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Received: 24 January 2024 / Accepted: 18 July 2024
© The Author(s) 2024

Abstract
In this study, the effects of Gr and B4C filler materials on drilling performance, mechanical, and tribological behaviors
of glass fiber-reinforced epoxy composites were experimentally investigated. Glass fiber-reinforced composite materials
filled with B4C and Gr at different weight ratios (5%, 10%, and 15%) were manufactured using hand lay-up method. The
produced composite materials underwent various tests, including mechanical tests (tensile and flexural tests), tribological
tests (wear behavior), and drilling tests under different parameters. Additionally, SEM images of the worn and fractured
surfaces were examined. The addition of both B4C and Gr fillers adversely affected the mechanical properties of glass fiber-
reinforced composites. It was observed that tensile and flexural strengths decreased with increasing filler ratios. However,
the addition of B4C and Gr fillers enhanced the wear resistance of glass fiber-reinforced composites. It was revealed that in
drilling operations, as the feed rate increased, the thrust forces increased, while the cutting speed increased, the thrust forces
decreased. It was determined that delamination values in glass fiber reinforced composites decreased as the feed rate increase,
while delamination values increased as the cutting speed increased. Generally, the thrust forces, vibration, delamination, and
moment values obtained during the drilling of B4C-filled glass fiber composites were found to be higher compared to Gr-filled
glass fiber composites.

Keywords Epoxy composite · B4C · Gr · Glass fiber · Drilling · Wear · Mechanical properties

1 Introduction

Polymers are frequently preferred in engineering applica-
tions due to their high thermal and mechanical properties,
good adhesion to reinforcing materials, high chemical inert-
ness, self-lubricating properties, low density, resistance to
moisture and fatigue, ease of processing, and vibration
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absorption [1–4].However, low thermal conductivity of poly-
mer matrix, high linear expansion rates, and low mechanical
properties limit their use in certain applications [3].One com-
monmethod to enhance the properties of polymericmaterials
under different conditions is to reinforce polymers with dif-
ferent types of fibers and fillers [5–7]. In these composites,
the polymer holds fibers and fillers together, ensuring even
distribution of the load to the fibers and fillers [8, 9]. Resin, a
type of polymers, is extensively used in production of fiber-
reinforced composites due to its high wetting ability and
adhesion to fibers, low shrinkage, easy manufacturing, and
good electrical properties [10–12].

Fiber-reinforced epoxy matrix composites are gaining
increasing popularity as alternatives to metal materials in
marine vehicles, automotive, aircraft, defense, and chemical
industries [13–17]. The use of filler materials in fiber-
reinforced epoxy composites enhances various properties of
these composites [18, 19].Dependingon the type, size, shape,
and volume of the added filler particles, many properties
of filled composites, such as mechanical (tensile, compres-
sive, flexural, toughness, impact, etc.), tribological, thermal,
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Table 1 Some researches including different fibers and fillers type

Fiber and
filler type

Ratio of
filler

Consequences Reference

Carbon,
Al2O3,
MoS2

5, 10% Increased hardness
and improved
wear resistance

26

Glass and
bamboo
fibers,
TiO2, ZrO2

3, 6, 9% Decreased erosion
rate, tensile and
flexural strength

27

Glass fiber,
Al2O3, Gr

5% Both filler
increased tensile
strength and
hardness, Al2O3
developed and
Gr deteriorated
wear resistance

28

Glass fiber,
PTW, Gr

7.5% PTW,
2.5% Gr

Both filler
decreased tensile
and flexural
strenght,
increased
hardness and
tribological
properties

29

Glass fiber,
SiC, Gr

5, 10% SiC,
5% Gr

Developed wear
resistance, but
lower rate of SiC
was more
effective

30

Glass fiber,
SiC, Gr

5, 10% Both filler
improved tensile
and flexural
strength but
decreased
impact strength

6

and processability, can be modified [20, 21]. Researchers
have investigated the effects of inorganic filler materials such
as boron carbide (B4C), graphite (Gr), alumina (Al2O3),
graphene, SiO2, TiO2 on fiber-reinforced composites to pro-
duce newmaterials that canmeet various needs [5, 6, 22–25].
Studies on different types of fibers and fillers conducted by
some researchers are provided in Table 1.

Many researchers have reported that different types and
ratios of fillers alter the mechanical, physical, and wear
behaviour of reinforced composites. Raju et al. investigated
the mechanical and wear behaviours of glass fiber-reinforced
epoxycomposites (GFRC)byaddingAl2O3 filler in three dif-
ferent ratios. They observed an increase in tensile strength
and modulus with Al2O3 reinforcement. It was noted that
density and hardness increased with increasing filler ratios.
They observed that the wear volume was higher in unfilled
composites compared to filled composites, and they found
that an increase in filler ratio reduced the wear volume [19].

Suresha et al. investigated wear behaviour and mechanical
properties of SiC-filled GFRP composites. They found that
SiC reinforcement increased the density, hardness, tensile
and flexural strength of the composite. Additionally, they
found that filled composites exhibited higher tribological
performance compared to unfilled composites. They empha-
sized that increasing the load and sliding distance led to
a greater mass loss and coefficient of friction. [26]. Hulu-
gappa et al. investigated the flexural, tensile and impact
strength of SiC and Gr-filled GFRP. They found that the
addition of filler improved the mechanical properties of the
GFRP [6]. Nayak et al. examined the effects of 10% Al2O3,
SiO2, and TiO2 fillers in GFRP composites on the mechan-
ical properties, hardness, and glass transition temperature.
They determined that SiO2 filler increased flexural strength,
while Al2O3 increased hardness to a greater extent [27]. Zal
et al., reported that the effect of fiber orientation angle on
tensile, bending and impact strengths of glass fiber and stain-
less steel fibers was examined. They emphasized that the
highest tensile stress of composite was obtained arranged
at 0°. In their SEM analysis, it was stated that good adhe-
sion was achieved between the fiber layers [28]. Rahmani
et al., examined the hardness and wear behavior of epoxy
matrix glass, carbon and kevlar reinforced composites.They
stated that the hardness of carbon fiber reinforced compos-
ites was higher than glass and kevlar reinforced composites.
They also revealed that the lowest wear rates were in Carbon,
Glass andKevlar reinforced composites, respectively [29]. In
the study conducted by Hashemi et al., they investigated the
effects of temperature, time and pressure on the mechani-
cal properties of metal and glass reinforced composites. The
best tensile and bending strength was obtained at 2.5 MPa
pressure at 180° for 20 min. Based on SEM analysis, they
revealed that the best adhesion and impregnation of glass
and metal fibers was achieved at 180° [30]. Zhang compiled
studies on the mechanical properties, surface characteristics,
tribological behavior, and tribochemical reactions of SiC-
reinforced composites under lubrication conditions. He also
aims to enhance the understanding of wear mechanisms by
offering recommendations for the design of low-wear SiC-
reinforced composites in lubricated environments [31]. In
engineering, ceramics are frequently utilized as tribologi-
cal elements. Particularly, tribologicalmaterials composed of
metal and ceramics are extensively used in various engineer-
ing applications such as piston rings, cylinder liners, engine
cams, and many others. Boron carbide (B4C), being the third
hardest material, emerges as a suitable candidate for the pro-
duction of components exposed to wear due to its superior
properties such as high wear resistance, low density, high
strength, and chemical inertness [32].

GFRC parts are connected to each other through fasteners,
as in most applications. A large number of holes are needed
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for connections that help mechanically join these compos-
ite materials. For example, approximately 55.000 holes are
needed to build an Airbus A350 aircraft [33]. Therefore, it
is of great importance to investigate the drilling parameters
of these composites under appropriate machining and cutting
conditions. Studies ondrillingGFRPs are summarizedbelow.
Lukacs et al. determined the delaminations resulting from
the drilling of GFRP using the image processing method. In
their study, they found that the delamination valuesmeasured
manually and the values measured by the image processing
method were very close to each other. Therefore, they stated
that thismethod could be used in delaminationmeasurements
[34]. Elwahedmodelled and optimized themachining param-
eters using ANN in drilling GFRPwith different thicknesses.
It was found that the optimum machining parameters were
cutting speed 1600 rpm and feed 0.025 mm/rev for a GFRP
with a thickness of 5.4 mm. It was determined that the results
of theANNmodels applied to estimate themachining param-
eters are in agreement with the experimental results [35].
Khashaba et al. examined the heat-affected zone in drilling
GFRP with different thicknesses and analysed the experi-
mental results. In their study, they found that as the thickness
of GFRP increased, the heat-affected zone increased signifi-
cantly. They found that thrust force and cutting temperature
together had a significant effect on delamination rates. They
also explained the decrease in thrust force as the drilling time
increases due to the increase in temperature [36]. Liu et al.
examined the thrust force and delamination values in drilling
GFRP with candlestick drills. Based on their results, they
found that thrust force and delamination values decreased
when appropriate geometric angles were formed [37]. Jessy
et al. investigated the effect of different cooling methods
on drill temperature in drilling GFRP. They found that the
internal cooling method significantly reduced the drill tem-
perature compared to other methods. They also revealed
that the internal cooling method has significant contributions
to reducing flank wear and increasing tool life [38]. Tian
et al. examined the delamination and thrust forces result-
ing from drilling GFRP with candlestick drills. They found
that the temperature decreased when the clearance angle
of candlestick drill increased from 250 to 350. They found
that as the feed rate increased, the amount of delamination
decreased and the thrust force increased. They also found
that as the cutting speed increased, the feed force decreased
and the amount of delamination increased [39]. Erturk et al.
investigated the effect of machining parameters and cutting
temperature on drilling GFRP composites. They found that
the optimum machining parameters were drill type HSS-
TiN, cutting speed 2425 rpm and feed 0.13 mm/rev. They
found that HSS-R drill had a significant effect on cutting
temperature, while the cutting speed and feed had a minor
contribution [40]. Mohan et al. investigated the effect of cut-
ting parameters on thrust force and torque in drilling GFRP.

The optimum machining parameters for thrust force and
torque were determined as feed rate 50 mm/min, workpiece
thickness 3 mm, cutting speed 1500 rpm and drill diameter
3 mm [41]. Khashaba et al. performed a drilling analysis of
GFRP. The authors found that high feed and cutting speed
increased the amount of delamination, and wear on the drill
caused the feed rate to increase [42]. Natarajan et al. exam-
ined the experimental results obtained in drilling GFRP. The
authors stated that delamination values decreasd due to the
decreasing thrust force with increasing point angle (from 80°
to 120°),which provides better surface qualitywithminimum
tool wear [43].

In the study, mechanical, tribological and hole drilling
parameters ofGFRCmaterials produced using three different
weight ratios (5, 10, 15%) and two different filler types (B4C
and Gr) were examined. As a result of the literature research,
no comprehensive mechanical, tribological and hole-drilling
studies of GFRC were found. With this study, both mechani-
cal, tribological and hole-drilling problems of GFRC, which
has a wide usage area in the field, but has some drilling prob-
lems, have been examined comprehensively, so the research
results will be especially helpful to those who will work in
this field.

2 Materials andMethods

2.1 Material

The structure of the glass fiber fabric (90°) used in the exper-
iments is woven glass fiber and has a plain weave. The
reinforcement types in the matrix material are B4C and Gr.
The glass fiber was obtained from Karbomid company, and
B4C and Gr powders were purchased from Ege Nanotek.
The technical specifications of the glass fiber, B4C, and Gr
powders used in the experiments are provided in Table 2.

2.2 Production of Composite

ARC 152 laminating epoxy resin and hardener were used
in the production of composite materials. The epoxy resin
material was supplied by Arc Marina Company. Following
the recommendations of the company, 25 g of hardener was
added to 100 g of resin. The amounts of resin and reinforcing
elements to be used in the composite plates were measured
using a Radwag precision scale. A mixture was prepared by
adding B4C and Gr separately in weight ratios of 5%, 10%,
and 15% to the resin for use in composite plates. Composite
plates were produced in composite laboratory using the hand
lay-up method. Initially, the fibers were cut into dimensions
of 30 cm × 30 cm to form the plates. Subsequently, the resin
mixture was prepared. One of the cut fibers was placed on
a flat surface, and the resin and filler mixture was applied
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Table 2 Properties of glass fiber,
B4C and Gr Glass Fiber B4C Gr

Areal weight 220 gr/m2 Powder Size 30 μ 30 μ

Elongation at break 2.50% Purity 96% 99.9%

Tensile strength 1300 MPa Hardness 44 GPa 0.32 GPa

Elasticity modulus 65 GPa Density 2.52 g/cm3 2.09 – 2.23 g/cm3

to the fabrics using a roller brush. A new fabric layer was
placed on top of the first layer with resin, and this process
was repeated. This process was repeated for a total of 13
layers. To prevent the fibers from sticking to the flat surface,
the surface was covered with a transparent film. After the
process was completed, another transparent film was placed
on top of the fibers, and weight was placed on it. Unfilled
composites were produced initially, followed by the produc-
tion of composite plates filled with B4C and Gr at ratios of
5%, 10%, and 15%. The prepared composite plates were cut
according to standards on a circular saw machine for tensile,
flexural, wear, and hole-drilling tests.

2.3 Tensile and Flexural Test

The specimens used in tensile tests were cut according to
ASTMD638, and flexural tests were conducted according to
ASTM D790 standards. The thickness of the specimens was
4 mm. A Shimadzu brand testing machine was used for both
tensile and flexural tests. Throughout the experiment, data
were transferred to the computer to determine the tensile
strength and percentage elongation values of the specimens.
Three tests were conducted for each parameter in both tensile
and flexural tests, and the mean of the obtained results was
taken. The experiments were conducted at a constant tensile
speed of 1 mm/min. The flexural stress equation is given in
Eq. 1.

σ f � 3PL

2bd2
(MPa) (1)

Here; σ f : Flexural stress (MPa), P: Maximum load (N),
L: Span between the two supports (mm), b: Width of the
specimen (mm), and d: Thickness of the specimen (mm). The
flexural strengths of the specimens were calculated using the
formula given in Eq. 1.

2.4 Wear Test

Wear tests for filled composites necessitate the exploration of
all combinations of experiments (varying load, sliding speed,
filler ratio). Due to the significant costs in terms of both
money and time associated with testing all these combina-
tions, the Taguchi experimental design has been employed.
The purpose of using Taguchi experimental design in this

study is to determine the relationships between all parame-
ters with fewer experiments, covering all parameters in wear
tests. Accordingly, the input parameters and levels for wear
tests are provided in Table 3.

Taguchi method was employed with a three-factor mixed-
level design to determine the impact of filler material, filler
ratio, load, and sliding distance on wear. L36 (2ˆ1–3ˆ3)
design was selected as the mixed design in Taguchi method.
Factors and levels were defined according to Taguchi method
to create experimental combinations for filler material, filler
ratio, force, and sliding distance. Graphs obtained from
Taguchi design analysis program for wear tests were inter-
preted based on Signal-to-Noise (S/N) ratio graphs. Wear
testswere conducted using aTurkyus-brandpin-on-diskwear
device, and the samples used in the experiments were of
dimensions 40 mm × 40 mm. They were abraded by means
of a steel ball with a diameter of 6 mm at a rotation speed of
300 rpm. Mass loss, wear rate, and specific wear rate were
determinant factors in wear; and in this study, wear was cal-
culated based on the wear rate. The equation used for the
wear rate is given in Eq. 2.

Wear Rate � �V

S
(mm.3/m) (2)

Here; �V : Wear volume (mm3), S: Sliding distance (m).
Wear resistance can be defined as the material’s resistance

to mass loss or wear volume. Wear volume can be measured
by either track width or track depth. In the wear tests con-
ducted in this study, wear volume was calculated taking into
account the track width formed on the material surface. The
equation used to calculate the wear rate according to ASTM
G99 standards is provided in Eq. 3.

(3)
WR � 2∗π ∗R[r2∗sin−1(a/2∗r )−(a/4)∗(4 ∗ r2 − a2)

1/2

Here; WR represents the wear rate, R is the wear track
radius, r denotes the ball radius, and a signifies the track
width.
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Table 3 Input parameters and
levels for wear tests Levels Reinforcement fiber Filler Filler ratio (%) Sliding distance (m) Load (N)

1 Glass Gr 5 250 5

2 B4C 10 500 10

3 15 750 15

Table 4 Cutting parameters used for drilling

Spindle speed, N (rpm) Feed rate, f
(mm/rev)

Cutting speed, Vc
(m/min)

500 0.025 6.25

1000 0.05 12.5

2000 0.1 25

4000 0.2 50

2.5 Drilling Experiment Equipment and Cutting
Tools

Drilling experiments were conducted under dry cutting con-
ditions on a Brother brand Speedio S500X1 CNC vertical
machining center. Themachining parameters used in the hole
drilling experiments are presented in Table 4.

The drilling experiments on composite workpieces were
performed in accordance with the parameters specified in
Table 4. The geometric and coating characteristics of the
drill and the drill bit used for drilling composite materials
under dry cutting conditions are provided in Table 5.

The samples, measuring 25 mm × 130 mm, had a thick-
ness of 4 mm, and the hole drilling process was applied
throughout their length. For the hole drilling experiments,
specially manufactured carbide drills with AlTiN coating,
obtained from the Karcan cutting Tool Company, were used
for drilling composite materials.

2.6 Delamination Factor

Delamination damage in composite materials is a crucial
aspect concerning the structural integrity of the material.
Delamination can be briefly described as the separation of
layers in composite materials, and it is particularly criti-
cal in hole-drilling operations. Delamination is a commonly
encountered damage type in laminated composites because
the strength between layers is often low. Therefore, it fre-
quently appears as a damage type in hole-drilling operations.
Delamination in composite materials can lead to negative
consequences such as loss of material life and stiffness.
Hence, it is an important area of study. Delamination val-
ues at the exit of the hole were calculated as a result of
hole-drilling operations conducted at four different cutting
speeds and feed rates. Equation 4 was utilized to determine

the delamination factor in hole-drilling operations.

Fd � Dmax

Do
(4)

Delamination factor (Fd), as given in Eq. 4, is expressed as
the ratio between the hole diameter (Do) and the maximum
damage radius around the hole (Dmax). The experimental
setup for machining experiments, including measurements
of tensile strength, flexural strength, wear, friction coeffi-
cient, feed force, vibration, SEM, and delamination factor, is
illustrated in Fig. 1.

3 Experimental Results and Discussion

3.1 Tensile Test Results

Tensile strength and percentage elongation values of filled
GFRC are shown in Table 6. The graphs of tensile stress
and percentage elongation values for composite materials in
Table 6 are provided in Fig. 2 and Fig. 3. When the tensile
stress values in Fig. 2 and Fig. 3 are examined, it is evi-
dent that the addition of both Gr and B4C filler particles to
GFRC results in a decrease in tensile strength. Additionally,
an increase in the filler ratio inGFRC is determined reduction
in the tensile strength of the composite materials.

GFRCs’ tensile strength values decreased after the addi-
tion of filler particles, and this is believed to be due to the
increased filler content leading to agglomeration and non-
uniform distribution within the structure, resulting in a weak
filler-matrix-fiber bond. The results obtained from tensile
tests are consistent with previous studies [44]. Baptista et al.
stated that the addition of up to 10% Gr by weight to the
fiber-reinforced composite reduced the tensile strength. The
authors attributed the decrease in the tensile strength of the
Gr reinforced composite to the formation ofmacro andmicro
voids in the matrix and the separation of Gr agglomerations
[45]. Additionally, Yasmin and Daniel reported that mechan-
ical properties improved up to 2.5% Gr reinforcement rate,
and when this rate was exceeded, tensile strength tended to
decrease. The increase in tensile strengthwas attributed to the
good adhesion between thematrix and the reinforcement and
the homogeneous distribution of the reinforcementwithin the
matrix. However, they stated that the reason for the decrease
in tensile strength when the 2.5% Gr reinforcement rate is
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exceeded is due to the brittleness of the matrix and the accu-
mulation of Gr in certain areas within the composite [46].
When the changes in elongation values in Fig. 2, 3 are exam-
ined, it is understood that the addition of Gr and B4C fillers
to GFRCs increases the composite’s percentage elongation
values. Shivamurthy et al. found that the tensile strength of
GFRC with Gr filler increased up to a 6% filler ratio, but
decreased at a 9% Gr filler ratio. They attributed the increase
in tensile strength up to a certain filler ratio to the strong
bonding between the filler and the matrix. Additionally, they
observed an increase in longitudinal elongation at 3% and
6% filler ratios, but a decrease at a 9% filler ratio [47]. The
strength of composites filled with 5% and 15% Gr decreased
by 18% and 52%, respectively, compared to the unfilled com-
posite. For composites with 5% and 15% B4C, the strength
decreased by 39% and 47%, respectively.

When the tensile strength in Figs. 2, 3 are examined, it is
observed that B4C filler reduces tensile strength more than
Gr filler. This is thought to be due to the weaker bond formed
between B4C filler and the matrix, and its geometric shape
having sharper corners, which create stress concentration
points during tension, and cause notching effects, thereby
reduce the strength of the composite material.

3.2 Flexural Test Results

The flexural test results of unfilled and filled compositemate-
rials are presented in Table 7, and the flexural test graphs are
shown inFigs. 4, 5.Uponexaminationof the graphs inFigs. 4,
5, it is observed that the flexural strengths of both B4C and
Gr-filled composites in GFRCs increased up to a 10% filler
ratio.However,when thefiller ratiowas increased to 15%, the
flexural strength for both types of fillers fell below even the
flexural strength of the unfilled composite. The highest flex-
ural strength in Gr and B4C-filled composites was obtained
at a 10% filler ratio, reaching 368MPa and 384MPa, respec-
tively. Studies on B4C-filled composites have also indicated
an increase in flexural strength up to a certain filler ratio,
followed by a decrease beyond a critical filler ratio [44, 48].
The reason for this is explained that the filler ratio exceed-
ing a certain limit, prevents sufficient wetting by the matrix,
and results in the formation of voids due to agglomeration.
It is well-known that the interfacial bonds between the filler
material and thematrix or proper wetting of filler particles by
the matrix, leading to homogeneous filler distribution, have
a significant impact on the mechanical properties of compos-
ites. In another study, the increase in flexural strength in Gr
reinforced composite is attributed to the increase in the load
carrying capacity of the composite due to the high bonding
and cohesion between the matrix and the particle [45–49].
Bhatia et al. [50] explained in their study onB4C-filled epoxy
composites that beyond a certain ratio, the flexural strength
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Fig. 1 Schematic representation
of the experimental setup
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showed a decreasing trend, attributing this to the agglomer-
ation of particles with high surface energy and the matrix
material embrittlement because of hard ceramic particles.

Upon examination of the graphs in Figs. 4, 5, it is evi-
dent that in GFRCs, B4C filler increased flexural strength
more than Gr filler. The greater hardness of B4C compared
to Gr contributed to the higher flexural strength of B4C-filled
composites. Since B4C has higher hardness and a stronger
cross-linking with epoxy and glass fiber, it has achieved
higher flexural strength compared to Gr reinforced compos-
ite, as it further increases the load transfer ability of B4C
reinforced composite. However, the addition of higher ratios
created a weaker bond between the matrix and the particle,
resulting in a decrease in flexural strength. The results are
consistent with previous studies [12, 50].
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Fig. 2 Stress–strain graph of unfilled and Gr-filled GFRC
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Table 6 Tensile test results

Fiber type Samples Tensile stress
(MPa)

Elongation %
(mm)

Glass Unfilled 363 6.89

Glass 5% Gr 297 12.3

Glass 10% Gr 278 11.62

Glass 15% Gr 173 7.85

Glass 5% B4C 223 9.89

Glass 10% B4C 205 9.51

Glass 15% B4C 194 8.64
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Fig. 3 Stress–strain graph of unfilled and B4C-filled GFRC

Table 7 Flexural test results

Fiber type Samples Flexural (MPa)

Glass Unfilled 349

Glass 5% Gr 358

Glass 10% Gr 368

Glass 15% Gr 259

Glass 5% B4C 365

Glass 10% B4C 384

Glass 15% B4C 262

3.3 Wear Test Results

The experimental combinations and results of the wear rate
of filled composites, generated by Taguchi mixed design, are
provided in Table 8. The S/N ratios for wear rates based on
filler type, filler ratios, force, and sliding distance in Table 8
are illustrated in Fig. 6.

In Fig. 6, when B4C and Gr-filled composites are com-
pared, it is evident that B4C filler increases the wear rate
more thanGr filler.When reviewing the literature, it is known
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Fig. 5 Flexural -displacement graph of unfilled and B4C-filled GFRC

that Gr enhances wear resistance due to its solid lubricating
properties [26, 51]. Regarding the effect of filler ratios, it
is observed that composites with 5% filler experience more
wear compared to thosewith 10%and15%filler ratios.When
the filler ratio is increased from 10 to 15%, there is a slight
decrease in wear resistance. It can be suggested that beyond
a certain ratio, abrasive particles within the composite exit
the matrix, causing an abrasive effect between the composite
and the steel ball during wear [19]. Analyzing the influence
of applied force on the wear rate in Fig. 6, it is found that
increasing the force from 5 to 10N significantly increases
the wear rate. However, when the force is increased from 10
to 15N, the rate of increase in wear becomes lower. Similar
results have been encountered in studies in the literature [52,
53]. Examining the effect of sliding distance on wear, it is
noticed that the wear rate initially increases up to a sliding
distance of 500 m, and then decreases when the sliding dis-
tance is increased to 750 m. Suresha et al., in their study,
observed a decrease in wear rate with increasing sliding dis-
tances, which is consistent with the findings here [26]. In
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Table 8 Wear test combinations generated by Taguchi mixed design for filler type, filler ratio, forces, and sliding distance

Exp.
No

Material Filler
type

Filler ratio
(%)

Forces
(N)

Sliding
distance
(m)

Friction
coefficient

Friction
coefficient
S/N

Wear rate Wear rate
S/N

1 Glass Gr 5 5 250 0.758695 2.39865 4.5510 −13.1621

2 Glass Gr 10 10 500 0.522985 5.63021 7.2057 −17.1536

3 Glass Gr 15 15 750 0.410000 7.74432 7.2236 −17.1751

4 Glass Gr 5 5 250 0.758695 2.39865 4.5510 −13.1621

5 Glass Gr 10 10 500 0.522985 5.63021 7.2057 −17.1536

6 Glass Gr 15 15 750 0.410000 7.74432 7.2236 −17.1751

7 Glass Gr 5 5 500 0.915565 1.98649 3.7778 −11.5447

8 Glass Gr 10 10 750 0.489150 6.21117 8.3722 −18.4568

9 Glass Gr 15 15 250 0.320000 8.40433 9.0133 −19.0977

10 Glass B4C 5 5 750 0.738546 0.55088 8.8085 −18.8980

11 Glass B4C 10 10 250 0.655047 3.67456 13.4139 −22.5511

12 Glass B4C 15 15 500 0.378976 8.42777 20.0989 −26.0634

13 Glass B4C 5 10 750 0.496672 6.07860 12.6309 −22.0287

14 Glass B4C 10 15 250 0.335832 9.47756 16.2165 −24.1992

15 Glass B4C 15 5 500 0.647041 3.78137 9.1930 −19.2692

16 Glass B4C 5 10 750 0.496672 6.07860 12.6309 −22.0287

17 Glass B4C 10 15 250 0.335832 9.47756 16.2165 −24.1992

18 Glass B4C 15 5 500 0.647041 3.78137 9.1930 −19.2692

19 Glass Gr 5 10 250 0.668332 3.50016 8.3324 −18.4154

20 Glass Gr 10 15 500 0.542240 5.31616 5.8437 −15.3338

21 Glass Gr 15 5 750 0.588256 4.60867 1.6550 −4.3760

22 Glass Gr 5 10 500 0.599968 6.02115 5.8437 −15.3338

23 Glass Gr 10 15 750 0.353759 9.02585 3.0400 −9.6574

24 Glass Gr 15 5 250 0.619504 4.15911 2.7745 −8.8636

25 Glass Gr 5 15 500 0.499968 6.02115 7.2057 −17.1536

26 Glass Gr 10 5 750 0.542229 5.31634 1.7763 −4.9903

27 Glass Gr 15 10 250 0.427037 7.39069 3.2315 −10.1882

28 Glass B4C 5 15 500 0.607565 4.61888 8.7690 −18.8590

29 Glass B4C 10 5 750 0.708167 2.99729 3.8958 −11.8120

30 Glass B4C 15 10 250 0.717673 2.88147 6.6875 −16.5052

31 Glass B4C 5 15 750 0.577362 4.77104 7.0325 −16.9423

32 Glass B4C 10 5 250 0.930967 0.06017 3.0745 −9.7555

33 Glass B4C 15 10 500 0.767687 2.29631 5.8437 −15.3338

34 Glass B4C 5 15 250 0.564896 4.96062 9.3357 −19.4030

35 Glass B4C 10 5 500 0.951588 0.43102 2.5542 −8.1453

36 Glass B4C 15 10 750 0.786710 2.08370 6.5399 −16.3114

Fig. 6, when the graphs of the wear rate are examined, it is
determined that forces have the greatest impact on the wear
rate depending on S/N ratios. The sliding distance appears to
have the least impact on the wear rate. Table 8 provides the
graphical representation of S/N ratios for friction coefficient
values based on filler type, filler ratios, load, and sliding dis-
tance, as shown in Fig. 7. When the S/N ratio graph in Fig. 7

is examined and filler types are compared, it is observed that
the friction coefficients of Gr-filled glass fiber composites are
lower than those of B4C-filled glass fiber composites. This
situation is attributed to B4C particles exiting the matrix dur-
ing wear, getting trapped between the pin and the material,
leading to an increase in the friction coefficient.
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Fig. 6 Wear rate graph (mm3/m) depending on Filler, Filler Ratio, Load
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Fig. 7 FrictionCoefficientGraph depending onFiller, FillerRatio, Load
and Sliding Distances

When the effect of the filler type is examined, filler ratios,
force, and sliding distance on the friction coefficient ratios
presented in Table 8, graphical representation in Fig. 7 is
provided. Upon analyzing S/N ratios in Fig. 7, it is evident
that glass fiber-reinforced composites with Gr reinforcement
exhibit lower friction coefficients compared to those with
B4C reinforcement. This may be attributed to B4C particles
exiting the matrix during abrasion, getting trapped between
the pin and the material, leading to an increase in the fric-
tion coefficient. Regarding the influence of the filler ratio,
it is observed that the friction coefficients of both Gr and
B4C-filled composites decrease with increasing filler ratios.
This reduction is attributed to the lubricating property of Gr
particles and the high hardness of B4C particles, causing
the friction coefficients of Gr and B4C-filled composites to
decrease with increasing filler ratios. In Fig. 7, the effect
of the load is examined, and it is observed that the friction
coefficient decreases with an increase in load for both Gr
and B4C. At higher loads, Gr particles separating from the

sample surface create a thin tribo-surface between the sam-
ple and the sliding surface, acting as a lubricant and thereby
assisting in reducing the friction coefficient. This observa-
tion aligns with the findings of Shivamurthy et al.’s study
[47]. In B4C-reinforced composites, the reduction in wear
rate and friction coefficient can be attributed to two main
reasons. Firstly, the increased hardness of the matrix due
to B4C enhances wear resistance. Secondly, during wear,
B4C ceramic particles embedded in the epoxy form a barrier
between the composite and the counterface, thereby reduc-
ing wear [54].Similar studies also confirm this situation [55,
56].Analyzing the effect of the sliding distance, it is observed
that with an increasing sliding distance, the friction coeffi-
cient initially increases and then tends to decrease again.
This phenomenon can be explained by the abrasive steel ball
initially abrading the soft matrix material, followed by the
revealed Gr and B4C reinforcements reducing direct con-
tact between the abrasive pin and the sample, resulting in a
decrease in the friction coefficient. Upon a closer inspection
of the graph in Fig. 7, it is determined that forces have the
greatest impact on the friction coefficient, while the sliding
distance has the least effect on it, as indicated by S/N ratios.

3.4 SEMMorphology

3.4.1 SEMMorphology of Worn Surfaces

SEM images of worn surfaces for Gr and B4C-filled com-
posites under different parameters (reinforcement ratio, load,
and sliding distance) are presented in Fig. 8. When Fig. 8a,
b are examined for Gr-filled composites, it is observed that
increasing Gr filler ratio from 5 to 15% under the same load
and sliding distance results in narrower wear scars and less
exposure to abrasion. The lubricating property of Gr rein-
forcement in abrasion has made the material more resistant
to wear with an increased reinforcement ratio. With higher
Gr reinforcement, fewer pits, cracks, andmatrix fractures are
observed on the worn surface. Previous studies by Suresha
et al. andBasavarajappa et al. noted thatGr filler enhances the
tribological properties of composites [11, 57]. When SEM
images in Fig. 8c, d are examined, it is seen that increas-
ing the load under constant reinforcement ratio and sliding
distance significantly widens the wear track. With increased
load, wear pits become more pronounced, matrix fractures
increase, and the number of voids in thematrix rises, evolving
from a smoother surface to a more damaged one. In Fig. 8e,
f, SEM images indicate that increasing the sliding distance
under constant reinforcement ratio and load intensifies abra-
sion. As the distance increases, fiber abrasion and tearing
lead to the rupture of some fibers in long fiber bundles, caus-
ing more deformation in the matrix layer, and a porous and
cavity-like structure become more pronounced.
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a) 5% Gr 10 N 250 m

b) 15% Gr 10 N 250 m

c) 5% B4C 5 N 250 m

d) 5% B4C 15 N 250 m

e) 10% Gr 10 N 250 m

f) 10% Gr 10 N 750 m

Fig. 8 SEM images of worn surfaces under the influence of reinforce-
ment, load, and sliding distance

a) Non filled GFRC

b) 5% B4C GFRC

c) 10% B4C GFRC

d) 15% B4C GFRC

e) 5% Gr GFRC

f) 10% Gr GFRC

Fig. 9 SEM images of fractured surfaces after tensile testing under the
influence of reinforcement, load, and sliding distance
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3.4.2 SEMMorphology of Fractured Surfaces

SEM images of fracture surfaces of filled and unfilled GFRC
are shown in Fig. 9. When the fracture section morphologies
of GFRC are examined, it is observed in Fig. 9a that the
adhesion between thematrix and the fibers is better in unfilled
composites. With the addition of fillers and an increase in
filler ratio, the adhesion between matrix-filler and matrix-
fiber decreases progressively. The matrix fails to wet both
the fibers and filler particles, resulting in an increase in voids
in the fracture section and a subsequent decrease in load-
carrying capacity (Fig. 9b–d).

The most crucial parameter in filler addition is the homo-
geneous distribution and dispersion of the filler within the
matrix, leading to an increase in the load-carrying capacity of
the composite.As seen in Fig. 9c–f, filler particles accumulate
at certain points on the fiber. In their study, Shivamurthy et al.
found that the addition of 3%Grfiller toGFRC increased ten-
sile strength. However, when this ratio was exceeded, tensile
strength started to decrease, as observed in both SEM images
and tensile test results [47].

3.5 Evaluation of the Thrust Forces

Through-hole drilling was carried out on GFRC samples
at 5%, 10% and 15% Gr and B4C filler rates at 4 differ-
ent feed rates and 4 different cutting speeds. The thrust
forces obtained during drilling of unfilled, Gr and B4C filled,
GFRCs at different cutting parameters are given in Figs. 10.
When the thrust force graphs in Fig. 10 are examined, it is
seen that the thrust forces decrease when the cutting speed
increases. This result is parallel to the literature [58]. When
the cutting speed increases, the temperature in the cutting
zone will increase. This will contribute to the softening of the
material and help reduce thrust forces bymaking drilling eas-
ier. When the feed force graphs obtained in drilling unfilled,
Gr and B4C filled, GFRCs obtained under different cut-
ting parameters were examined, it was determined from the
graphs in Fig. 10 that the thrust forces increased with the
increase of the feed rate. This is similar to studies conducted
in the literature [19, 59]. Increasing the feed rate increases
the load on the drill by increasing the chip removal volume
removed per unit time, and at the same time, increasing fric-
tion and chip jamming during feed causes the thrust forces
to increase. When the graphs in Fig. 10 are examined, it is
observed that the lowest thrust force is obtained at the cutting
parameters V4� 50m/min and f1� 0.025mm/rev, while the
highest thrust force value is obtained at V1� 6.25m/min and
f4 � 0.2 mm/rev. The thrust force change graphs obtained
depending on different cutting and feed speeds of Gr and
B4C filled GFRCs are given in Fig. 10. When the graphs in
Fig. 10 are examined, it is seen that the thrust forces obtained
in drilling B4C filledGFRCs are higher compared to Gr filled

GFRCs. The reason for this is that the B4C ceramic filler
material has a very high hardness, causing the drill to become
more difficult during drilling, resulting in higher feed forces.
The fact that the Gr filler is softer compared to the B4C filled
material ensures that the feed forces are lower during drilling.
In addition, the lubricating properties of Gr also contributed
to the low forces [26, 51].

The trust force change graphs obtained depending on dif-
ferent cutting speeds and feed rates of unfilled and B4C filled
GFRC are given in Fig. 10. When the graphs in Fig. 10 are
examined, it is determined thatB4Cfillingmaterial andfilling
ratio increase the trust forces at significant rates. Increasing
the B4C filling ratio increased the hardness of the composite
material, causing the trust forces to increase remarkably.

3.6 Evaluation of Vibration andMoments

The highest trust forces were obtained for the vibration
and moment values measured during the drilling of glass
fiber reinforced samples at 5%, 10% and 15% B4C and Gr
filler ratios (V1 � 6.25 m/min and f4 � 0.2 mm/rev). And
the measurements at the cutting parameters where the low-
est trust forces were obtained (V4 � 50 m/min and f1 �
0.025 mm/rev) were taken as reference. Because the mea-
sured vibration and moment values were very close to each
other, and they were evaluated by taking into account the
measurements of the cutting parameters where the highest
and lowest trust forces were obtained. Vibration and moment
values obtained depending on different cutting speeds and
feed rates of glass fiber reinforced epoxy composites at 5%,
10% and 15% Gr and B4C filler ratios are given in Table 9.
When the vibration and moment values in Table 9 are exam-
ined, it is seen that there is no significant difference between
the vibration and moment values of glass fiber reinforced
epoxy composites, depending on the changing machining
parameters. When both vibration and moment values of
GFRCs depending on the filling type are examined in Table 8,
it is determined that both vibration and moment values of
B4C composite materials were higher than both vibration
and moment values of Gr composite materials. This can be
explained by the fact that both vibration and moment values
occurring during drilling are higher because GFRCs with
B4C filler ratio are harder than GFRCs with Gr filler ratio.

3.7 Evaluation of DelaminationMeasurements

Delamination measurements were carried out after the
through-hole drilling process of GFRCs at 5%, 10% and 15%
Gr andB4Cfiller ratios at 4 different feed rates and 4 different
cutting speeds. Delamination were measured from the hole
exit.Delamination values obtained during drilling of unfilled,
Gr and B4C filled GFRCs at different cutting parameters are
given in Fig. 11. When the delamination graphs in Fig. 11
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Fig. 10 Change of thrust forces obtained depending on the feed rate of unfilled, Gr and B4C-filled GFRCs at different cutting speeds
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Table 9 Vibration and moment values of GFRCs

Cutting parameters Material type Moment Vibration

V1 � 6.25 m/min
and f4 �
0.2 mm/rev

Unfilled 1.163 0.085459

V4 � 50 m/min and
f1 � 0.025 mm/rev

0.22 0.085210

V1 � 6.25 m/min
and f4 �
0.2 mm/rev

Glass 5% Gr 1.18 0.085275

V4 � 50 m/min and
f1 � 0.025 mm/rev

0.24 0.085130

V1 � 6.25 m/min
and f4 �
0.2 mm/rev

Glass 10% Gr 1.28 0.085311

V4 � 50 m/min and
f1 � 0.025 mm/rev

0.29 0.085180

V1 � 6.25 m/min
and f4 �
0.2 mm/rev

Glass 15% Gr 1.43 0.086321

V4 � 50 m/min and
f1 � 0.025 mm/rev

0.41 0.086105

V1 � 6.25 m/min
and f4 �
0.2 mm/rev

Glass 5% B4C 2.69 0.087051

V4 � 50 m/min and
f1 � 0.025 mm/rev

0.89 0.864450

V1 � 6.25 m/min
and f4 �
0.2 mm/rev

Glass 10% B4C 2.96 0.087190

V4 � 50 m/min and
f1 � 0.025 mm/rev

0.37 0.086589

V1 � 6.25 m/min
and f4 �
0.2 mm/rev

Glass 15% B4C 3.42 0.087349

V4 � 50 m/min and
f1 � 0.025 mm/rev

0.65 0.086788

are examined, it is seen that delamination values increase
when the cutting speed increases. The findings are consis-
tent with the literature [60, 61]. Increasing temperature due
to friction at high cutting speeds reduces the matrix tough-
ness, causing the hole diameter to increase and as a result,
delamination values also increase. When the delamination
graphs obtained in the drilling of unfilled, Gr and B4C filled
GFRCs obtained at different cutting parameters are exam-
ined, it is determined from the graphs in Fig. 11 that the
delamination values decreased with the increase of the feed
rate. This is similar to studies conducted in the literature [62,
63]. Increasing the drilling time at low feed rates causes high
friction between the cutting tool and the composite material,
which generates more heat in the drilling area. In this case,
it is thought to have a negative effect on delamination due

to the increase in thermal damage at the hole exit. There-
fore, increasing the feed rate causes the delamination values
to decrease. When the graphs in Fig. 11 are examined, in
GFRCs, the lowest delamination values are obtained at the
cutting parameters V1 � 6.25 m/min and f4 � 0.2 mm/rev,
while the highest delamination values are obtained at V4 �
50 m/min and f1 � 0.025 mm/rev. The change graphs of
delamination values obtained depending on different cutting
and feed rates for unfilled and Gr-filled GFRCs are given in
Fig. 11. The reason for this is due to the lubricating proper-
ties of Gr contained in Gr reinforced composites. The change
graphs of delamination values obtained depending on differ-
ent cutting and feed rates for unfilled and B4C filled GFRCs
are given in Fig. 11.When the graphs in Fig. 11 are examined,
it is observed that delamination values in 5%, 10% and 15%
B4C filled GFRCs are lower than unfilled glass. It was deter-
mined that B4C filling material and filling ratio reduced the
delamination values (Fig. 11). Increasing the filling material
and filling ratio helped to reduce the delamination values by
increasing the hardness of the produced composite.When Gr
and B4C filled GFRCs are compared, it is determined that
the delamination values of B4C filled GFRCs are generally
higher than the delamination values of Gr filled GFRCs. The
fact that B4C is harder than Gr caused higher delamination
values.

4 Conclusıons

In this study, B4C and Gr filled GFRCs were produced. The
mechanical, tribological and drilling performances of the
produced composite samples were investigated.The results
obtained are listed below.

• The addition of 15% Gr to unfilled GFRC reduced the
tensile strength of the composite from 363 to 173 MPa.
Both B4C and Gr fillers reduced the tensile strength of
GFRCs. The tensile strength was obtained as 194 MPa at
15% B4C filler ratio. The flexural strength increased in
both Gr and B4C filler types up to 10% filler ratio in glass
fiber reinforced composites. At 15% filler rates, flexural
strength started to decrease for both filler types.

• Gr filler improved thewear resistancemore thanB4Cfiller.
Increasing the filler rate by 10% reduced the wear rate,
while 15% filler rate increased it slightly. It was observed
that the wear rate increased with increasing load. Increas-
ing both the filler ratio and load in GFRCs reduced the
friction coefficient.

• SEM images revealed that with increasing filler rate, the
wear marks narrowed and the composite material surface
wore less. Matrix debris and fiber cracks increased with
increasing loads. Surface deformation, cavities and cracks
were lesser at low sliding distances.
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Fig. 11 Change of delamination values obtained depending on the feed rate of unfilled, Gr and B4C-filled GFRCs at different cutting speeds
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• GFRCs, feed forces increased depending on the increase
in feed speed, and decreased due to the increase in cut-
ting speed. While Gr filling did not provide a significant
increase in the thrust forces, B4C filler provided a signifi-
cant increase.

• Delamination values in GFRCs decreased with increas-
ing feed rate and increased with increasing cutting speed.
Delamination values decreased with increasing Gr filling
in GFRCs. In B4C filled GFRCs, the lowest delamination
values were obtained at 10% B4C filling ratio.

• There was no significant difference between the vibration
and moment values of GFRCs, depending on the changing
machining parameters. The vibration and moment values
of B4C filled GFRCs were higher than the values obtained
in Gr filled GFRCs.

• The Taguchi experimental design used for wear experi-
ments made a significant contribution in terms of both
cost and time by determining the relationship between all
parameters with a smaller number of experiments to cover
all parameters. Depending on S/N ratios, it was determined
that the forces had the greatest effect on the wear rate and
friction coefficient, and the sliding distance had the least
effect.

Acknowledgements The authors would like to thank Batman Uni-
versity BAP unit (Project numbered BTÜBAP-2021-YL-020) for
providing all kinds of contributions and support in the realization of
this experimental study.

Funding Open access funding provided by the Scientific and Techno-
logical Research Council of Türkiye (TÜBİTAK).
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