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Abstract

S2-glass fiber reinforced plastics (S2-GFRP) and basalt fiber reinforced plastics

(BFRP) have emerged as crucial materials due to their exceptional mechanical

properties, and milling of composite materials plays an important role in achiev-

ing desired properties. However, they have proven challenges due to relative inho-

mogeneity compared with metals, resulting unpredictability in quality of milling

operations. The objective of this work is to investigate the effect of cutting parame-

ters, tool geometry and tool surface materials on the surface quality of composites

using burrs as a metric. S2-GFRP and BFRP composites were produced by the

vacuum infusion method. Helical and straight flute end mills were manufactured

from high-speed steel (HSS) and carbide rounds, and half of them were coated

with titanium nitride using reactive magnetron sputtering technique. Taguchi L18

orthogonal array is used to determine the effect of tool material, tool angle, coat-

ing, cutting direction, spindle speed, and feed rate on the machining quality of

S2-GFRPs and BFRPs with respect to burr formations. Milling experiments were

conducted under dry conditions and then the burrs were imaged to calculate the

total area and length. Statistical analysis was also performed to optimize the

machining parameters and tool type for ensuring the structural integrity and per-

formance of the final composite parts. The results showed that the selection of tool

material has the most significant impact on the burr area and length of the

machined surface. The novel image analysis allows to analyze the extent of the

burr size with a desirable operation speed for industrial applications.

Highlights

• Aerospace grade S2-Glass (S2-GFRP) and basalt fiber reinforced plastics

(BFRP) were manufactured.

• Carbide and HSS end mills were fabricated and coated with titanium nitride

protective layer.

• FRPs were machined at various process parameters designed by Taguchi method.

• Distinctive image processing was firstly used to compute milling induced

Burr area and length.
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• Statistical analysis was performed to quantify the contribution of parameters

and optimize milling.
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1 | INTRODUCTION

Fiber reinforced polymers (FRPs) along with thermoset
polymers are emerging materials for achieving high
mechanical and structural properties, high strength-
to-weight ratio, low specific gravity, versatility, and con-
trollable anisotropy, and thermoset polymers such as
epoxy resin are receiving considerable attention as a
matrix for FRP in the recent composite literature.1,2 Glass
fiber reinforced plastics (GFRP) are one of the most impor-
tant types of FRP and expected to have the largest volume
and value in the composite market by 2025.3 Among the
glass fiber reinforced plastics, S2-glass reinforced plastic
(S2-GFRP) is renowned for its exceptional tensile strength,
low density, high gamma radiation resistance, and high
chemical stability and impact strength.4,5 On the other
hand, basalt fiber reinforced plastics (BFRP) find utility in
fire-resistant textiles, reinforced concrete structures, and
ballistic protection applications with their exceptional
resistance to heat, mechanical robustness, high failure
strain and corrosion resilience. Both composite materials
have applications in the aerospace, automotive, and aero-
nautical sectors.3,6,7 Researches on fibers suggested that
basalt fibers have similar mechanical properties with glass
fibers, with continuous basalt fibers possessing comparable
strength to glass fibers,8,9 yet their machinability can vary
significantly due to the different structures and composi-
tions of the fibers.

Milling of S2-GFRP and BFRP is an important process
that impacts the final properties and performance of
these materials. Main purpose of milling process for fiber
reinforced plastic is to shape and surface finish.10 The
cases where composite parts are manufactured near-net
shape, often requiring postprocessing to remove excess
material. Milling is used to fine-tune the final product
due to its high precision.11 Optimization of milling pro-
cess in a cost-effective fashion allows to improve avail-
ability of the composites.12

Machining of composite materials often results with
formation of delamination. Detection of the delamina-
tion is important since the damage to the composites is
accumulated rather than an instant failure in case the
initial damage criteria have exceeded.13,14 Colligan and
Ramulu15 documented three types of delamination

modes: Type I delamination refers to damage in a form
of tear on the surface with uncut fibers, Type II delami-
nation, also referred as “burr” suggests an uncut fiber
with no damage done to the base material, and Type III
delamination suggests “fuzzy” attachment of fibers to
machined surface.15,16 In literature, Type I delamination
is widely discussed since it has a direct effect on the
fatigue life of the composite, can directly lead to
through-the-thickness failure, reducing the material's
overall strength due to the internal damage to fibers
and/or composite structure, and causes sub-optimal
assembly tolerance.17–20 Drilling-induced Type I delami-
nation is reported to result 60% of all part rejection in
aircraft industry.21 Research on Type II delamination is
notably less extensive than that on Type I. It is possible
to remove Type II delamination, along with the excess
section of Type I delamination with edge trimming or
grinding to ensure surface finish for high-precision
applications. However, it brings another set of chal-
lenges, increasing the probability of permanent damage
on the composite.22,23

Due to their heterogeneity, GFRP composites present
a set of complicated challenges.24 The understanding of
geometrical (i.e., rake angle and helix angle) and cutting
parameters (i.e., cutting speed and feed rate) is crucial for
optimizing the machining process of the composite mate-
rials.25 Evidently, the effectiveness of milling is depen-
dent on the surface quality, tool life, cutting forces, and
temperatures.16,26 Glass fiber-reinforced composites have
been investigated for the machinability of these materials
to understand the milling performance and its effects on
surface finish and tool wear.27 Machining parameters
such as cutting speed, feed rate, metal removal depth,
and cutting tool surface properties are important factors
affecting tool performance in the machining of compos-
ites. Sarma et al.17 investigated the effect of cutting speed
and cutting depth to cutting strength in GFRP tubes with
cubic boron nitride tools using a lathe. The research
group experimented the combinations of feed rate of
0.048, 0.096, 0.143 0.191, and 0.238 mm/rev with spindle
speed of 54, 82, 126, 194, and 302 m/min, and concluded
that low feed rate and high cutting speed. Hocheng
et al.18 examined the effects of tool geometry high-speed
steel (HSS) drill bits of 10 mm diameter to delamination
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of carbon fiber reinforced composites. Among twist, saw,
candle stick, core and step drills, research group sug-
gested that step drill is suitable for highest feed rate oper-
ations with minimal delamination. Jenarthanan et al.19

suggested a mathematical model for milling induced
damage analysis in GFRPs. Among the combinations of
cutting speed of 50, 100, and 150 m/min and feed rate
of 0.10, 0.15, and 0.20, the group concluded that feed rate
significantly increases delamination factor while cutting
speed has little effect on it. Kilickap20 studied drilling
parameters on GFRP with cutting speed of 10, 15, and
20 m/min with feed rate of 0.1, 0.2, and 0.3 mm/rev using
a 5 mm cemented carbide tool. The researcher suggested
that delamination around the hole increases with both
cutting speed and feed rate.

Ekici et al.28 proposed an image processing approach
for calculating the area of uncut fibers around the drilled
holes for carbon-fiber/aluminum composites. The
researchers used a multi-mapped image processing model
(MMIPM) in MATLAB in order to profile the uncut fibers.
The researchers aimed to enhance the precision of the
hole drilling process. Venkateshwaran and Elaayaperu-
mal29 utilized an image analysis method of C-scan on
banana fiber/epoxy composites, which utilizes the sound
waves to visualize the damage during the machining. The
researchers have used the spindle speed values of
500, 1000, 1500, and 2000 mm/min and feed rate values of
0.1, 0.2, and 0.3 mm/rev, and concluded that increased
spindle speed and feed rate resulted in increased delami-
nation factor. Hrechuk et al.30 introduced an image analy-
sis algorithm in order to measure the uncut fibers in
drilled holes and rank them according to the area of uncut
fibers. Their research contributes to the improvement of
hole quality of composites by investigating the uncut fibers
from carbon fiber-reinforced polymers (CFRP).

Milling direction is also another important parameter
and significantly influences the machining quality of the
composite parts. Conventional milling involves the rota-
tion of the tool in a direction opposing the feed motion,
resulting in intermittent cutting, and increasing the sur-
face roughness. Research suggests that conventional mill-
ing with a 6 mm 4 flutes carbide tool, results with greater
surface roughness on horizontal milling compared with
climb milling, while climb milling has shown better
results for inclined surfaces on carbon fiber reinforced
composites.26 On the other hand, climb milling, charac-
terized by the rotation of the tool in the same direction as
the feed motion, can sometimes lead to more vibration
on the workpiece and material deformation.31

Rao et al.32 suggested that for the milling process posi-
tion of fiber failure in the form of chips can be predicted in
unidirectional-fiber reinforced polymers using finite ele-
ment analysis. Azmi et al.33 discussed the effects of feed rate
and cutting speed during machining to tool life of uncoated

cemented carbide tools. The research group concluded that
cutting speed is the dominant factor of tool life, also sug-
gested that the uncut fibers affected the tool wear signifi-
cantly. Yardimeden34 analyzed the effect of cutting speed
feed rate and tool radius of cemented carbide tools to sur-
face roughness on E-glass FRP. The author confirmed that
high cutting speed and low feed rate results with optimum
surface finish, and increased tool radius decreases surface
roughness. Sait et al.35 implemented the desirability analysis
of Taguchi method with the parameters of flank and crater
wear, machining force and surface roughness. Research
group suggested that low feed rate and moderate cutting
velocity resulted in the optimum machining parameters for
hand layup GFRP while moderate feed rate and cutting
velocity is optimum for filament wound GFRPs.

Surface coatings are one of the most effective ways to
improve tool surface properties.36–38 Knap et al.39 suggested
that thickness and type of coating, in their case UNICO and
CrN coating, has significant effect on surface roughness
during the milling of GFRP. Among the chemical vapor
deposition (CVD) and physical vapor deposition (PVD)
techniques used in this field, titanium-based coating types
obtained by magnetically induced sputtering method stand
out with their mechanical and tribological properties.40–44

In composite machining, tools coated with the CVD
method reveal higher cutting forces than tools coated with
the PVD method, and PVD tools show better smooth cut-
ting ability. Considering the abrasive effect of fibers and
contact loads, tool quality and selection are very impor-
tant.45 Titanium-based coating types that increase tool per-
formance serve the desired machining quality under
machining conditions.36,42,46,47 In the harsh machining con-
ditions of composites, the tool material must combine high
hardness and high toughness.45 Therefore, TiN thin films
are widely used with their advantages in machining.43 Stud-
ies involving composite milling uses surface roughness as a
parameter for surface quality, and research on burr forma-
tion predominantly focuses on drilling process. There is still
a lack of research that involves optimization of burr forma-
tion with image analysis for milling operations.

This study undertakes the task of evaluating milling
quality in both S2-GFRP and BFRP, employing a novel
methodology centered around “burr,” Type II and external
sections of Type I delamination, using image analysis to
compute the total area and maximum burr length for the
first time in the literature for milling process. The aim of
this academic endeavor is to determine the effect of
machining parameters, such as spindle speed, feed rate,
tool material, tool geometry, and tool coating on the burr
area and burr length for milling operations in order to
reduce the negative effects of uncut fibers. The presented
burr analysis allows the quantification of the cumulative
burr area and length resulting from the milling processes,
serving as a quantitative measure for evaluating
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machining quality. Additionally, it involves analyzing the
burrs formed during the machining of these composites
under dry cutting conditions using both uncoated and tita-
nium nitride (TiN)-coated end mills, with a focus on opti-
mizing machining parameters and types of the cutting
tool. By increasing the available knowledge of S2-GFRP
and BFRP materials in the literature, an increase in the
usage of those materials in the industry is expected.

2 | MATERIALS AND METHODS

BFRP and S2-GFRP plates were produced using the vac-
uum infusion method. Helical and straight flute tungsten
carbide and HSS end mills were manufactured, and three
of the tools were coated with a protective layer. Cutting
tests were then conducted under dry condition to study
the effect of cutting geometry and surface condition on the
machining quality of composite structures. Image analysis
was also carried out using ImageJ software to quantify the
damage area and optimize the milling process.

2.1 | Fabrication of and characterization
composite plates

The vacuum infusion method was used to produce both
S2-GFRP and BFRP. Within the recommended range for
delamination observation, the thickness of the plate was set
to be approximately 3.6 and 2.7 mm for BFRP and
S2-GFRP, respectively. The fibers and consumable layers
consisting of the peel ply, vacuum bag, release layer, and
resin flow mesh layer, are cut into desired sizes. The entire
system is put under a vacuum and covered by the vacuum
bag. The previously prepared resin is sucked into the system
from the opposite side of the vacuum. Prior to impregnation
of fiber with resin, a leak test was performed by monitoring
the manometer attached to bagged system for 10 min after
the pump turned off the air intake. Once airtightness is
achieved, the raw epoxy (Sika Biresin CR122) is mixed with
the hardener (Sika Biresin CR122-5) in 100:30 weight ratios.
To purify the mixture from air, it is placed in a closed con-
tainer and the air is vacuumed with a vacuum pump. After
the mixture is degassed for 10 min, it is placed in a

container and the end of the pipe is placed in it. The alumi-
num plate of the infusion table is then heated to approxi-
mately 90�C and held at this level for 18 h for both fiber
composites to achieve proper curing. After the system was
cooled down to room temperature, the composite material
was ready to be processed. The simple-weave fibers are
stacked such that the weave pattern of each layer aligned
perfectly with the layer below, ensuring precise registration
and uniformity for the composite materials. Properties of
fibers are shown in Table 1. Mechanical properties of the
produced composite plates, such as Young's modulus and
tensile strength are determined with a servo-hydraulic ten-
sion/compression/fatigue test machine (Instron 8801).
Diameters of the S2-glass and basalt fibers were measured
on the optical microscope (ZEISS Axio Imager 2). The
material and mechanical properties of S2-GFRP and BFRP
composite plates are listed in Table 1. Burn-out tests are
conducted based on the ASTM D2584 standard to deter-
mine the fiber volume fraction according to:

Vf ¼ ρm �wf

ρm �wf þρf �wm

" #
, ð1Þ

where ρm and ρf are the density, wm and wf are weights
of the matrix and fibers, respectively, in S2-GFRP and
BFRP composite plates. Burn-out tests are repeated three
times to ensure consistency. For basalt samples, the vol-
ume fraction values were 48%, 47%, and 46% while for
S2-GFRP samples, it is 58%, 61%, and 58%. The average
of the values is noted in Table 1.

2.2 | Manufacturing and coating of
end mills

The experimental methodology revolves around three prin-
cipal tools: The helical HSS tool, characterized by a 10 mm
HSS DIN327 milling tool featuring a rake angle of 12� and
a cutting angle of 25�, the straight carbide tool, a carbide
tool with a cutting angle of 0� and the Helical carbide tool,
machined to mimic the properties of the helical HSS tool,
thereby retaining identical angular specifications. Detailed
depictions of these tools can be seen in Figure 1. The

TABLE 1 Material and mechanical properties of S2-glass fiber reinforced plastics (S2-GFRP) and basalt fiber reinforced plastics (BFRP)

composite plates.

Material
Young's
modulus (GPa)

Tensile
strength (MPa)

Fiber
diameter (μm)

Layers
of fibers

Fabric
GSM

Weave
type

Fiber volume
fraction

BFRP 18.88 487 10 22 220 Plain 47%

S2-GFRP 19.87 588 11 4 800 Plain 59%

SAYIN ET AL. 15143
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helical HSS tool was bought from an external supplier.
The end mills were geometrically characterized and fabri-
cated in a CNC grinding machine. Raw materials for car-
bide tools were supplied from Boehlerit48 and consist of
94 wt% tungsten carbide and 6 wt% cobalt with a Vicker's
hardness of 1825 in HV30 standards.

TiN thin films were deposited onto the cutting tools
used in milling operations by the reactive magnetron
sputtering technique. The deposition and characteriza-
tion processes of thin TiN films are illustrated schemati-
cally in Figure 2. Before the coating process, the cutting
tools and the samples used in the analysis were cleaned
in an ultrasonic bath containing acetone and alcohol for
5 min each. A 650 by 110 mm titanium target with a
99.99% purity was used in the coating process. TiN thin
films were deposited using an asymmetric bipolar DC
power supply. The nitrogen gas flow rate was automati-
cally controlled via optical emission spectroscopy (OES)

FIGURE 2 TiN thin film deposition and the schematics of characterization. AFM, atomic force microscopy; EDX, energy dispersive

x-ray spectroscopy; SEM, scanning electron microscopy; XRD, x-ray diffraction.

FIGURE 1 (A) Helical carbide, (B) helical high-speed steel,

and (C) straight carbide tools used in the milling of composites.

15144 SAYIN ET AL.
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and set to 50%. OES enabled the argon/nitrogen gas ratio
to be controlled to achieve the desired plasma density at
a specific wavelength.49

During the deposition process, bias voltage was
provided to the substrates using a second DC source.
First, the target and then the substrates were cleaned
in plasma medium. Before the nitride coating, an
intermediate metallic layer (Ti) was deposited to
increase adhesion and create a compatible interface
between the tool material and coating. During the
procedure, the substrates were passed in front of the
target at a controlled rotational speed. Table 2 lists
the deposition parameters of the TiN coating
obtained in this study.

Analyzes were performed to reveal the structure
and properties of the obtained TiN thin films. The sur-
face morphology and microstructure of TiN thin films
were examined by scanning electron microscope (SEM)
at various magnifications, and their elemental compo-
sition was determined by energy dispersive x-ray spec-
troscopy (EDX). X-ray diffraction (XRD) analysis was
performed for the crystal structure and orientations,
and the surface topography and nanoscale roughness
of the films were determined by atomic force micros-
copy (AFM). To determine the mechanical properties
of TiN thin films, their hardness was measured using
the CSEM nanohardness device.

2.3 | Experimental setup and design

A 40 � 70 mm samples were machined on a three axis
CNC mill (Hannsa YL1000B) to form the plates. They
were then labeled with numbers from 1 to 54. One side
of the samples was machined by conventional milling
and the other side by climb milling. The side that is
machined by conventional milling is shown with an
arrow pointing toward that side of the rectangular
piece for the sake of discernibility. To provide a con-
stant width of cut, samples were machined from all
sides with a 6 mm coated pyramid carbide end mill
(DIN6535 HA type nACo) with a cutting depth of

1.5 mm, spindle speed of 1000 rpm and feed rate of
0.1 mm/rev. Every sample was machined with conven-
tional and climb milling methods, from each long side
of the rectangular sample. A visual regarding the cut-
ting directions is provided in Figure 3. Samples
machined with three different tools with a cutting
width of 2.5 mm. The experimental setup can be seen
in Figure 3.

During the edge milling of BFRP and S2-GFRP sam-
ples, different machining variables are tested to deter-
mine the optimum values. These variables include
cutting speed, feed rate, drilling bit type, and coating
are listed in Table 3.

2.4 | Taguchi method

Taguchi method assumes that the signal-to-noise (S/N)
ratio of a set of data where signal is desired and noise is
not desired, it is possible to determine the individual
effects of parameters on the outcome. Taguchi analysis
gives the output in the form of delta value, which is the
difference in best and worst results to see the improve-
ment with the optimized parameters. The value of burr
area also holds a crucial part of the analysis. Taguchi
design implements different variations of equations
whether the outcome for the value of signal-to noise ratio
is optimal when it is large, small, or nominal. Since smal-
ler burr area and length are desired in the analysis,
smaller is better formulation is applied to the data, which
is shown in Equation (1).

S
NLB

¼�10log10
1
r

Xr

i¼1
R2
i

� �
: ð2Þ

In the Taguchi analysis for machining S2-GFRP and
BFRP, factors such as cutting speed, feed rate, milling

TABLE 2 Sputtering parameters for titanium nitride coating of

end mills.

Parameters Values

Target power (W) 4000

Bias (�V) 80

Ar flow (sccm) 20

N2 flow (sccm) 8

Working Pressure (mTorr) 2

FIGURE 3 Experimental setup.
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tool type, and coating were varied at various levels to
study their effects on cutting performance. The cutting
speed levels were low (500 rpm), medium (1000 rpm),
and high (1500 rpm), while feed rate levels were set at
low (0.050 mm/rev), medium (0.100 mm/rev), and high
(0.150 mm/rev). Since it is a novel analysis, levels are
selected to cover a wider range of cutting speed and feed
rate combinations compared with the literature. Three
tool types (helical HSS, straight flute carbide, and helical
carbide) were used at varying levels. Coating was applied
at two levels: coated and uncoated. The experiments were
designed using a Taguchi L18 orthogonal array (Table 4),
which allowed for the reduction of the total number of
experiments to 18 while ensuring a comprehensive explo-
ration of the parameter space. Material removal rate
(MRR) for the experiments is calculated for both mate-
rials and listed in Table 4. Analysis of the results

including the burr area will provide insights into the opti-
mal machining conditions for these composites. The
results will be combined with an analysis of variance
(ANOVA) for individual significance of parameters.

Each experiment was meticulously conducted three
times with precisely identical parameters to ensure the
consistency and reliability of the results. Notably, no
damage or cracks were observed on the milling tools at
the macro scale, indicating their durability and suitability
for the machining process. To facilitate clear identifica-
tion and comparison, one side of the composite samples
was machined using conventional milling techniques,
while the other side was machined using climb milling.
These sides were marked with test numbers and an arrow
pointing to the side machined by conventional milling,
enhancing the discernibility of the machining methods
employed.

TABLE 3 Factors and levels in the

experimental tests.
Parameters Level 1 Level 2 Level 3

Tool surface Uncoated Coated -

Tool type Helical carbide Straight carbide Helical HSS

Cutting speed (rev/min) 500 1000 1500

Feed (mm/rev) 0.050 0.100 0.150

TABLE 4 Taguchi L18 design and corresponding material removal rates.

Test no. Tool surface Tool type Spindle speed Feed rate

MRR (mm3/min)

S2-GFRP BFRP

1 1 1 1 1 169 225

2 1 1 2 2 675 900

3 1 1 3 3 1519 2026

4 1 2 1 1 169 225

5 1 2 2 2 675 900

6 1 2 3 3 1519 2026

7 1 3 1 2 338 450

8 1 3 2 3 1013 1350

9 1 3 3 1 506 676

10 2 1 1 3 506 676

11 2 1 2 1 338 450

12 2 1 3 2 1013 1350

13 2 2 1 2 338 450

14 2 2 2 3 1013 1350

15 2 2 3 1 506 676

16 2 3 1 3 506 676

17 2 3 2 1 338 450

18 2 3 3 2 1013 1350

Abbreviations: BFRP, basalt fiber reinforced plastics; S2-GFRP, S2-glass fiber reinforced plastics.
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2.5 | Burr analysis

The machined samples were examined under a camera
(Sony IMX355) with a 28 mm lens, and images are taken
to determine the extent of fiber length and total burr
area. The images are then converted into 32 bit and color
threshold is set manually in order to separate the burrs
from the main body of composite plates as shown in
Figure 4. The acquired images were then used to measure
the area of the protruding fibers using the ImageJ pro-
gram.50 The program uses the contrast difference
between the burr and the base material to accurately
measure the burr area. A predetermined rectangular
shape, with a set distance of 5 mm from the edges, is
adjusted to fit the edge of the sample and cover the burrs.
The shape is adjusted to cover the entire area of fringes
perpendicular to the base. The program analyzes the par-
ticles that have lighter colors and calculates the area frac-
tion of colored particles in the selected polygonal area as
shown in Figure 4.

2.6 | Desirability analysis

A desirability analysis is conducted to calculate a desirabil-
ity index to discuss the effect of MRR and burr area.
Milling parameter combinations with low spindle speed
and feed rate may be beneficial for burr area and burr
length. However, the practical application of composite
milling in the industry requires the process to be fast as it
is effective in order to gain an advantage in the competitive
environment. Therefore, MRR is used as a parameter that
refers to the speed of the operation. High MRR and low
burr area is desired since faster machining with similar
burr area saves time from the operations without
compromising the burr area. Desirability index calculated

separately for MRR and burr area starting by normalization
of data. Desired normalization values can be calculated as:

dMRR ¼ x�min Xð Þ
max Xð Þ�min Xð Þ , ð3Þ

dburr ¼ 1� x�min Xð Þ
max Xð Þ�min Xð Þ , ð4Þ

where x represents the data for MRR and burr area,
min Xð Þ and max Xð Þ represents minimum and maximum
value of chosen dataset, respectively. Composite desir-
ability is calculated as:

D¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dburr �dMRRð Þ

p
: ð5Þ

In this analysis, desirability of MRR and burr area is
equally weighted thus implies that the significance of
high MRR and low burr area is equal.

3 | RESULTS AND DISCUSSION

In this section, the results of the experimental investiga-
tion on BFRP and S2-GFRP are presented. The results are
organized according to three key aspects explored in the
study, which are the coating characterization, area, and
length analysis of burrs with ImageJ, and Taguchi analy-
sis based on the machining parameters.

3.1 | Characterization of coated
thin films

The properties of TiN thin films produced by reactive
magnetron sputtering technique depend on the

FIGURE 4 (A) S2-glass

fiber reinforced plastics and

(B) basalt fiber reinforced

plastics samples converted into

colored burrs after the milling

operations.
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deposition process parameters, such as target power,
reactive gas ratio, and working gas pressure.49 Control-
ling the deposition parameters allows customization of
the thin film microstructure and properties. In this study,
the microstructure, grain size, and crystal structures of
the TiN films obtained depending on the selected process
parameters were characterized.

Figure 5 shows the microstructure and surface mor-
phology of the TiN coating layer. SEM images taken at
different magnifications highlight TiN coatings on WC-
10%Co and HSS-E substrates. The TiN film on the WC-
10%Co substrate reveals a highly dense, uniform
cauliflower-shaped structure (Figure 5A). It has high
integrity, free of discontinuities on the entire surface. The
magnetron sputtering method allows obtaining very thin,
dense TiN microstructures.49 On the HSS-E substrate
(Figure 5B), the TiN coating surface has high homogene-
ity, although it exhibits visible grain boundaries, pores,
and voids compared with carbide substrates. The
presence of nitrogen and titanium detected in the EDX
analysis confirms the formation of TiN coating with the
determined N and Ti atomic composition values. The
N/Ti ratio in the film shows an increasing trend with
the increase of the N2/Ar ratio. At the same time, lower
N2/Ar ratio is effective both on orientation and in obtain-
ing denser microstructures.43

XRD patterns of TiN thin films were analyzed with
TiN (111), (200), and (220) planes exhibiting the most
intense peaks. The analysis results (JCPDS-ICOD:
38-1420), which can be seen in Figure 6, confirmed the
compatibility with TiN. In particular, the TiN(111) ori-
entation at an angle value of 2θ 36.280 emerged as the
dominant peak in thin films deposited by sputtering in
a DC magnetic field.51–53 The second strong peak was
in the (200) direction at 2θ 42.590 angle value, and

these strong peaks showed that the TiN coating mainly
grew in the (111) and (200) directions and had a crystal
structure. As seen in Figure 6, TiN(111) orientation on
different substrates revealed similar peak feature, con-
sistent with the literature.51 The weaker peaks in the
TiN coating are observed at the (200) plane and (311)
plane, respectively.

Average crystallite size (Figure 7A) was determined
using the Scherrer formula (Equation (5)),

D¼ 0:9xλ
βx cosθ

, ð6Þ

where β represents the width at half maximum of the dif-
fraction line, θ signifies the Bragg angle, and λ denotes
the wavelength.

Nitrogen atoms located in the lattice interspaces
within the microstructure significantly affect the

FIGURE 5 (A) Scanning electron microscopy (SEM) image of TiN coating on WC 10%Co and (B) SEM image of TiN coating on high-

speed steel (HSS).

FIGURE 6 X-ray diffraction patterns.
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hardness of TiN thin films. The N2/Ar ratio, which is
effective on stoichiometry, affects both crystallite size and
hardness value. Considering that TiN coating is applied
to milling tools, the hardness of the tools plays a very
important role in operational performance. Hardness
tests were carried out using the CSM Instrument brand
nanohardness tester, and hardness values of 2238 and
1672 HV were measured for WC-10%Co and HSS-E coat-
ings, respectively. The relatively low hardness of HSS-E
thin films can be attributed to the crystallite size and
voids in the film morphology. The high hardness value
observed in the hardness tests of TiN coatings deposited
on the WC-10%Co substrate increases due to the low
crystallite size. It is emphasized in the literature that
grain sizes and voids have an impact on general hardness
properties.43

Smoother tool surfaces are highly desirable in com-
posite milling due to the less friction and heat generation
at the cutting edge, which helps prevent thermal damage
to both the tool and composite material as it can degrade
the composite matrix and lead to poor surface finish or
dimensional inaccuracies.54 Moreover, composite mate-
rials tend to produce chips that can be difficult to evacu-
ate due to their fibrous nature.55 Decreasing the surface
roughness of milling tools (i.e., coating of the end mills
with TiN) reduces chip adhesion and buildup on the tool,
improving machining efficiency and reducing the risk of
chip recutting, which can affect surface quality of the fab-
ricated composite plates.55 Due to the less burr forma-
tion, smooth tool coatings contribute to maintaining
precise dimensional tolerances, ensuring consistency and
quality in the manufactured components. These benefits
collectively contribute to efficient and effective machin-
ing of composite materials across various industrial appli-
cations.56 The surface hardness of thin films depends on
the surface roughness of the substrate materials. Rough
surfaces with micro voids cause hardness values to
decrease.43 In this study, the surface roughness of TiN
coating was examined by AFM and shown in Figure 7B.
AFM images show that the TiN film surface obtained
after coating is relatively smooth and dense, and exhibits

a budded structure with upward needle-like protrusions.
As a result of AFM analysis, the average roughness value
of the TiN film layer was determined as 5.26 nm
(Figure 7B).

Another parameter affecting the hardness in the mag-
netron sputtering method is the bias voltage applied dur-
ing deposition, and determining the critical bias voltage
is very important.51,57,58 In this study, TiN coating was
obtained at �80 V as the critical bias voltage. At very
high bias values, the mobility of the atoms increases, and
the grains become coarser. High bias voltage increases
the lattice stress due to the increase in ion impingement,
thus leading to decreased hardness due to residual
stresses.46

3.2 | Milling-induced damage analysis

Image analysis is made by calculating the mean burr
area and burr length values of three repeats of each
parameter combination. More burr area is observed
from S2-GFRP compared with BFRP. An observation
of Figure 8 reveals that whether it is coated or not, and
regardless of cutting parameters, HSS tools (test num-
bers 7, 8, 9 for uncoated, 16, 17, 18 for coated) result in
the highest burr area.

Although coating changes the surface properties of
the tool significantly, cutting quality, evaluated by the
burr area and length, does not change considerably. A
comparison between BFRP and S2-GFRP shows that
BFRP shows significantly less burr area compared with
S2-GFRP, regardless of the difference in thickness. In
most cases, the conventional cutting method demon-
strates less burr area than climb cutting. Moreover, the
standard deviation for the samples machined with HSS is
significantly higher for both burr length and burr area
calculations, due to the formation of irregular burrs as
shown in Figure 9. Due to the poor mechanical proper-
ties of HSS material, the cutting forces developed in the
fiber-tool interface are insufficient to cut the fibers, there-
fore fibers are either entangled to the tool instead of

FIGURE 7 (A) Grain size of

TiN thin films on substrates and

(B) atomic force microscopy

(AFM) analysis.
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being cut or form burr clusters, resulting in a high
burr area.

Burr length is calculated in a similar fashion. The
mean value of three repetitions for each parameter is

calculated. Comparing S2-GFRP and BFRP, it is evi-
dent that S2-GFRP samples exhibit a greater burr
length. Referring to Figure 9, irrespective of coating
or cutting parameters, HSS tools consistently yield
the longest burr lengths. Despite significant alter-
ations in surface properties due to coating, there is
minimal change in cutting quality, as assessed by
burr length. Notably, BFRPs consistently display
shorter burr lengths in comparison to S2-GFRPs. Addi-
tionally, conventional cutting methods generally result
in shorter burr lengths than climb cutting across vari-
ous scenarios. The overall trend of burr area and burr
length graphs shown in Figures 8 and 10 align with
each other, for both S2-GFRPs and BFRPs.

The influence of factors such as cutting speed, feed
rate, tool geometry, and tool surface quality (i.e., surface
roughness and coating type) on the machining perfor-
mance in fiber reinforced composites has been

FIGURE 8 Burr area in

(A) conventional and (B) climb

milling of S2-glass fiber

reinforced plastics (S2-GFRP)

and basalt fiber reinforced

plastics.

FIGURE 9 Measurement of the length of an irregular burr.
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investigated in previous researches.59–61 As experiments
1–9 and 10–18 are performed with uncoated and coated
cutting tools, respectively (Table 4), it can be clearly
seen in Figures 8 and 10 that coating of the HSS and car-
bide end mills with TiN has small effect on the burr size
in milling of S2-GFRP and BFRP composites. However,
in literature, the presence of thin TiN films has signifi-
cantly reduced the wear rate of the cutting tools due to
its greater mechanical properties than the HSS and
tungsten carbide materials during machining various
composite substrates.62,63 Although, the high hardness
in TiN-coated WC-10%Co samples is assumed to provide
a desirable burr formation as it makes the cutting edge
geometry more resistant to composite components,64 the
effect of coating has negligible on burr formation in this
study (Figures 8 and 10).

It is stated in the literature that TiN-coated carbide
tools perform well at high cutting speeds and feed rates
up to 0.15 mm/tooth feed rate in the processing of CRFP
samples. However, if working at a feed rate of 0.25 mm/
tooth, it is stated that the increase in surface roughness
reaches values considered high for aviation applica-
tions.61 For this reason, the effect of TiN-coated tools on
the burr area can be attributed to surface processing
parameters.61 The findings emphasize the significant role
of feed rate as one of the foremost factors influencing sur-
face roughness in the processing of composite mate-
rials.65 Therefore, meticulous analysis of both cutting
parameters and tool geometry is imperative for each com-
posite material.

Given the distinct nature of composite material mill-
ing from other materials,39 our study provides researchers

FIGURE 10 Maximum

burr length for (A) conventional

and (B) climb cutting for

S2-glass fiber reinforced plastics

(S2-GFRP) and basalt fiber

reinforced plastics.
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with an opportunity to advance their understanding of
milling S2-GFRP and BFRP composites using both coated
and uncoated tools. Determining appropriate cutting
tools and conditions for milling S2-GFRP and BFRP com-
posites can be optimized as a new approach in terms of
burr length and area.

3.3 | Taguchi analysis

Taguchi analysis performed on BFRP and S2-GFRP com-
posites revealed valuable information regarding the

effects of various process parameters on the quality char-
acteristics of the burr areas. It is important to note that
the delta values change with the cutting direction and
sample material for parameters other than tool type. It
can be observed from Figure 11A,B that the same param-
eters used for conventional and climb cutting directions
yield different results. One of the main reasons for this
phenomenon is the forces acting on the tool-material
interface are different for conventional and climb cutting.
A comparison between length and area of BFRP and
S2-GFRP in both Figures 11 and 12 reveal a matching
overall pattern for corresponding signal-to-noise ratios.

FIGURE 11 Signal-to-noise ratios for burr areas and lengths in (A) conventional and (B) climb S2-glass fiber reinforced plastics milling.

FIGURE 12 Signal-to-noise ratios for burr areas and lengths in (A) conventional and (B) climb basalt fiber reinforced plastics milling.
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Tool material is the dominant factor in both milling
directions, for both burr area and burr length calcula-
tions. Spindle speed and feed rate parameters have a
more significant effect on burr area when combined with
climb milling, compared with conventional milling. Burr
area and burr length of corresponding materials and mill-
ing directions generally align well, indicating stability
of data.

Figure 11 shows the S/N ratios of S2-GFRP samples
for burr area and burr length with conventional and
climb milling. Coating data, although not significant,
tends to show better results with uncoated tools, except
for burr area with conventional milling. Straight carbide
shows higher level of influence to both burr area and
burr length in conventional milling, while helical carbide
shows superiority with climb milling. While higher-is
better is evidently the trend in conventional milling for
spindle speed and feed rate parameters in Figure 11A,
highest and lowest parameters of feed rate and higher
spindle speed show considerable decrease in performance
in climb milling in Figure 11B.

Figure 12 shows the S/N ratio of BFRP samples.
Uncoated tools show superiority for both milling direc-
tions, and both burr area and burr length analyses. Heli-
cal carbide tool shows better results for conventional
milling direction in Figure 12A, while straight carbide
tool shows better performance in climb milling direction
in Figure 12B. Middle parameters result with highest S/N
values for conventional milling for BFRP. Burr area for
climb milling shows improved results with lower spindle
speed and feed rate parameters, while burr length is the
lowest with higher spindle speed and feed rate, as it can
be seen in Figure 12B. It is important to note that the

optimum parameters for different milling directions for
S2-GFRP and BFRP are the opposite of each other, mean-
ing that the optimum parameters for climb milling of
S2-GFRP evidently aligns well with the conventional
milling of its basalt counterpart, and vice versa.

ANOVA revealed the relevance of the parameters to
the results. The analysis was conducted with Minitab®

Statistical Software for the level of significance of 5%
and a level of confidence of 95%. Conventional and
climb cutting data is merged for this analysis. The
results can be seen in Tables 5 and 6. An ANOVA table
consists of various parameters. Source of variation
refers to different sources of variation. Degrees of free-
dom (DF) refers to several independent variables for a
parameter minus one. Sequential sums of squares (Seq
SS) refer to the variation of different components
depending on the order, while adjusted sums of
squares (Adj SS) refers to the variation without taking
the order of the measurements into account. Since the
analysis is a one-way ANOVA, which is based on the
means of the data, the values of Adj SS and Seq SS are
equal, and the order of data and the experiments are
not important. Adjusted mean squares (Adj MS) refers
to the number of variations that are available to be
explained by model, regardless of the order. Adj MS
value also considers the degree of freedom while Adj
SS does not. F-value is the test to measure the associa-
tion of the data with the response. F value is then used
to calculate the p-value. p-value refers to the statistical
significance of how strongly the parameter rejects the
null hypothesis. A strongly rejected null hypothesis is
referred as a low p-value, meaning a strong correlation
between the parameter and the response p-value below

TABLE 5 ANOVA for means of the

milling induced damages for S2-glass

fiber reinforced plastics composites.

Source of variance DF Seq SS Adj SS Adj MS F p

Burr area

Coating 1 27 27 26.5 0.06 0.813

Tool type 2 111,259 111,259 55629.7 123.42 0.000

Spindle speed 2 1486 1486 743.0 1.65 0.241

Feed rate 2 2508 2508 1253.9 2.78 0.110

Residual error 10 4508 4508 450.8

Total 17 119,787

Burr length

Coating 1 0.069 0.069 0.069 0.07 0.801

Tool type 2 207.641 207.641 103.820 100.29 0.000

Spindle speed 2 8.047 8.047 4.023 3.89 0.056

Feed rate 2 11.071 11.071 5.535 5.35 0.026

Residual error 10 10.352 10.352 1.035

Total 17 237.179
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0.05 would be strongly associated with the result,
between 0.05 and 0.1 would be a rather weak correla-
tion, and a p-value greater than 0.1 would mean that

the correlation is statistically insignificant. The model
is considered to be valid if there is at least one parame-
ter with p≤ 0:05. Table 5 contains information regarding

TABLE 6 ANOVA analysis of the

milling induced damages for basalt fiber

reinforced plastics.

Source of variance DF Seq SS Adj SS Adj MS F p

Burr area

Coating 1 8.1 8.1 8.1 0.06 0.808

Tool type 2 40944.3 40944.3 20472.2 158.38 0.000

Spindle speed 2 9.2 9.2 4.6 0.04 0.965

Feed rate 2 300.1 300.1 150.1 1.16 0.352

Residual error 10 1292.6 1292.6 129.3

Total 17 42554.3

Burr length

Coating 1 0.4622 0.4622 0.4622 1.10 0.319

Tool type 2 79.3998 79.3998 39.6999 94.49 0.000

Spindle speed 2 0.4081 0.4081 0.2041 0.49 0.629

Feed rate 2 2.4912 2.4912 1.2456 2.96 0.097

Residual error 10 4.2014 4.2014 0.4201

Total 17 86.9628

TABLE 7 Individual and composite desirability of burr area and material removal rate (MRR).

Material
S2-GFRP BFRP

Direction Conventional Climb Conventional Climb

Desirability dBurr dMRR D dBurr dMRR D dBurr dMRR D dBurr dMRR D

1 0.900 0.000 0.000 0.998 0.000 0.000 1.000 0.000 0.000 0.953 0.000 0.000

2 0.927 0.375 0.590 0.969 0.375 0.602 0.983 0.375 0.607 0.923 0.375 0.588

3 0.932 1.000 0.965 0.922 1.000 0.960 0.985 1.000 0.993 0.948 1.000 0.974

4 0.999 0.000 0.000 0.878 0.000 0.000 0.993 0.000 0.000 1.000 0.000 0.000

5 0.932 0.375 0.591 0.952 0.375 0.597 0.990 0.375 0.609 0.974 0.375 0.604

6 0.922 1.000 0.960 0.853 1.000 0.924 0.985 1.000 0.993 0.938 1.000 0.969

7 0.417 0.125 0.229 0.475 0.125 0.244 0.106 0.125 0.115 0.190 0.125 0.154

8 0.123 0.625 0.278 0.495 0.625 0.556 0.285 0.625 0.422 0.260 0.625 0.403

9 0.000 0.250 0.000 0.330 0.250 0.287 0.037 0.250 0.096 0.000 0.250 0.000

10 0.857 0.250 0.463 0.896 0.250 0.473 0.972 0.250 0.493 0.883 0.250 0.470

11 0.903 0.125 0.336 0.923 0.125 0.340 0.968 0.125 0.348 0.915 0.125 0.338

12 0.952 0.625 0.772 1.000 0.625 0.791 0.974 0.625 0.780 0.899 0.625 0.749

13 0.874 0.125 0.331 0.942 0.125 0.343 0.970 0.125 0.348 0.894 0.125 0.334

14 1.000 0.625 0.791 0.824 0.625 0.718 0.947 0.625 0.769 0.864 0.625 0.735

15 0.921 0.250 0.480 0.806 0.250 0.448 0.916 0.250 0.479 0.843 0.250 0.459

16 0.435 0.250 0.330 0.495 0.250 0.351 0.095 0.250 0.155 0.342 0.250 0.293

17 0.206 0.125 0.161 0.000 0.125 0.000 0.000 0.125 0.000 0.165 0.125 0.143

18 0.505 0.625 0.562 0.166 0.625 0.322 0.376 0.625 0.485 0.347 0.625 0.466

Abbreviations: BFRP, basalt fiber reinforced plastics; S2-GFRP, S2-glass fiber reinforced plastics.
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the statistical significance of the machining parameters
with respect to the burr area and burr length for
S2-GFRP composites Tool type, with a p-value of 0.000,
has the highest significance to both burr area and burr
length. Feed rate, while showing a slightly out of the
range of significance with a p-value of 0.110 for burr area,
is a defining factor for burr length with a p-value of
0.031. Spindle speed is out of the range of significance for
burr area, while being relevant for burr length with a p-
value of 0.056 referring to a weak correlation. p-value of
coating is far out of the range of relevance for both burr
length and burr area for both materials.

The overall trend for BFRP matches the ANOVA for
S2-GFRP. Similar to S2-GFRP, Table 6 reveals that
p-value for coating can be considered as statistically
insignificant, while tool type has the strongest influence.
BFRP differs with resulting the highest p-value for
spindle speed with 0.965 for burr area while consistently
being irrelevant for burr length. Feed rate has a some-
what decent influence on burr length with a p-value of
0.097, however irrelevant to burr area with a p-value
of 0.352. Analysis for both materials along well for coat-
ing, tool type and feed rate. Spindle speed showed signifi-
cant effect on S2-GFRP samples while being the most
irrelevant parameter of BFRP samples for both burr
length and burr area.

A desirability analysis is conducted to select the cut-
ting parameters with the highest MRR with lowest burr
area. The desirability analysis provides valuable insights
into the performance of the machining process based on
two critical parameters: burr area and MRR. The desir-
ability scores have been normalized to facilitate compari-
son, with lower burr area and higher MRR values
considered more desirable. By considering both burr area
and MRR simultaneously, the composite desirability met-
ric enables a comprehensive evaluation of machining
outcomes, aiding in decision-making processes aimed at
optimizing process parameters for enhanced productivity
and quality. The results of desirability analysis can be
seen in Table 7. The most desirable results according to
the analysis are, regardless of milling direction and sam-
ple material, are with the test number 3 and 6
(highlighted in bold), corresponding to uncoated helical
carbide and uncoated straight carbide respectively with
both having spindle speed of 1500 rpm and feed rate of
0.15. While test number 12 and 14 shows significant dBurr
value, the MRR of the samples are considerably low,
therefore displays low desirability.

4 | CONCLUSION

This study presents a comprehensive analysis of cutting
performance in machining S2-GFRP and BFRP

composites to have a deeper understanding of milling
factors, such as tool material, tool geometry, cutting
direction, cutting speed, and feed rate on the quality of
the machining process. Burr areas and burr lengths of
S2-GFRP and BFRP composites are selected as parame-
ters as an indicator of milling quality, and total burr
area and burr length calculation with a novel usage of
image analysis method is implemented to the study.
HSS end mills resulted with the highest burr area and
burr length in every analysis, with inferior cutting
quality, suggesting the unsuitability of HSS tools for
the machining of S2-GFRP and BFRP. This finding is
reinforced by eliminating the contribution of tool
angles, since helical carbide tool is modeled after its
HSS counterpart.

While conventional milling consistently yields lower
burr area values compared with climb milling, particu-
larly due to the removal of burrs as a structural cluster,
conventional milling may pose challenges in the context
of longer samples, potentially leading to the entangle-
ment of excess string-like burrs.

Taguchi analysis is conducted to calculate S/N
ratios of coating, tool type, spindle speed, and feed
rate. Among the parameters, tool type has the highest
delta value in both conventional and climb milling
directions, for both burr area and burr length ana-
lyses. For S2-GFRP composites, uncoated straight car-
bide tool showed better suitability for burr area of
conventional milling while uncoated helical carbide
showed better results for burr length with climb mill-
ing. While the difference is insignificant in BFRPs,
the better parameters are the opposite of S2-GFRPs,
being conventional helical carbide showing better
results for conventional milling as straight carbide
showing better results with climb milling for both
burr area and burr length parameters. ANOVA results
suggest that the effect of coating is irrelevant to the
burr area for most parts of the analysis, while spindle
speed and feed rate are relevant for specific cutting
direction and composite material combinations. An
equal-weighted desirability analysis where low burr
area and high MRR is desired is conducted. Highest
MRR parameter combination of spindle speed of 1500
and feed rate of 0.15 is resulted as the parameters
with highest desirability.

Future research endeavors may further explore the
interactions between tool parameters, material proper-
ties, temperature effects, and machining conditions. The
difference of optimum parameters for BFRP and
S2-GFRP composites suggests that the parameter combi-
nation is required to be tailored for different composite
materials. Such endeavors hold the potential to catalyze
advancements in manufacturing processes within the
realm of advanced materials, thereby contributing to
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broader efforts aimed at enhancing industrial efficiency,
sustainability, and innovation.
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