/Epoxy + MoS₂ MoS₂ 3
M5 GF/Epoxy + MoS₂ MoS₂ 5

Table 3: Raw materials and specifications.

MATERIAL SPECIFICATION SUPPLIER GRADE/
PURITY

MEAN SIZE/
FORM

E-glass fabric Bidirectional woven fabric Structural reinforcement 
grade

220 g m⁻²

Epoxy resin Araldite LY556 Laminating grade Liquid resin
Hardener HY951 Amine curing agent Liquid hardener
Graphite Nano-graphite powder 99.5% 1–2 µm

Silicon carbide SiC powder >99.9% 60 µm
Molybdenum disulfide MoS₂ nanopowder 99.9% 80–100 nm
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electron microscopy or laser particle-size analysis was not performed in the present experimental plan; there-
fore, the particle-size information was treated as supplier-reported material input data. All filler powders were 
dried at 60 °C for 2 h before mixing to reduce moisture uptake. The glass fabric was cut to mould dimensions 
and stored in sealed polyethylene covers before laying up. The resin and hardener were conditioned to labora-
tory temperature before use.

2.1. Sample preparation and fabrication
Hybrid glass fiber–reinforced epoxy laminates were fabricated by hand lay-up followed by compression mold-
ing. The complete fabrication route is illustrated in Figure 1, and the corresponding processing parameters are 
listed in Table 4. A flat steel mold with internal dimensions of 300 mm × 300 mm × 3 mm was used for all lami-
nates. Ten layers of bidirectional woven E-glass fabric were used in each laminate. The epoxy-to-hardener ratio 
was maintained at 10:1 by mass. Filler loading was calculated relative to the epoxy matrix mass.

For each filled composition, the required quantity of graphite, SiC, or MoS2 was added to the epoxy resin 
and mechanically stirred at 1000 min−1 for 20 min. The filler–resin mixture was then ultrasonicated for 30 min 
to promote uniform distribution of the filler in the resin phase. Vacuum degassing was performed at −0.08 MPa 
for 10 min to remove entrapped air. After degassing, the hardener was added, and the resin system was mixed 
until a macroscopically homogeneous mixture was obtained.

Figure 1:  Fabrication sequence \for the preparation of hybrid glass fiber–reinforced epoxy.
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Table 4: Fabrication parameters.

PARAMETER VALUE
Fabrication route Hand lay-up followed by compression moulding

Mould size 300 mm × 300 mm × 3 mm
Number of glass-fabric layers 10

Resin:hardener ratio 10:1 by mass
Filler loading basis Relative to epoxy matrix mass

Filler drying condition 60 °C for 2 h
Mechanical stirring 1000 min⁻¹ for 20 min

Ultrasonication 30 min
Vacuum degassing −0.08 MPa for 10 min

Compression pressure 5 MPa
Curing condition 24 h at 27 ± 2 °C

Final laminate thickness 3.0 ± 0.2 mm

Figure 2:  Dimensional schematics of the specimens and laminate configuration.
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Each glass-fabric layer was manually impregnated with the prepared resin system and stacked sequen-
tially in the mold cavity. The stacked laminate was covered with a release film and consolidated under a com-
pression pressure of 5 MPa. Curing was performed for 24 h at 27 ± 2 °C. No post-curing treatment was applied. 
After curing, the laminates were demolded, trimmed using a diamond cutter, and finished to a final thickness 
of 3.0 ± 0.2 mm. Mechanical stirring, ultrasonication, and vacuum degassing were used to promote filler dis-
tribution and reduce void formation. However, independent validation of bulk filler distribution by SEM–EDS 
mapping or XRD was not included; therefore, filler dispersion was treated as a processing-controlled condition 
rather than a directly quantified microstructural variable.

2.2. Specimen preparation
Specimens for mechanical, tribological, profilometric, and SEM characterization were cut from fully cured lam-
inates only after consolidation, trimming, and dimensional finishing. Figure 2 shows the specimen geometries 
and laminate configuration used for the testing analysis, while Table 5 provides the corresponding specimen 
sizes and allocation. A diamond cutter was used to minimize edge damage caused by machining. Specimens 
with visible edge cracks, macroscopic voids, delamination, thickness non-uniformity greater than ±0.2 mm, or 
surface damage produced during cutting were excluded from testing. All specimens were conditioned and tested 
under laboratory conditions of 27 ± 2 °C and 65 ± 5% relative humidity unless otherwise stated.

2.3. Tensile, flexural, hardness, and impact testing
Tensile testing was performed according to ASTM D3039 using the specimen dimensions listed in Table 6. A 
Tinius Olsen HK50L universal testing machine was used, and the specimens were loaded under displacement 
control at a crosshead speed of 2 mm min−1. The longitudinal specimen axis was aligned parallel to the principal 
fabric direction [23]. Five specimens were tested for each composite group, as summarized in Table 6. The ten-
sile strength was calculated from the maximum load and original cross-sectional area using Equation 1.

	 max
t

P
bt

=σ  	 (1)

where σt is the tensile strength in MPa, Pmax is the maximum tensile load in N, b is the specimen width in mm, 
and t is the specimen thickness in mm.

Flexural testing was performed according to ASTM D790 using a three-point bending configuration. 
ASTM D790 applies to the flexural-property determination of reinforced and unreinforced plastics using a sim-
ply supported rectangular specimen loaded at the midpoint. Rectangular specimens of 127 mm × 12.7 mm × 3.2 
mm were tested using the Tinius Olsen HK50L universal testing machine [24]. The support span was fixed at 
52 mm and was treated as the effective gauge length for the bending test. The resulting span-to-thickness ratio 
was 16.25:1. The loading rate was maintained at 2 mm min−1. The loading nose was cylindrical with a radius of 
5.0 mm and a diameter of 10.0 mm. The two support noses were also cylindrical, each with a radius of 5.0 mm 
and a diameter of 10.0 mm. The loading nose was positioned at mid-span, and the supports were symmetrically 

Table 5: Specimen dimensions and test allocation.

TEST/CHARAC-
TERIZATION

STANDARD/
METHOD

SPECIMEN GEOMETRY NUMBER OF SPECIMENS 
OR MEASUREMENTS

Tensile strength ASTM D3039 250 mm × 25 mm × 3 mm 5 specimens per composite
Flexural strength ASTM D790 127 mm × 12.7 mm × 3.2 mm 5 specimens per composite
Shore D hardness ASTM D2240 Flat laminate coupon 5 readings per composite

Notched Izod 
impact strength

ASTM D256 63.5 mm × 12.7 mm × 3.2 mm 5 specimens per composite

Pin-on-disc wear ASTM G99 10 mm × 10 mm × 3 mm  
rectangular pin

3 repeats per load–speed  
condition

Surface roughness Contact profilometry Worn wear-test surface 3 traces per worn surface
SEM morphology Secondary electron 

imaging
Worn wear-test surface Representative worn specimens
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positioned about the loading axis. The flexural strength, outer-surface flexural strain, and flexural modulus were 
calculated using Equations 2, 3, and 4, respectively.

	 2

3
2

max
f

P L
bd

=σ  	 (2)

where σf  is the flexural strength in MPa, Pmax is the maximum load in N, L is the support span in mm, b is the 
specimen width in mm, and d is the specimen thickness in mm.

	
2

6
f

Dd
L

ε =  	 (3)

where εf is the flexural strain, D is the mid-span deflection in mm, d is the specimen thickness in mm, and L is 
the support span in mm.

	
3

34f

L mE
bd

=  	 (4)

where Ef  is the flexural modulus in MPa, m is the slope of the initial linear load–deflection curve in N mm−1, L is 
the support span in mm, b is the specimen width in mm, and d is the specimen thickness in mm.

Hardness measurements were performed according to ASTM D2240 using a Shore D durometer. Flat 
laminate coupons were used for hardness measurement [25]. The indenter was placed perpendicular to the lam-
inate surface, and a dwell time of 15 s was maintained before recording each value. Five measurements were 
taken for each composite group at spatially separated locations. Edge regions and visibly damaged areas were 
avoided during measurement, as noted in Table 6.

Impact testing was performed according to ASTM D256 using notched Izod specimens of 63.5 mm 
× 12.7 mm × 3.2 mm. ASTM D256 covers Izod pendulum impact resistance of plastics using notched speci-
mens under specified mounting and impact conditions. The reported values correspond to notched Izod impact 
strength. A V-notch was machined across one longitudinal edge of each specimen. The notch angle was 45°, 
and the notch-tip radius was 0.25 mm. The notch root was oriented perpendicular to the specimen length and 
perpendicular to the impact direction [26]. The specimen longitudinal axis was aligned parallel to the principal 
0° glass-fabric direction. During testing, the notched face was oriented toward the pendulum striker. A 5.5 J pen-
dulum was used for impact loading. Five notched specimens were tested for each composite group. The notched 
Izod impact strength was calculated using Equation 5.

	 s

EI
bt

=  	 (5)

where Is is the notched Izod impact strength in kJ m−2, is the absorbed impact energy in J, b is the remaining 
ligament width at the notch section in mm, and t is the specimen thickness in mm. Unit conversion was applied 
to express the final value in kJ m−2.

Table 6: Mechanical test conditions.
TEST STAN-

DARD
SPECIMEN 

SIZE
FIXTURE/GEOMETRY INSTRUMENT/

SETTING
REPLI-
CATES

Tensile 
strength

ASTM 
D3039

250 mm × 25 mm 
× 3 mm

Axial tensile grips; longitudinal 
axis parallel to 0° fabric direction

Tinius Olsen 
HK50L; 2 mm min⁻¹

5

Flexural 
strength

ASTM 
D790

127 mm × 12.7 
mm × 3.2 mm

Three-point bending; 52 mm 
span; span-to-thickness ratio 
16.25:1; 5 mm loading-nose 

radius; 5 mm support-nose radius

Tinius Olsen 
HK50L; 2 mm min⁻¹

5

Hardness ASTM 
D2240

Flat laminate 
coupon

Shore D indentation; 15 s dwell Shore D durometer 5 readings

Impact 
strength

ASTM 
D256

63.5 mm × 12.7 
mm × 3.2 mm

Notched Izod; 45° V-notch; 
0.25 mm notch-tip radius; notch 

toward striker

Izod impact tester; 
5.5 J pendulum

5
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2.4. Dry sliding wear testing
Dry sliding tribological behavior was evaluated in accordance with ASTM G99 using a DUCOM TR-20 pin-on-
disc tribometer. ASTM G99 is intended for wear and friction testing using pin-on-disc or ball-on-disc apparatus, 
with wear response depending on load, speed, distance, environment, machine characteristics, and material 
properties. Figure 3 shows the tribometer configuration, including the specimen holder, EN31 steel counter face, 
normal-load direction, sliding track, and environmental condition. The experimental boundary conditions used 
for the pin-on-disc tests are listed in Table 7.

Rectangular laminate pins of 10 mm × 10 mm × 3 mm were used as wear specimens. The nominal 
apparent contact area was 100 mm2. The counter face was an EN31 steel disc with a hardness of 60 HRC and an 
initial surface roughness of Ra 0.2 µm. Applied normal loads of 10, 20, and 30 N were used. Sliding speeds of 1, 
2, and 3 m s−1 were applied. The sliding distance was fixed at 1000 m for each run, and the wear-track diameter 
was maintained at 60 mm. The corresponding track radius was 30 mm. Three repeated runs were conducted for 
each composite group at each load–speed condition. A fresh contact location was used for each repeated run to 
prevent overlap between previous and subsequent wear tracks [27].

The full tribological matrix comprised 10 composite groups, 3 load levels, 3 sliding speeds, and 3 
repeated runs per condition, yielding a total of 270 wear runs . All tribological tests were performed under dry 
sliding conditions at 27 ± 2 °C and 65 ± 5% relative humidity. The selected load range of 10–30 N was used 
to maintain controlled low-to-moderate contact severity during comparative filler evaluation. Although higher 
loads such as 200–400 N are relevant for heavy-duty tribological applications, severe-load wear testing was 
outside the scope of the present comparative study. Future work should extend the load range to 200–400 N to 
evaluate the durability of the optimized filler systems under high-load service conditions.

Before and after each wear run, the composite specimen and steel disc were cleaned with acetone and 
allowed to dry. Specimen mass was measured before and after testing using an analytical balance with a read-

Figure 3:  ASTM G99 pin-on-disc tribometer.
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ability of 0.1 mg. The tribometer alignment, normal-load application, and spindle rotation stability was verified 
before each test series. The nominal contact pressure, rotational speed, and total number of disc revolutions were 
calculated using Equations 6, 7, and 8, respectively.

	 N

C

Fp
A

=  	 (6)

where p is the nominal contact pressure in MPa, F
N
 is the applied normal load in N, and Ac is the apparent contact 

area in mm2. For the 10 mm × 10 mm rectangular wear specimens, Ac was 100 mm2.

	 60

t

VN
d

=
π

 	 (7)

where N is the disc rotational speed in min−1, V is the sliding speed in m s−1, and dt is the wear-track diameter 
in m.

	
t

Dn
d

=
π

 	 (8)

where n is the number of disc revolutions, D is the sliding distance in m, and dt is the wear-track diameter in m.

2.5. Density measurement, wear rate, and friction calculation
The Archimedes principle was used to measure composite density before wear-volume and specific-wear-rate 
calculations. The density-measurement variables and wear data-reduction terms are defined in Table 8. For each 
material group, the dry specimen mass in air and the apparent immersed mass were measured. Density was 
calculated using Equation 9.

	 a
i

a i

m
m m

=
−

ρ ρ  	 (9)

Table 7: Tribology test parameters.

PARAMETER VALUE
Standard ASTM G99

Instrument DUCOM TR-20 pin-on-disc tribometer
Specimen geometry Rectangular laminate pin
Wear specimen size 10 mm × 10 mm × 3 mm

Nominal contact area 100 mm²
Counterface material EN31 steel disc
Counterface hardness 60 HRC

Initial counterface roughness Ra 0.2 µm
Applied loads 10, 20, 30 N

Nominal contact pressures 0.10, 0.20, 0.30 MPa
Sliding speeds 1, 2, 3 m s⁻¹

Sliding distance 1000 m
Track diameter 60 mm

Track radius 30 mm
Environment Dry sliding, 27 ± 2 °C, 65 ± 5% RH

Repeats per condition 3
Total wear runs 270

Cleaning solvent Acetone
Balance readability 0.1 mg
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where ρ is the composite density in g cm−3, mα is the dry specimen mass in air in g, mi is the apparent specimen 
mass in the immersion medium in g, and ρi is the density of the immersion medium in g cm−3.

Mass loss after sliding was calculated using Equation 10, and wear volume loss was then obtained from 
Equation 11.

	 Δm = m0 – m1 	 (10)

where Δm is the mass loss, m0 is the initial specimen mass before sliding, and m1 is the final specimen mass after 
sliding.

	 mV ∆
∆ =

ρ
 	 (11)

where ΔV is the wear volume loss in mm3, Δm is the mass loss expressed in units consistent with density, and ρ 
is the composite density.

The specific wear rate was calculated using Equation 12 with the applied normal load and sliding  
distance, respectively.

	
s

N

VK
F D
∆

=  	 (12)

where Ks is the specific wear rate in mm3 N−1 m−1, ΔV  is the wear volume loss in mm3, FN is the applied normal 
load in N, and D is the sliding distance in m.

The tribometer recorded the friction force during sliding. The coefficient of friction was calculated from 
the measured tangential friction force using Equation 13. The reported coefficient of friction for each condition 
was obtained from the steady-state portion of the friction–time response, after excluding the initial running-in 
interval.

	 f

N

F
F

=µ  	 (13)

where μ is the coefficient of friction, Ff  is the tangential friction force in N, and FN is the applied normal load  
in N.

2.6. Surface roughness and SEM examination
Surface roughness of the worn specimens was measured using a Mahr Surf GD120 contact profilometer. The 
profilometry settings and SEM conditions are summarized in Table 9. The arithmetic average roughness, Rα, was 
used as the roughness parameter. A cut-off length of 0.8 mm and an evaluation length of 4 mm were used. Three 

Table 8: Density measurement and wear data-reduction parameters.

PARAMETER SYMBOL UNIT METHOD/SOURCE
Initial specimen mass m0 g Analytical balance
Final specimen mass m1 g Analytical balance

Mass loss Δm g Equation (10)
Dry mass in air mα g Archimedes measurement

Apparent immersed mass mi g Archimedes measurement
Immersion-medium density ρi g cm⁻³ Standard density value at test temperature

Composite density ρ g cm⁻³ Equation (9)
Wear volume loss ΔV mm³ Equation (11)

Applied normal load FN N Pin-on-disc setting
Sliding distance D m Test condition

Specific wear rate Ks mm³ N⁻¹ m⁻¹ Equation (12)
Coefficient of friction μ Dimensionless Equation (13)



ADHIKESAVAN, M.; BUNPHENG, W.; WANG, X.; et al., revista Matéria, v.31, 2026

traces were recorded at separate locations across the wear track for each worn surface, and the average value was 
used for analysis. The profilometer was checked for zero setting and stylus response before each measurement 
batch. The arithmetic average roughness was defined using Equation 14.

	 ( )
0

1 L
R dxz x

Lα = ∫  	 (14)

where Rα is the arithmetic average roughness in µm, L is the evaluation length in mm, and z(x) is the sur-
face-height deviation from the mean line at position x.

Worn surfaces were examined using a Carl Zeiss EVO 18 Research scanning electron microscope 
operated at 20 kV, as listed in Table 9. Secondary electron imaging was used, with magnifications ranging 
from 100× to 5000×. Before SEM examination, the worn specimens were ultrasonically cleaned in ethanol for  
10 min, dried, and gold sputter-coated to improve surface conductivity. SEM examination was directed toward 
identifying surface features produced during dry sliding, including fibre pull-out, matrix cracking, interfacial 
debonding, abrasion grooves, transfer-layer formation, and wear-debris adhesion.

2.7. Calibration, data acquisition, and quality assurance
Instrument readiness was verified before testing, and the quality-control procedures are summarized in Table 
10. The universal testing machine was checked for load-cell zero, crosshead displacement, and grip alignment 
before tensile and flexural testing. The Shore D durometer was checked against a reference block before hard-
ness measurement. The Izod impact tester was checked for pendulum zero position and free-swing condition 
before impact testing. The pin-on-disc tribometer was checked for spindle rotation, normal-load application, 
fixture alignment, and track-radius positioning before each test series. The analytical balance was verified using 
standard calibration weights before mass-loss measurement. The profilometer was checked using its reference 
setting before each roughness-measurement batch. SEM sample preparation was standardized by maintaining 
fixed cleaning, drying, and coating procedures for all worn specimens.

Load and displacement data for tensile and flexural tests were acquired through the universal testing 
machine . Maximum load was used for strength calculation in Equations 1 and 2. Friction-force data were 
acquired using the tribometer data-acquisition system during pin-on-disc testing and were converted to coeffi-
cient of friction using Equation 13. Initial transient running-in data were excluded from the steady-state average. 
Mass-loss data was obtained from pre-test and post-test balance readings and were used for Equations 10-12. 
Surface roughness was calculated from profilometer traces using the instrument software and Equation 14. For 
each measured response, replicate values were screened for evident experimental errors caused by specimen 
slippage, fixture misalignment, visible specimen damage before testing, or data-acquisition failure. No smooth-
ing was applied to mechanical load–displacement data before the extraction of maximum load. For friction data, 
only the stable sliding region was averaged for coefficient-of-friction reporting.

Table 9: Surface roughness and SEM characterization conditions.
CHARACTERIZATION 

METHOD
PARAMETER VALUE

Profilometry Instrument Mahr Surf GD120
Profilometry Roughness parameter Rα

Profilometry Cut-off length 0.8 mm
Profilometry Evaluation length 4 mm
Profilometry Traces per worn surface 3

SEM Instrument Carl Zeiss EVO 18 Research
SEM Accelerating voltage 20 kV
SEM Magnification range 100× to 5000×
SEM Imaging mode Secondary electron imaging
SEM Sample cleaning Ultrasonic cleaning in ethanol for 10 min
SEM Coating method Gold sputter coating
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2.8. Statistical analysis and response surface methodology
The statistical treatment and repeatability criteria are given in Table 11. Five replicate specimens were used 
for each mechanical property in each composite group. Three repeated runs were used for each tribolog-
ical condition, and three roughness traces were recorded for each worn surface. Results were expressed as  
mean ± standard deviation. One-way analysis of variance was performed to evaluate differences among compos-
ite groups, and Tukey’s post hoc test was applied for multiple comparisons. Statistical significance was defined 
using Equation 15.

	 p < 0.05 	 (15)

Response surface methodology was used to model the effects of applied normal load and sliding speed 
on tribological responses for selected representative composites. The factor levels and coded variable definitions 
are listed in Table 12, and the analyzed responses are listed in Table 13. The applied normal load was varied at 
10, 20, and 30 N, while the sliding speed was varied at 1, 2, and 3 m s−1. The coded load factor and coded speed 
factor were defined using Equations 16 and 17, respectively.

	
20

10
NFA −

=  	 (16)

where A is the coded load factor and FN is the applied normal load in N.

	 B = V – 2 	 (17)

where B is the coded sliding-speed factor and V is the sliding speed in m s−1.

Table 10: Calibration and quality-control checks.

INSTRUMENT / 
PROCESS

CALIBRATION OR VERIFICATION 
PROCEDURE

FREQUENCY

Universal testing 
machine

Load-cell zero check; crosshead- 
displacement check; grip alignment check

Before tensile and 
flexural testing

Shore D durometer Reference-block verification Before hardness testing
Izod impact tester Pendulum zero check; free-swing  

verification
Before impact testing

Pin-on-disc tribometer Load application, spindle rotation, align-
ment, and track-radius verification

Before each test series

Analytical balance Verification using standard weights Before mass-loss mea-
surement

Contact profilometer Zero setting and stylus-response  
verification

Before each measure-
ment batch

SEM preparation Fixed cleaning, drying, and gold-coating 
procedure

Before SEM imaging

Table 11: Statistical treatment and repeatability criteria.
ITEM CRITERION

Mechanical test replicates 5 specimens per composite group
Tribology replicates 3 runs per load–speed condition

Roughness measurements 3 traces per worn surface
Reported summary Mean ± standard deviation
Statistical method One-way ANOVA

Multiple-comparison method Tukey post hoc test
Significance threshold Equation (15)
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A second-order polynomial model was fitted for each tribological response using Equation 18. Model 
adequacy was evaluated using the coefficient of determination, model p-value, residual behavior, and agreement 
between predicted and actual values.

	 Y = β0 + β1 A + β2 B + β12 AB + β11 A2 + β22 B2 	 (18)

where Y is the predicted response, β0 is the intercept, β1 and β2 are the linear coefficients, β12 is the interaction 
coefficient, and β11 and β22 are the quadratic coefficients.

2.9. Uncertainty analysis
Measurement uncertainty was estimated from instrument resolution and replicate variability. The measure-
ment-resolution inputs used for uncertainty evaluation are summarized in Table 14. For each response, the 
sample standard deviation of repeated measurements was calculated using Equation 19.

	
( )2

0

1

n

ii
x x

s
n

=
−

=
−

∑  	 (19)

where S is the sample standard deviation, xi is an individual measured value, x  is the mean value, and n is the 
number of replicate measurements.

The standard error of the mean was calculated using Equation 20.

	
sSE
n

=  	 (20)

Table 12: RSM factor levels and coded variables.

FACTOR SYM-
BOL

UNIT LOW 
LEVEL

CENTRE 
LEVEL

HIGH 
LEVEL

CODED 
FORM

Applied 
normal load

FN N 10 20 30 Equation (16)

Sliding 
speed

V m s⁻¹ 1 2 3 Equation (17)

Table 13: RSM responses and data sources.

RESPONSE SYMBOL UNIT DATA SOURCE
Specific wear rate KS mm³ N⁻¹ m⁻¹ Equations (9)–(12)

Coefficient of friction μ Dimensionless Equation (13)
Surface roughness Rα µm Equation (14)

Table 14: Measurement resolution and uncertainty inputs.

QUANTITY SYMBOL INSTRUMENT/
SOURCE

RESOLUTION OR  
CONTROL TOLERANCE

Specimen mass m Analytical balance 0.1 mg
Specimen length/
width / thickness

l, b, t Vernier caliper/micrometer 0.01 mm

Applied normal 
load

FN Pin-on-disc loading system ±0.1 N

Sliding distance D Tribometer setting ±1 m
Sliding speed V Tribometer setting ±0.01 m s⁻¹

Surface roughness Rα Contact profilometer 0.001 µm
Test temperature T Laboratory thermometer ±2 °C

Relative humidity RH Hygrometer ±5% RH
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where SE is the standard error, s is the sample standard deviation, and n is the number of replicates.
For the calculated wear volume, uncertainty propagation was considered based on mass loss and density 

using Equation 21.

	
22
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where uΔV  is the standard uncertainty in wear volume loss, uΔm  is the standard uncertainty in mass loss, uρ is the 
standard uncertainty in density, Δm is mass loss, and ρ is density.

For the specific wear rate, uncertainty propagation was considered using Equation 22.
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 	 (22)

where uKs
 is the standard uncertainty in specific wear rate, uΔV  is the uncertainty in wear volume loss, uFN 

is 
the uncertainty in applied normal load, uD is the uncertainty in sliding distance, ΔV  is wear volume loss, FN is 
applied normal load, and is D sliding distance.

Specimen preparation, conditioning, cleaning, and testing procedures were maintained consistently 
across all composite groups. A fresh or unworn contact region was used for each wear repeat. The steel disc and 
composite specimens were cleaned with acetone before and after wear testing. The same counter face material, 
track diameter, sliding distance, and environmental condition were used for all wear experiments. Mechanical 
specimens were visually inspected before testing, and those with edge damage, gross voids, delamination, or 
improper dimensions were rejected in accordance with the criteria described in Section 2.3. Profilometry traces 
were collected from separate regions of each wear track. SEM specimens were cleaned, dried, and coated using 
the same procedure listed in Table 8.

3. RESULTS AND DISCUSSION
Figure 4 shows the tensile-strength response of 10 composite formulations tested according to ASTM D3039 at 
a crosshead speed of 2 mm/min. The unfilled baseline C1 had a mean tensile strength of 290 MPa, serving as 
the reference for evaluating filler-induced modifications. Within the graphite series, G3 (3 wt.%) achieved the 
highest tensile strength of 318 MPa, representing a 9.7% improvement over C1, while G5 (5 wt.%) declined to 
300 MPa, indicating that excessive graphite loading introduced agglomeration-related stress concentrators that 
compromised load transfer efficiency. The SiC series exhibited a monotonic increase in tensile strength with 
filler content, with S5 (5 wt.%) recording the maximum value of 328 MPa—a 13.1% enhancement over C1—
attributable to the superior intrinsic stiffness and hardness of SiC particles that strengthened the matrix phase 
and improved fibre–matrix interfacial stress distribution. The MoS2 series followed a non-monotonic trend, with 
M3 (3 wt.%) reaching 321 MPa before declining to 306 MPa at M5 (5 wt.%), suggesting that the soft, lamel-
lar nature of MoS2 provides effective reinforcement at moderate concentrations but induces interfacial shear 
weakness when agglomerated at higher loadings. The statistically significant difference among groups (ANOVA  
F = 33.11, p < 0.001), with S5 identified as the highest-performing formulationby Tukey post hoc analysis, 
confirms that hard-particle reinforcement with SiC delivers the most consistent improvement in tensile strength. 
These findings indicate that the reinforcement mechanism is governed by filler rigidity, dispersion quality, and 
interfacial adhesion rather than filler content alone [28].

Figure 5 shows the flexural strength of all composite variants evaluated under three-point bending, 
according to ASTM D790, with a support span of 52 mm and a crosshead speed of 2 mm/min. The unfilled 
composite C1 exhibited a baseline flexural strength of 380 MPa. Among graphite-filled composites, G3 (3 wt.%) 
attained the peak value of 415 MPa, a 9.2% increase over C1, whereas G5 (5 wt.%) decreased to 400 MPa, con-
sistent with filler agglomeration degrading the matrix continuity required for efficient bending load resistance. 
The SiC-filled series demonstrated the strongest flexural response, with S5 (5 wt.%) reaching 438 MPa,a 15.3% 
improvement representing the highest flexural strength across all formulations. The progressive increase from 
S2 (405 MPa) through S3 (425 MPa) to S5 (438 MPa) indicates that the high elastic modulus of SiC particles 
effectively constrains matrix deformation under compressive and tensile stress fields that develop during bend-
ing. In the MoS2 series, M3 (3 wt.%) recorded 420 MPa, declining to 405 MPa at M5 (5 wt.%), which mirrors 
the non-monotonic behavior observed in the tensile response and reinforces the hypothesis that lamellar MoS2 
agglomerates at higher concentrations introduce weak shear planes that compromise flexural load transfer. The 
statistically significant inter-group variation (ANOVA F = 16.42, p < 0.001) and identification of S5 as the 
best-performing formulation confirm that rigid particulate fillers enhance flexural resistance more effectively 
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Figure 4: Tensile strength of glass fiber/epoxy composites reinforced with graphite, SiC, and MoS₂ fillers at 2, 3, and 5 wt.% 
loadings compared against the unfilled baseline.

Figure 5: Flexural strength of glass fiber/epoxy composites with graphite, SiC, and MoS₂ fillers at varying weight fractions 
under three-point bending conditions.
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than soft solid lubricants. The consistent superiority of the SiC series across both tensile and flexural modes 
underscores its role in improving matrix stiffness and interfacial bonding within the composite laminate [29].

Figure 6 shows the Shore D hardness measurements for all composite groups, obtained using a standard 
durometer with a 15 s dwell time, in accordance with ASTM D2240. The unfilled baseline C1 recorded a hard-
ness of 82.0 Shore D. All filled composites exhibited higher hardness than C1, confirming that particulate fillers 
restrict the indentation-driven deformation of the epoxy matrix. The SiC series produced the most pronounced 
hardness enhancement, with values increasing progressively from 86.0 (S2, 2 wt.%) to 88.0 (S3, 3 wt.%) and 
then to a maximum of 90.0 Shore D (S5, 5 wt.%), representing a 9.8% improvement over C1. This monotonic 
increase is attributed to the exceptional intrinsic hardness of SiC (Mohs 9–9.5), which resists localized surface 
deformation by distributing the applied indentation load across a network of rigid particle–matrix interfaces. 
The graphite series reached a peak of 86.0 Shore D at G3 (3 wt.%) before declining slightly to 85.0 at G5, con-
sistent with the onset of agglomeration-induced interfacial voids that reduce local constraint on the matrix. The 
MoS2 series showed moderate hardness gains, peaking at 86.5 Shore D for M3 (3 wt.%) but falling to 84.5 for 
M5, reflecting the inherently soft, layered crystal structure of MoS2, which limits its resistance to penetration 
at higher loadings. One-way ANOVA yielded F = 63.06 (p < 0.001), with Tukey post hoc analysis identifying 
S5 as statistically superior to all other groups. These results establish that filler intrinsic hardness is the domi-
nant parameter governing indentation resistance, and that SiC at 5 wt.% loading achieves the optimal balance 
between particle dispersion and surface constraint [30].

Figure 7 shows the impact strength of the composite series, evaluated using the notched Izod method 
per ASTM D256. The unfilled baseline C1 recorded a mean impact strength of 58.0 kJ/m2, the lowest among all 
groups, reflecting its reliance on fibre pull-out as its sole energy-absorption mechanism. Graphite-filled com-
posites showed a maximum at G3 (64.0 kJ/m2), representing a 10.3% increase over C1, attributed to graphite 
platelets deflecting crack propagation paths and increasing the total fracture surface area. G5 (5 wt.%) declined 
to 60.0 kJ/m2, suggesting that agglomerated graphite clusters acted as stress concentrators facilitating brittle 
crack initiation. The SiC series exhibited a moderate, relatively flat impact response, ranging from 60.0 kJ/m2 
(S2) to 62.0 kJ/m2 (S3), with S5 at 61.0 kJ/m2. The rigid nature of SiC particles constrains local plastic defor-
mation of the matrix around the crack tip, which, while beneficial for quasi-static strength and hardness, limits 
the energy dissipation capacity under dynamic loading. The MoS2 series achieved the highest impact strength 

Figure 6: Shore D hardness of glass fiber/epoxy composites with graphite, SiC, and MoS₂ fillers measured according to 
ASTM D2240.
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among all groups, with M3 (3 wt.%) recording 65.0 kJ/m2—a 12.1% improvement over C1—and M2 reaching 
63.0 kJ/m2. The lamellar shearing mechanism of MoS2 enables interlayer sliding that dissipates impact energy 
through frictional work along the basal planes, effectively increasing the composite toughness. Statistical anal-
ysis (ANOVA, F = 4.88, p < 0.001) identified M3 as the best-performing group, demonstrating that soft solid- 
lubricant fillers enhance dynamic energy absorption more effectively than hard ceramic particles under impact 
loading conditions.

Figure 8 shows the overall mean specific wear rate of all composite groups averaged across the full fac-
torial matrix of load (10, 20, 30 N) and speed (1, 2, 3 m/s) conditions. The unfilled baseline C1 exhibited the 
highest specific wear rate of 2.81 × 10−4 mm3/N·m, reflecting severe material removal through unprotected fibre 
pull-out, matrix cracking, and deep abrasion grooving. All filled composites demonstrated reduced wear rates 
relative to C1, confirming that particulate fillers introduce wear-mitigating mechanisms. The graphite series 
reduced wear progressively from G2 (2.31 × 10−4) to G3 (1.96 × 10−4), a 30.2% reduction relative to C1, before 
increasing at G5 (2.13 × 10−4) due to agglomerate-induced discontinuities in the transfer film. The SiC series 
exhibited the most consistent wear reduction, with S5 (5 wt.%) recording the lowest overall specific wear rate of 
1.70 × 10−4 mm3/N·m—a 39.5% improvement over C1. The hard SiC particles resist micro-cutting by the steel 
counter face, bear a portion of the applied normal load, and shallow the abrasion grooves, collectively reducing 
volumetric material loss. The MoS2 series achieved notable wear reduction through a different mechanism, with 
M3 (3 wt.%) reaching 1.75 × 10−4 mm3/N·m (37.7% reduction). MoS2 lamellae undergo basal-plane shearing 
to form a continuous lubricating tribofilm on the counter face, which reduces adhesive contact and shields the 
composite surface from direct asperity interaction. Statistical analysis confirmed S5 as the best-performing 
group, while the comparable performance of M3 indicates that solid-lubricant-mediated tribofilm formation can 
rival hard-particle reinforcement in reducing wear. To strengthen the waste-control interpretation, wear-related 
material loss was quantified using the unfilled C1 laminate as the reference condition. Because sliding distance 
and the load–speed domain were maintained constant across all composite groups, the average specific wear 
rate was treated as a normalized surrogate for wear-derived solid waste generation. A wear-control efficiency, 
ƞw, was calculated using Equation (23), while a relative waste index, Wi, and relative service-life factor, Lf , were 
calculated using Equations (24) and (25). The calculated values are summarized in Table 15. The lowest waste 
index was obtained for S5, with Wi = 0.605, which represents a 39.5% lower wear-derived material loss than 

Figure 7: Izod impact strength of glass fiber/epoxy composites reinforced with graphite, Si, and MoS₂ at 2, 3, and 5 wt.% 
loadings.
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Figure 8: Overall average specific wear rate of glass fiber/epoxy composites with graphite, SiC, and MoS₂ fillers under pin-
on-disc dry sliding conditions.

Table 15: Quantitative wear-derived waste-control indices calculated from average specific wear rate.

COMPOSITE AVERAGE SPECIFIC 
WEAR RATE, ×10⁻⁴  

mm³ N⁻¹ m⁻¹

RELATIVE 
WASTE KS ×10–4 

INDEX, Wi

WEAR-CON-
TROL EFFI-

CIENCY, ƞW, %

RELATIVE 
SERVICE-LIFE 

FACTOR, Lf

C1 2.81 1.000 0.0 1.00
G2 2.31 0.822 17.8 1.22
G3 1.96 0.698 30.2 1.43
G5 2.13 0.758 24.2 1.32
S2 2.20 0.783 21.7 1.28
S3 1.91 0.680 32.0 1.47
S5 1.70 0.605 39.5 1.65
M2 2.09 0.744 25.6 1.34
M3 1.75 0.623 37.7 1.61
M5 1.94

C1 under the same ASTM G99 test domain. M3 showed a similar waste-control response, with Wi = 0.623 and  
ƞw = 37.7%. These calculations restrict the term “waste control” to experimentally measured wear-derived mate-
rial loss rather than general end-of-life waste management. The quantified indices provide a direct basis for 
comparing filler systems in terms of material conservation during dry sliding.
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where ƞw  is the wear-control efficiency in %, Ks,C1 is the average specific wear rate of the unfilled C1 laminate, 
and Ks,i  is the average specific wear rate of the filled composite.
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where Wi  is the relative waste index. A lower Wi  denotes lower wear-derived material loss relative to C1.
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where Lf is the relative service-life factor estimated from inverse wear-rate scaling under identical sliding con-
ditions.

Tribological responses were obtained for each composite under the full factorial combination of three 
normal loads and three sliding speeds. Therefore, each composite generated nine condition-specific values for 
specific wear rate and coefficient of friction before any average value was calculated. The bar plots shown in 
Figures 8 and 9 represent only the overall mean values obtained after averaging the nine load–speed combi-
nations for each composite group. To avoid ambiguity between the experimental matrix and the summarized 
graphical presentation, the complete load–speed responses for the unfilled C1 laminate are presented in Table 
16 as a representative example, while the same averaging procedure was applied to all filled composites. The  
condition-specific data indicates that the reported single value in Figures 8 and 9 are not a single wear test result 
but rather as the mean response derived from the full ASTM G99 test matrix. This clarification ensures consis-
tency between Figure 3, which defines the applied loads and sliding speeds, and Figures 8 and 9, which present 
the overall averaged tribological responses.

Figure 9 shows the overall mean coefficient of friction (µ) recorded for all composite variants averaged 
across the complete load–speed test matrix. The unfilled baseline C1 exhibited the highest friction coefficient 
of 0.628, attributable to direct polymer–metal adhesive contact and abrasive interaction between exposed glass 
fibres and the steel counterface. The SiC-filled series showed the least friction reduction among the three filler 
families, with values ranging from 0.574 (S2) to 0.525 (S5), representing a modest 16.4% decrease relative to 
C1. Although SiC particles effectively resist wear through load bearing and surface-hardening mechanisms, they 
do not form lubricating tribofilms, and their angular morphology can sustain abrasive micro ploughing, thereby 

Figure 9: Overall average coefficient of friction of glass fiber/epoxy composites with graphite, SiC, and MoS₂ fillers under 
dry sliding conditions against an EN31 steel counterface.
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Table 16: Representative condition-specific tribological responses of the C1 laminate under the ASTM G99 load–speed 
matrix.

COMPOSITE LOAD, N SLIDING 
SPEED, m s⁻¹

SPECIFIC WEAR RATE, 
×10⁻⁴ mm³ N⁻¹ m⁻¹

COEFFICIENT OF 
FRICTION, μ

C1 10 1 2.35 0.600
C1 10 2 2.48 0.588
C1 10 3 2.62 0.576
C1 20 1 2.68 0.635
C1 20 2 2.81 0.623
C1 20 3 2.95 0.612
C1 30 1 3.05 0.670
C1 30 2 3.17 0.657
C1 30 3 3.22 0.641

Mean used in  
Figure 8 / Figure 9

— — 2.81 0.628

maintaining elevated friction. The graphite-filled composites achieved greater friction reduction, with G3 (3 
wt.%) recording 0.435—a 30.7% decrease, attributed to the formation of a graphite-rich transfer film on the steel 
counterface, which provides a low-shear-strength interlayer that reduces tangential resistance. The MoS2 series 
delivered the most substantial friction reduction, with M3 (3 wt.%) recording the minimum value of 0.374—a 
40.4% decrease relative to C1. The hexagonal layered crystal structure of MoS2 facilitates easy basal-plane 
cleavage under shear, generating a continuous lubricating tribofilm that substantially reduces the interfacial 
shear stress. The statistical analysis yielded the highest F-value among all properties tested (F = 750.34, p < 
0.001), and Tukey analysis identified M3 as statistically superior, confirming that the solid-lubricant mechanism 
of MoS2 is the most effective strategy for friction reduction. These results demonstrate that friction modification 
is primarily governed by the filler’s ability generate and sustain a low-shear-strength transfer layer rather than 
by particle hardness alone [31].

The relationship between mechanical properties and tribological response can be rationalized using 
a simplified micromechanical wear framework. Under dry sliding, the specific wear rate is governed by the 
resistance of the near-surface composite to penetration, ploughing, fibre exposure, and interfacial shear. 
According to the Archard-type wear relation, the wear volume is inversely related to the effective hardness 
of the sliding surface, as expressed in Equation 23. Therefore, the higher hardness and flexural stiffness 
observed in SiC-filled laminates can be associated with greater resistance to local asperity penetration and 
lower material removal during sliding. In contrast, friction reduction is controlled less by hardness and 
more by the interfacial shear strength of the contact layer, as expressed in Equation 24. The lower coeffi-
cient of friction of MoS2-filled composites can therefore be linked to the formation of a low-shear lamellar 
tribofilm, which reduces tangential resistance at the steel–composite interface. Graphite-filled composites 
occupy an intermediate condition, where partial transfer-film formation and moderate stiffness enhance-
ment occur together. This micromechanical analysis links tensile/flexural load transfer, indentation resis-
tance, transfer-layer formation, and wear loss within a common structure–property–tribology framework, 
as summarized in Table 17.

The theoretical linkage may be inserted using the following equations:

	 N
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where Vw is the wear volume loss, k is the dimensionless wear coefficient, FN is the applied normal load, D is the 
sliding distance, and Hc is the effective hardness of the composite surface.
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where μ is the coefficient of friction, τi is the interfacial shear strength of the sliding contact layer, and pm is the 
mean contact pressure.
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Figure 10 shows the arithmetic average surface roughness Ra measured on worn surfaces of all com-
posite groups using a Mahr Surf GD120 profilometer with a cut-off length of 0.8 mm and evaluation length of  
4 mm. The unfilled baseline C1 recorded the highest worn-surface roughness of 1.883 µm, consistent with 
severe material-removal mechanisms, including deep abrasion grooves, extensive fibre pull-out, and matrix 
fragmentation, which generate an irregular topography. All filled composites exhibited lower roughness values 
than C1, with the extent of reduction dependent on filler type and concentration. The graphite series showed 
decreasing roughness from G2 (1.733 µm) through G3 (1.597 µm) to a mild reversal at G5 (1.662 µm), indi-
cating that the graphite transfer film smooths the worn surface at optimal loading but becomes discontinuous at 

Figure 10: Overall mean surface roughness (Ra) of worn composite surfaces measured by contact profilometry after pin-
on-disc testing.

Table 17: Micromechanical linkage between measured mechanical properties and tribological mechanisms.
MEASURED 
PROPERTY

DOMINANT PHYS-
ICAL MEANING

RELEVANT 
FILLER EFFECT

TRIBOLOGICAL 
IMPLICATION

SUPPORTING 
MECHANISM

Tensile strength Fibre–matrix load 
transfer

Improved matrix 
constraint

Delayed fibre  
exposure

Stronger interfacial 
stress transfer

Flexural strength Bending stiffness and 
matrix support

Rigid particle  
reinforcement

Reduced surface 
deformation

Lower subsurface 
cracking

Shore D hardness Resistance to inden-
tation

SiC surface stiffening Lower abrasive 
penetration

Archard-type  
hardness control

Impact strength Dynamic fracture- 
energy absorption

MoS₂ lamellar sliding Less brittle surface 
damage

Crack deflection and 
frictional sliding

Coefficient of 
friction

Interfacial shear  
resistance

MoS₂/graphite 
 tribofilm

Lower tangential 
force

Low-shear transfer 
layer

Surface roughness Worn-surface stability Hard or lubricating 
filler action

Lower topographic 
damage

Reduced ploughing 
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higher concentrations. The SiC series demonstrated a progressive roughness reduction from S2 (1.694 µm) to 
S5 (1.511 µm)—a 19.8% improvement over C1—reflecting the ability of hard particles to restrict deep plough-
ing and promote a compacted, load-bearing surface layer that limits topographic irregularity. The MoS2 series 
achieved the lowest roughness at M3 (1.510 µm), comparable to that ofS5, with the lubricating tribofilm creat-
ing a uniform, smooth worn surface through controlled lamellar shearing. The statistical significance of rough-
ness differences (ANOVA F = 4.22, p < 0.001) and identification of M3 as the optimal group by Tukey analysis 
confirm that tribofilm-mediated surface protection is the most effective mechanism for preserving worn-surface 
integrity. The correlation between low roughness values and low friction coefficients for MoS2-filled composites 
supports the hypothesis that tribofilm continuity governs both friction and surface finish simultaneously [32].

Figure 11 shows the SEM fractography of representative tensile- and impact-fractured specimens. The 
C1 tensile fracture surface in Figure 11a shows extensive fibre pull-out, open fibre cavities, and separated matrix 
regions, which suggests weak local fibre–matrix adhesion and limited stress transfer across the interface. Such 
morphology is typical of premature interfacial debonding, where cracks advance along the fibre–matrix bound-
ary rather than through a strongly bonded matrix–fibre network. The S5 tensile fracture surface in Figure 11b 
shows rougher matrix tearing, shorter exposed fibre lengths, and more irregular fractured matrix ridges. This 
fracture pattern suggests that SiC-filled epoxy constrained local matrix deformation and forced crack propa-
gation along a rougher path, thereby providing greater resistance to tensile failure [31, 33, 34]. The C1 impact 
fracture surface in Figure 11c shows debonding around exposed fibres and multiple pull-out cavities, which 
is associated with rapid crack growth and low resistance to dynamic fracture. By comparison, the M3 impact 
fracture surface in Figure 11d shows a crack path, stepped fracture features, and crack deflection within the 
matrix-rich region. These features suggest that MoS2 addition promoted crack deviation and frictional energy 
dissipation during impact loading. Therefore, the observations support the mechanical trends by linking filler 
type with interfacial adhesion, crack-path modification, and fracture-energy absorption [35].

Figure 12 shows a heatmap summarizing the SEM observations across all 10 composite groups at the 
highest tribological severity condition. The unfilled baseline C1 exhibited severe damage across all morpholog-
ical categories—fibre pull-out, matrix cracking, debonding, abrasion grooves, and wear debris adhesion—with 

Figure 11:  SEM fractographs of representative fractured glass fiber–reinforced epoxy composites after tensile and notched 
Izod impact testing: (a) C1 tensile fracture showing fibre pull-out, (b) S5 tensile fracture showing matrix tearing, (c) C1 
impact fracture showing interfacial debonding, and (d) M3 impact fracture showing crack deflection. The scale bar is 50 µm.
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Figure 12: SEM-based qualitative assessment of worn surface features for all composite designations showing the severity 
of fibre pull-out, matrix cracking, debonding, abrasion grooves, transfer layer formation, and wear debris adhesion.

no detectable transfer layer, confirming that the unprotected epoxy matrix undergoes severe surface degrada-
tion under dry sliding. The graphite-filled composites showed progressive damage mitigation with increasing 
filler content up  to a filler loading of 3 wt.%, with G3 exhibiting no fibre pull-out, no matrix cracking, and no 
debonding, along with the formation of a visible transfer layer. G5 (5 wt.%) exhibited moderate fibre pull-out 
and matrix cracking, attributed to agglomerate-induced interfacial discontinuities that locally weaken the lami-
nate [36]. The SiC-filled composites effectively suppressed fibre pull-out, debonding, and debris adhesion across 
all loadings, with S3 and S5 showing the cleanest worn surfaces characterized only by abrasion grooves—a 
signature of the micro-cutting action of angular SiC particles and the steel counterface. The absence of transfer 
layer formation in SiC composites confirms that their wear reduction mechanism operates through load-bear-
ing reinforcement rather than interfacial lubrication. The MoS2-filled composites combined the suppression 
of fibre pull-out, matrix cracking, and debonding with prominent transfer-layer formation, particularly at M3, 
which exhibited the least-damaged surface among all groups. M5 (5 wt.%) showed moderate fibre pull-out and 
debonding, indicating that excess MoS2 weakens the filler–matrix interface despite sustaining tribofilm forma-
tion. These observations provide direct microstructural evidence supporting the quantitative mechanical and 
tribological trends observed in the preceding figures [37–39].

Figure 13 shows the four distinct wear mechanism regimes identified across the composite systems based 
on SEM observations and tribological data. The unfilled GFRP (C1) undergoes severe adhesive and abrasive 
wear characterized by deep abrasion grooves, extensive fibre pull-out, matrix cracking, and generation of coarse 
wear debris. The absence of any protective interlayer results in direct polymer–steel contact, producing the 
highest friction coefficient (0.628), specific wear rate (2.81 × 10−4 mm3/N·m), and surface roughness (1.883 µm). 
The graphite-filled composites (G2, G3, G5) operate via a transfer-film mechanism, in which graphite platelets 
released from the matrix during sliding accumulate on the steel counterface to form a carbonaceous transfer film. 
This film reduces adhesive junction formation and lowers interfacial shear stress, producing friction coefficients 
as low as 0.435 (G3) and shallower abrasion grooves. The SiC-filled composites (S2, S3, S5) function through 
a hard-particle load-bearing mechanism in which rigid SiC particles protrude from the matrix surface, bear a 



ADHIKESAVAN, M.; BUNPHENG, W.; WANG, X.; et al., revista Matéria, v.31, 2026

Figure 13: Wear mechanisms for unfilled, graphite-filled, SiC-filled, and MoS₂-filled glass fiber reinforced epoxy compos-
ites under dry sliding against a steel counterface.

fraction of the applied normal load, and distribute contact stresses across a larger area. This mechanism restricts 
deep ploughing, yields the lowest specific wear rate (1.70 × 10−4 for S5), and enhances hardness (90.0 Shore 
D for S5), but does not substantially reduce friction due to the absence of a low-shear interlayer. The MoS2-
filled composites (M2, M3, M5) generate a lubricating tribofilm through basal-plane lamellar shearing of MoS2 
crystallites. This continuous tribofilm dramatically reduces both friction (0.374 for M3) and wear (1.75 × 10−4 
for M3), while simultaneously preserving surface smoothness and enhancing impact energy absorption through 
frictional sliding along weak van der Waals planes [40].

Figure 14 shows a radar chart comparing the normalized performance of the three best-performing filled 
composites—G3 (3 wt.% graphite), S5 (5 wt.% SiC), and M3 (3 wt.% MoS2)—against the unfilled baseline 
C1 across seven response parameters: tensile strength, flexural strength, hardness, impact strength, wear resis-
tance, low friction, and surface smoothness. The baseline C1 shows the lowest normalized valuesacross all 
axes, confirming its inferior performance compared to all filled systems. S5 dominates the mechanical property 
axes, achieving the highest normalized scores for tensile strength (328 MPa), flexural strength (438 MPa), and 
hardness (90.0 Shore D), consistent with the rigid particle reinforcement mechanism of SiC. S5 also exhibits 
the highest wear resistance, reflecting its ability to withstand contact loads and limit material removal. M3 
dominates the tribological property axes, achieving the highest normalized scores for low friction (COF 0.374) 
and surface smoothness (Ra 1.510 µm), alongside the highest impact strength (65.0 kJ/m2) among all compos-
ites. The lubricating tribofilm generated by MoS2 at 3 wt.% loading simultaneously reduces interfacial shear 
stress and preserves worn-surface integrity, while the lamellar energy dissipation mechanism enhances dynamic 
toughness. G3 occupies an intermediate position, offering balanced improvements across all parameters with-
out exhibiting the highest value for any individual response, making it a good general-purpose filler. The radar 
chart reveals that no single filler system simultaneously optimizes all seven parameters, suggesting that appli-
cation-specific filler selection is necessary: SiC for load-bearing structural applications requiring maximum 
strength and wear resistance, MoS2 for sliding-contact applications demanding minimum friction and maximum 
toughness, and graphite for applications requiring balanced multi-functional performance.
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4. RSM RESULTS AND OPTIMIZATION OF TRIBOLOGICAL RESPONSES
Response surface methodology was applied to evaluate the effect of applied load and sliding speed on the 
tribological performance of the selected representative composites, namely G3, S5, and M3. These three 
materials were selected as representative high-performing formulationsfrom the graphite-, SiC-, and MoS2-
filled groups, respectively, based on their optimal combination of measured properties. Quadratic models 
were fitted for specific wear rate, coefficient of friction, and surface roughness using coded factors, where  
A = (L – 20)/10 and B = (V – 2), with L in N and V in m/s.

For G3, the fitted quadratic model for specific wear rate was highly significant, with R2 = 0.976 and  
p < 0.001. The coefficient of friction model was also significant, with R2 = 0.896, while the surface roughness 
model showed an good fit with R2 = 0.989. The positive coefficients for load and speed in the wear-rate model 
indicated that material loss increased with increasing tribological severity. In the friction model, load exerted 
a positive effect, whereas speed exerted a negative effect, indicating that friction decreased slightly at higher 
sliding speeds within the studied range. The roughness model showed strong positive contributions from both 
load and speed, indicating progressive surface damage under more severe contact conditions.

For S5, all three quadratic models were statistically significant. The wear-rate model gave R2 = 0.976, 
the friction model gave R2 = 0.904, and the roughness model gave R2 = 0.978. Among the three representative 
materials, S5 showed the lowest predicted specific wear rate under optimized conditions, which was consistent 
with the expected hard-particle reinforcement effect of SiC. The interaction term between load and speed was 
significant in the S5 wear-rate model, indicating that a simultaneous increase in both factors accelerated material 
removal more strongly than the individual effects alone.

For M3, the quadratic models also showed strong adequacy. The wear-rate model gave R2 = 0.978, the 
friction model gave R2 = 0.836, and the roughness model gave R2 = 0.994. The MoS2-filled system showed the 
lowest predicted coefficient of friction and roughness among the three selected composites at the optimized con-
dition. This behavior was consistent with the lubricating action expected from MoS2-rich tribofilm formation. 

Figure 14: Normalized multi-attribute performance comparison of the best-performing composites G3 (3 wt.% graphite), 
S5 (5 wt.% SiC), and M3 (3 wt.% MoS₂) against the unfilled baseline C1 across seven mechanical and tribological response 
parameters.
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The wear-rate response of M3 remained competitive, although the minimum predicted wear rate was slightly 
higher than that of S5.

The optimization study indicated that the the optimal region within the investigated design spacefor all 
three representative materials occurred at the lower bound of load and speed within the investigated domain, 
namely 10 N and 1 m/s. Under these conditions, S5 had the lowest predicted specific wear rate, M3 had the 
lowest predicted coefficient of friction and surface roughness, and G3 showed intermediate behavior, with mea-
surable improvement over the unfilled laminate. These findings indicated that SiC contributed most strongly to 
wear resistance, while MoS2 contributed most strongly to friction reduction and surface preservation. Graphite 
provided a balanced improvement, though its optimized response remained lower than M3 in friction control 
and to S5 in wear resistance.

Coded factors were defined as:

20 2
10

LA , B V−
= = −

where L is the applied load in N and V is the sliding speed in m/s.
G3 composite

Ks = 1.9605 × 10–4 + 2.1502 × 10–5A + 2.7674 × 10–5B + 2.0611 × 10–7A2 – 1.0222 × 10–7B2 + 2.1600 × 10–6AB

	  μ = 0.4335 + 0.0158A – 0.0084B + 0.0014A2 + 0.0006B2 + 0.0001AB

	 Rα = 1.6137 + 0.1457A + 0.2981B – 0.0231A2 – 0.0017B2 – 0.0121AB

S5 composite

Ks = 1.6647 × 10–4 + 1.8722 × 10–5A + 2.4407 × 10–5B + 2.1139 × 10–6A2 + 2.5656 × 10–6B2 + 3.7733 × 10–6AB

	  μ = 0.5263 + 0.0179A – 0.0083B + 0.0017A2 + 0.0007B2 + 0.0016AB

	 Rα = 1.5112 + 0.1426A + 0.2784B – 0.0040A2 – 0.0037B2 – 0.0007AB

M3 composite

Ks = 1.7311 × 10–4 + 1.7798 × 10–5A + 2.4897 × 10–5B + 1.7500 × 10–6A2 + 1.4383 × 10–6B2 + 3.0858 × 10–6AB

	  μ = 0.3747 + 0.0144A – 0.0102B – 5.5556A2 × 10–5A2 – 0.0007B2 – 0.0002AB

	 Rα = 1.5068 + 0.1516A + 0.2819B – 0.0136A2 + 0.0186B2 – 0.0148AB

Response surface methodology confirmed that load and sliding speed were the dominant variables gov-
erning the tribological performance of the selected representative composites G3, S5, and M3 (Table 18). The 
quadratic models developed for specific wear rate, coefficient of friction, and roughness surface were statis-
tically significant for all three materials, with values ranging from 0.836 to 0.994. Applied load and sliding 
speed exerted significant effects in nearly all models, while interaction effects were especially relevant for the 

Table 18: ANOVA summary table.

COMPOSITE RESPONSE MODEL p-VALUE SIGNIFICANT TERMS
G3 Specific wear rate 0.976 2.85 × 10⁻¹⁶ A, B
G3 Coefficient of friction 0.896 1.28 × 10⁻⁹ A, B
G3 Surface roughness 0.989 6.13 × 10⁻²⁰ A, B
S5 Specific wear rate 0.976 2.67 × 10⁻¹⁶ A, B, AB
S5 Coefficient of friction 0.904 5.57 × 10⁻¹⁰ A, B
S5 Surface roughness 0.987 3.17 × 10⁻¹⁹ A, B
M3 Specific wear rate 0.978 1.23 × 10⁻¹⁶ A, B, AB
M3 Coefficient of friction 0.836 1.38 × 10⁻⁷ A, B
M3 Surface roughness 0.994 8.63 × 10⁻²³ A, B, AB
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wear-rate behavior of S5 and M3 (Table 19). Numerical optimization showed that the most favorable operating 
condition within the investigated design space was 10 N and 1 m/s for all three selected composites. Under 
this condition, S5 exhibited the lowest predicted specific wear rate (1.318 × 10–4 mm3/N \ cdotpm), whereas M3 
exhibited the lowest predicted coefficient of friction (0.370) and surface roughness (1.064 µm). G3 provided an 
intermediate response, indicating that graphite improved tribological stability but did not outperform the best 
SiC- and MoS2-filled systems in wear resistance and friction reduction, respectively [41].

Figure 15 shows the agreement between experimentally measured and RSM-predicted specific wear rate 
values for the three representative composites. The data points for all three materials cluster tightly along the 
45° parity line, confirming good predictive capability of the fitted quadratic models. G3 recorded R2 = 0.976, 
S5 recorded R2 = 0.976, and M3 recorded R2 = 0.978, indicating that the models captured more than 97% of the 
total variability in wear-rate response across the load–speed design space. The narrow scatter band observed 
for S5 reflects the consistent load-bearing action of rigid SiC particles, which stabilize the wear mechanism 
across varying tribological conditions [42]. M3 exhibited marginally tighter clustering at lower wear-rate mag-
nitudes, consistent with the protective tribofilm formed by MoS2 lamellae that protects the composite surface 
against abrasive damage. These R2 values exceed the 0.95 threshold recommended for adequate RSM model 
fidelity, thereby validating the use of these quadratic equations for predictive optimization and confirming that 
second-order polynomial surfaces adequately represent the wear-rate response within the investigated factor 
domain [43].

Figure 16 shows the correlation between measured and model-predicted coefficient of friction values for 
the three selected composites. G3 yielded R2 = 0.896, S5 yielded R2 = 0.904, and M3 yielded R2 = 0.836, indicat-
ing adequate but slightly lower model fidelity compared to the wear-rate models. The reduced R2 for M3 friction 
suggests that MoS2 tribofilm dynamics introduce greater variability in interfacial shear behavior that is not fully 
captured by a second-order polynomial. The COF values for M3 occupied the lowest range (0.36–0.40), con-
firming the dominant solid-lubricant mechanism of basal-plane shearing that reduces tangential resistance at the 
sliding interface. S5 exhibited the highest friction range (0.51–0.55), consistent with the absence of a low-shear 
transfer layer and the abrasive micro-ploughing action of angular SiC particles [44]. These model adequacy 

Table 19:  RSM optimization results for specific wear rate, coefficient of friction, and surface roughness of G3, S5, and M3 
composites.

COM-
POSITE

OPTIMUM 
LOAD (N)

OPTIMUM 
SPEED 

(m/s)

PREDICTED 
SPECIFIC WEAR 
RATE (mm³/N·m)

PREDICTED 
COF

PREDICTED 
ROUGHNESS, 

Rα (µm)

DOMINANT 
ADVANTAGE

G3 10 1 1.491 × 10–4 0.428 1.133 Balanced 
graphite 
response

S5 10 1 1.318 × 10–4 0.513 1.090 Highest wear 
resistance

M3 10 1 1.367 × 10–4 0.370 1.064 Lowest friction 
and smoothest 

surface

Figure 15: Predicted versus actual specific wear rate for G3 (3 wt% graphite), S5 (5 wt% SiC), and M3 (3 wt% MoS₂) com-
posites derived from quadratic response surface models.
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results confirm that filler-specific interfacial mechanisms govern the friction response and that load and speed 
are the primary controlling factors within the investigated domain.

Figure 17 shows the predicted-versus-actual diagnostic for worn-surface roughness across the three rep-
resentative composites. The roughness models achieved the highest R2 values across all three responses: G3 
(0.989), S5 (0.987), and M3 (0.994). The near-unity R2 for M3 indicates that the MoS2 tribofilm produces a 
highly reproducible surface finish governed by load and speed, with minimal stochastic variation. The data 
points for all three composites align closely along the parity line across the full Ra range from approximately 
1.0 to 2.1 µm. S5 exhibited a marginally wider spread at intermediate roughness values, attributable to localized 
micro-cutting by protruding SiC particles, which introduce slight spatial heterogeneity in surface topography. 
The exceptional model fit for roughness confirms that profilometric response is the most predictable tribological 
output among the three studied responses, making Ra a reliable surrogate metric for monitoring worn-surface 
integrity under variable operating conditions [45].

Figure 18 shows the quadratic response surfaces mapping specific wear rate against applied load (10–30 N) 
and sliding speed (1–3 m/s) for the three representative composites. All three surfaces exhibit a monotonic 

Figure 16: Predicted versus actual coefficient of friction for G3, S5, and M3 composites from quadratic RSM models.

Figure 17: Predicted versus actual surface roughness (Ra) for G3, S5, and M3 composites from quadratic RSM models.

Figure 18: Three-dimensional response surfaces of specific wear rate as a function of applied load and sliding speed for G3, 
S5, and M3 composites.
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increase in wear rate from the low-load, low-speed corner toward the high-severity region, confirming that 
both factors promote material removal through enhanced contact stress and thermal softening. S5 produced 
the lowest predicted response magnitudeacross the entire domain, with predicted Ks ranging from 1.318 × 10−4 
to approximately 2.15 × 10−4 mm3/N·m, attributable to the load-bearing reinforcement provided by hard SiC 
particles, which resist micro-cutting and distribute contact pressure [46]. The M3 surface exhibited comparable 
elevation at low severity but increasedmore rapidly at high load–speed combinations, indicating that the MoS2 
tribofilm degrades under aggressive conditions. The significant load–speed interaction term in the S5 and M3 
models produces a visible curvature in the surface that is absent in G3, where the wear-rate increase was more 
linearly additive [47].

Figure 19 shows the 3D response surfaces for coefficient of friction across the load–speed domain. M3 
occupies the lowest friction surface, with predicted COF values ranging from 0.370 at 10 N / 1 m/s to approxi-
mately 0.39 at 30 N / 3 m/s, reflecting the persistent lubricating action of the MoS2 tribofilm across the full oper-
ating range. G3 produced intermediate friction (0.428–0.45), consistent with the partial transfer-film mechanism 
of graphite that reduces adhesive junction strength but does not eliminate abrasive contributions. S5 exhibited 
the highest friction surface (0.513–0.55), confirming that hard-particle reinforcement enhances wear resistance 
without reducing interfacial shear stress. The negative coefficient of speed in the COF models for all three com-
posites indicates that friction decreases slightly at higher sliding velocity, attributable to frictional heating that 
softens the matrix surface and reduces the real contact area. These surfaces demonstrate that friction reduction 
is governed primarily by filler lubricity rather than particle hardness [48].

Figure 20 shows the response surfaces for worn-surface roughness across the investigated factor space. 
All three composites show a strong positive dependence of Ra on both load and speed, with roughness increas-
ing from approximately 1.06–1.13 µm at the mildest condition to 1.9–2.1 µm at the most severe condition. M3 
maintained the smoothest surface across the domain, with Ra values consistently 0.02–0.05 µm below those 
of S5 and G3, attributable to the continuous MoS2 tribofilm that shields the composite surface from direct 
asperity contact and prevents deep ploughing. The speed axis contributed a larger coefficient than load in all 
three roughness models, indicating that sliding velocity—through increased frictional temperature and material 

Figure 19: Three-dimensional response surfaces of coefficient of friction as a function of applied load and sliding speed for 
G3, S5, and M3 composites.

Figure 20: Three-dimensional response surfaces of surface roughness (Ra) as a function of applied load and sliding speed 
for G3, S5, and M3 composites.
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displacement rate—exerts a stronger influence on surface topography degradation than contact pressure alone. 
The surface curvature for M3 reflects the significant AB interaction term (p < 0.05), indicating that combined 
high-load and high-speed conditions synergistically accelerate surface deterioration [49].

Figure 21 shows filled contour maps of specific wear rate projected onto the load–speed plane for the 
three representative composites. The isolines progress from the lowest wear region at the region (10 N, 1 m/s) 
toward the highest wear region at the top-right corner (30 N, 3 m/s) in all three panels. S5 exhibited the widest 
low-wear-rate zone, with the 1.4 × 10−4 isoline extending further into the design space than in G3 or M3, con-
firming the robust wear resistance conferred by SiC particles across a broader operating window. The contour 
gradient was steepest for G3, indicating that graphite-filled composites are more sensitive to changes in tribolog-
ical severity. The optimum condition, marked at 10 N and 1 m/s, produced predicted wear rates of 1.491 × 10−4 
(G3), 1.318 × 10−4 (S5), and 1.367 × 10−4 (M3) mm3/N·m. These contour maps enable researchers to identify 
suitable operating envelopes for each composite system [50].

Figure 22 shows the contour distributions of coefficient of friction across the load–speed domain for G3, 
S5, and M3. The M3 contour map occupies a distinctly lower range (0.36–0.40) compared to G3 (0.42–0.46) and 
S5 (0.51–0.55), confirming the superior friction-reduction capability of the MoS2 tribofilm [51]. The isolines in 
the M3 panel are more widely spaced, indicating that friction varies more gradually with operating conditions 
when a continuous solid-lubricant film is established. The S5 panel shows tighter isoline spacing along the load 
axis, reflecting the stronger dependence of SiC-composite friction on contact pressure, which increases the 
penetration depth of hard asperities into the matrix [52]. The negative speed coefficient manifests as a slight sys-
tematic tilt of the isolines across all panels, confirming that higher sliding velocity marginally reduces friction 
via thermal softening. These maps identify M3 at 10 N / 1 m/s as the global friction minimum across all three 
composite systems [53].

Figure 23 shows the contour distributions of worn-surface roughness across the design space for the three 
selected composites. The roughness isolines are approximately parallel and diagonally oriented in all panels, 
reflecting the combined positive influence of load and speed on surface topography degradation. M3 exhibited 
the lowest overall roughness range (1.06–1.95 µm), with the 1.2 µm isoline encompassing a larger fraction of 
the design space than in G3 or S5, confirming that the lubricating tribofilm preserves surface integrity over a 
wider operating envelope. The contour gradient along the speed axis was steeper than along the load axis for 

Figure 21: Contour plots of specific wear rate in the load–speed domain for G3, S5, and M3 composites with optimum 
conditions indicated.

Figure 22: Contour plots of coefficient of friction in the load–speed domain for G3, S5, and M3 composites with optimum 
conditions indicated.
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all composites, consistent with the larger speed coefficient in the quadratic models. The optimum condition at 
10 N / 1 m/s yielded predicted roughness values of 1.133 µm (G3), 1.090 µm (S5), and 1.064 µm (M3). These 
contour maps provide direct guidance for selecting operating parameters that maintain worn-surface quality 
within acceptable limits [54].

Figure 24 shows the optimization ramp diagrams for the three representative composites, showing the 
convergence of applied load and sliding speed toward their respective optima, along with the corresponding 
predicted tribological responses. All three composites converged to the same optimum factor combination of 
10 N and 1 m/s, which confirms the lower boundary of the investigated design space. Under this condition, S5 
achieved the lowest predicted specific wear rate (1.318 × 10−4 mm3/N·m), confirming the superior material-re-
moval resistance conferred by rigid SiC particle reinforcement. M3 achieved the lowest predicted coefficient of 
friction (0.370) and the lowest predicted surface roughness (1.064 µm), consistent with the formation of a con-
tinuous MoS2 lubricating tribofilm. G3 exhibited intermediate response levels across all three outputs, indicating 
balanced but non-dominant performance. The ramp plots confirm that minimizing tribological severity yields 
the most favorable multi-response performance for all filler systems examined [55].

Figure 25 shows a direct bar-chart comparison of the three optimized tribological responses for the 
selected composites at 10 N and 1 m/s. S5 recorded the lowest optimized specific wear rate at 1.318 × 10−4 mm3/
N·m, which was 11.6% lower than G3 (1.491 × 10−4) and 3.6% lower than M3 (1.367 × 10−4), confirming that 
the hard-particle reinforcement mechanism of SiC provides the most effective resistance to material removal 

Figure 23: Contour plots of surface roughness (Ra) in the load–speed domain for G3, S5, and M3 composites with optimum 
conditions indicated.

Figure 24: Numerical optimization ramp plots showing factor settings and predicted response values at the optimum condi-
tion for G3, S5, and M3 composites.
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under dry sliding. M3 achieved a coefficient of friction of 0.370, which was 13.6% lower than G3 (0.428) and 
27.9% lower than S5 (0.513), demonstrating the dominant friction-reduction capability of the MoS2 lamellar 
shearing mechanism. M3 also achieved the lowest surface roughness of 1.064 µm, compared to 1.090 µm for S5 
and 1.133 µm for G3 [56]. These quantitative comparisons establish that application-specific filler selection is 
essential: SiC for maximum wear resistance and MoS2 for minimum friction and optimal surface preservation.

The present work was limited to dry sliding under 10–30 N, short-duration ASTM G99 testing, suppli-
er-reported filler particle sizes, and SEM-based morphology without SEM–EDS/XRD confirmation of filler dis-
persion. High-load wear testing at 200–400 N, long-duration sliding, thermal ageing, humidity exposure, fatigue 
loading, and direct filler-mapping analysis should be added in future studies. The current material selection was 
also based on individual responses, including tensile strength, flexural strength, hardness, impact strength, wear 
rate, friction coefficient, surface roughness, and wear-derived waste index. Future work should apply multi-cri-
teria decision-making methods to rank composite formulations under competing performance requirements. 
R-method ranking can be used to prioritize mechanical, thermal, and tribological attributes, as reported in the 
literature[57–64]. Entropy-VIKOR and VIKOR-MATLAB can be used for weighted optimization and compu-
tational rank verification, as reported by Yadav, Saini, Sonwal, Meena, Huh, Brambilla, and Ionescu. Hybrid 
Entropy-VIKOR, FAHP-TOPSIS, FAHP-FTOPSIS, PSI, and AHP-TOPSIS can also be adapted for glass fiber–
epoxy filler selection, as described in the works of Yadav et al., Yadav and Lee, and Yadav.

5. CONCLUSION
The study assessed graphite, SiC, and MoS2 fillers at 2, 3, and 5 wt.% in glass fiber–epoxy laminates fabricated 
by hand lay-up and compression molding, using mechanical testing, pin-on-disc wear testing, profilometry, 
SEM, and RSM. The unfilled C1 laminate had tensile strength of 290 MPa, flexural strength of 380 MPa, 
Shore D hardness of 82, impact strength of 58 kJ m−2, specific wear rate of 2.81 × 10−4 mm3 N−1 m−1, coefficient 
of friction of 0.628, and roughness of 1.883 µm. Graphite addition produced its most balanced response at 3 
wt.%, with G3 reaching 318 MPa tensile strength, 415 MPa flexural strength, 64 kJ m−2 impact strength, 1.96 × 
10−4 mm3 N−1 m−1 wear rate, and 0.435 friction coefficient. The SiC series showed a progressive wear-strength 
advantage, with S2 and S3 recording flexural strengths of 405 and 425 MPa, respectively, while S5 had a waste 
index of 0.605 and a relative service-life factor of 1.65. The MoS2 series produced the strongest sliding-surface 
response, with M2 and M5 giving friction coefficients of 0.415 and 0.404, and M3 giving the lowest optimized 
friction value of 0.370 at 10 N and 1 m s−1. RSM models yielded R2 values ranging from 0.836 to 0.994, indi-
cating that load and sliding speed were captured with adequate predictive accuracy. These results establish a 
practical selection basis: SiC-filled laminates suitable strength-critical wear pads, guide blocks, support liners, 
and structural sliding contacts, while MoS2-filled laminates suitable low-friction bushings, light-duty bearing 
surfaces, and polymer tribo-components. Future work will examine high-load sliding, thermal–humidity ageing, 
fatigue, SEM–EDS/XRD filler mapping, long-duration debris generation, and MCDM-based material ranking.

6. DATA AVAILABILITY
The datasets generated and/or analyzed during the current study are available from the corresponding author 
upon reasonable request.

Figure 25: Comparison of optimized specific wear rate, coefficient of friction, and surface roughness for G3, S5, and M3 
composites at the optimal condition of 10 N and 1 m/s.
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