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Abstract: The application areas of carbon fiber reinforced plastics (CFRP) have been increasing day
by day. The machining of CFRP with incorrect machining parameters leads in huge loss cost and time.
Therefore, it is very important that the composite materials are machined with correct machining
parameters. The aim of this paper is to examine the influence of drilling parameters on tensile load
after drilling of CFRP. The drilling operations were carried out on Computer Numerical Control
(CNC) by Tungsten Carbide (WC), High Speed Steel (HSS) and Brad Spur type drill bits with spindle
speeds of 1000, 3000 and 5000 rpm and feed rates of 0.05, 0.10 and 0.15 mm/rev. The results indicate
that the surface roughness, delamination and thrust force, were affected by drilling parameters
therefore tensile load was also affected by the same parameters. It was observed that increase in
surface roughness, delamination and thrust force all lead to the decrease of tensile load of CFRP.
If the correct drilling parameters are selected; the decrease in tensile load of CFRP can be saved up to
25%. Furthermore, an artificial neural network (ANN) model has been used to predict of tensile load.
The results of the ANN model are in close agreement with the experimental results.
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1. Introduction

Composite materials can be defined as materials obtained by combining more than one material
with one another without chemical interaction and dissolution to obtain the desired mechanical
property. Composite materials improve rigidity, strength, corrosion resistance, electrical resistance,
tribological properties, weight, wear resistance of the materials [1]. Along with the developing
technology, traditional materials such as metal and ceramics are insufficient and cumbersome for the
production of new products [2]. Composite materials can be an alternative to traditional materials.
Especially since the 1960s, the use of composites has increased dramatically in parallel with the
development of technology. For example, the Boeing DC-9 aircraft, which is produced in 1965, contains
less than 5% by weight of composites. However, the Boeing A380 aircraft which was produced in
2012, contains 53% by weight of composite [3]. For another example, the Lamborghini Sesto Elemento
contains 80% by weight of composite.

Carbon fiber reinforced plastic (CFRP) is the most known composite material [4]. CFRP requires
machining for assembly integration [5]. The drilling is the most used machining method for CFRP.
However, some problems have been encountered in the drilling of CFRP [6]. Delamination, tool wear,
and bad surface roughness are some of these problems [7]. Tensile strength is adversely affected by
these problems. These problems are the root of most part rejections [8]. This indicates how important
it is to drill composite materials to the correct parameters. Researchers have focused on optimization
of the defects caused by drilling. A literature study is given below.
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Tao et al. [9] found out the decrease in tensile strength caused by delamination. They have
researched the decrease in tensile strength using a finite element method model. In their paper,
cohesive elements and the damage mechanics model were applied to determine the decrease of
strength caused by drilling-induced delamination. They noted that he delamination induced by
drilling decreases the tensile strength of composite and up to about 15% of the strength decreases with
the increase of the delamination factor.

Langella and Durante [10] compared the strength of composite that was produced in drilled
holes and molded-in holes. Their study has shown that the strength of specimens with drilled-holes
exhibited failure strengths lower than those with molded-in holes. When the hole diameter decreased,
the maximum stress increased but the difference between tensile strength of the composite with drilled
holes and molded-in holes increased from 15 to 25%.

Babu et al. [11] researched the influence of drilling parameters on natural fiber reinforced plastics
(NFRP) composite. They used natural fiber such as banana, hemp, jute and vakka in their study.
They determined that cutting speed is the most effective drilling parameter on the strength of NFRP.
They recommended a medium cutting speed and low feed rate speed to minimize the loss of tensile
strength of NFRP.

Abdul Nasir et al. [12] researched the influence of drilling conditions on the strength of flax fiber
reinforced polymer composite using the Taguchi method. Their study showed that the influence of
drill bit type was negligible and that lowest feed rate and highest spindle speed caused minimum loss
of strength of composite.

Mishra et al. [13] evaluated tensile strength of the composite by using a neural network depending
on drilling parameters. The experiments were carried out with 4 different tool geometries (8 facets,
4 facet, Parabolic and Jodrill), 3 levels of feed rate and 3 levels of spindle speed. They introduced
an artificial neural network (ANN) model for the tensile strength of the composite in their study.
They confirmed the experimental data with the ANN model.

Most researchers have focused on the effects of drilling parameters on delamination, cutting force
and surface roughness. However, few researchers have investigated the reduction of strength due to
drilling parameters. The aim of this research is to determine the effect of drilling parameters on tensile
load of CFRP.

An artificial neural network can be defined as a system that models the working of a human
brain [14]. ANN occurs with artificial neuron cells connecting to each other in various ways.
ANN learns by making generalizations from examples. This learning can provide new information
and solve nonlinear engineering problems [15–18].

ANN is a mathematical approach inspired by the human brain. ANN provides a fast, efficient, and
cost-effective solution for complex engineering problems. ANN can to capture complex input-output
relationships from experimental results in machining processes [19–21].

2. Materials and Methods

The drilling operations were performed on Computer Numerical Control (CNC) using different drill
bit types with spindle speeds of 1000, 3000 and 5000 rpm and feed rates of 0.05, 0.10 and 0.15 mm/rev.
The thrust force was measured using Kistler 257B (Kistler Group, Winterthur, Switzerland). The surface
roughness of CFRP was measured by Time Surf Tr200. The tensile tests were carried out on Shimadzu
Autograph AG-X (Shimadzu, Tokyo, Japan). under displacement at 1 mm/min. The experimental
study consisted of 3 steps. In the first step, drilling operations were carried out. In the second step,
thrust force, delamination and surface roughness were measured. At the final step, tensile tests were
carried out. The flow charts of the experimental setups are shown Figure 1.
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Figure 1. Flow chart of experimental setup.

2.1. Specimens and Drill Bit

CFRP specimens were produced by Innoma Innovative Materials Technology Corporation.
Composite specimens consisted of 11 layer that were ply thickness 0.545 mm of carbon fiber fabric
with stacking sequence (+45/−45). The specimen had size of 150 mm × 36 mm × 6 mm according to
ASTM D5766-2002. The features of the CFRP specimen are given in Table 1.

Table 1. The features of composites.

Properties. Fiber Resin

Type Carbon Polyester
Volume Rate (%) 55 45

Tensile Strength (Mpa) 66.47
Number of Layers 11

Ply Thickness (mm) 0.545
Fiber Orientation (+45/−45)

A lot of different drill bit types that made different materials were used for the drilling of
composites [19]. Most of the used drill bits were Tungsten Carbide (WC), High Speed Steel (HSS) and
Brad Spur. The properties of the drill bits used in tests are given Table 2.

Table 2. The properties of drill bits.

Properties High Speed Steel Brad Spur Tungsten Carbide

Drill Bit Type Twist Twist Twist
Point Angle (◦) 118 - 140
Helix Angle (◦) 30 30 30

Material High Speed Steel Tungsten Carbide

2.2. Experimental Measurement

The drilling of CFRP was done on Brother SPEEDIO S500x1 CNC (Brother, Rosengarten, Germany).
The drill bit type, feed rate and spindle speed have been selected for the drilling parameters.
The drilling setup is shown in Figure 2.
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Figure 2. The drilling setup.

The drilling operations were performed with 3 different drill bits that have 6 mm of diameter,
3 different feed rates and 3 different spindle speeds. The drilling parameters are given Table 3.

Table 3. Drilling parameters.

Level Feed Rate(mm/rev) Spindle Speed (rev/min)

1 0.05 1000
2 0.10 3000
3 0.15 5000

The thrust force was measured using Kistler 9257B triaxial force sensor load cell connected to a
multichannel amplifier. The thrust force data was recorded by Kistler DynoWare software. The typical
thrust force graph is given Figure 3. At the first stage, the cutting edge of the drill bit touches the CFRP
and the force increases from zero. At the second stage, the cutting edge of drill bit begins to penetrate
the CFRP. This state causes the increase in thrust force rapidly and removes the chip from the material.
At the third stage, the length of the cutting edge of drill bit penetrates the materials. It continues until
the cutting edge exit through to the bottom of the material. Cutting force decreases slightly during this
time. At the fourth stage, cutting edge of the drill bit exits through to the bottom side of the material.
This state thrust force decrease in rapidly. At the last stage, drilling operation finishes and thrust force
decreases to zero.

Figure 3. Typical thrust force graphic.

The surface quality of CFRP was measured by Time Surf Tr200 (160 µ) hand-held tester with cut
off the length of 0.25 mm. Four selected measurement points were 0◦, 90◦, 270◦ and 360◦. For each
position, 3 measurements were taken around the drilled hole. The average surface roughness is
calculated as the average of all points values. The surface roughness profile of CFRP drilled with Brad
Spur drill bit at 5000 rpm and at 0.05 mm/rev is shown Figure 4.
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Figure 4. Surface Roughness profile drilled with Brad Spur drill bit at 5000 rpm and at 0.05 mm/rev.

The delamination factor of top and bottom of drilled specimens were measured with the Medpro
Microscopy-MM800TRF (Goodbrother, Ningbo, China). The delamination factor is formulated as in
in Figure 5 (where Dmax is diameter of maximum damaged area of drilled hole and D is diameter of
hole) [20–23].

Figure 5. Delamination factor.

The tensile tests were carried out on Shimadzu Autograph AG-X under displacement at
1 mm/min. The experimental study consists of 3 steps. In the first step, drilling operations were
carried out. In the second step, thrust force, delamination and surface roughness were measured.
In the final step, tensile tests were carried out.

2.3. ANN Model for Prediction Tensile Load

In this study, tensile load values of CFRP were predicted by modeling with the ANN toolbox using
the MATLAB software. The input parameters to predict the tensile load values are drill bit type, spindle
speed, and feed rate. ANN model used in this study was tested for the different layer and neuron
counts. As a result, the best solution was obtained with the Levenberg-Marquardt forward feedback
propagation model with a hidden layer and 10 neurons. The architecture of the one hidden-layer
Levenberg-Marquardt feed forward back propagation ANN model is shown in Figure 6.
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Figure 6. Artificial neural network (ANN) architecture for predict model.

All data not are used in the training of ANN models. It is preferred that the ratio of the data
for training is from 70% to 90% and that for test and validation data is from 30% to 10% [19].
In this study, 70% of the experimental data were used for training, 15% for testing and 15% for
validation. ANN model of tensile force of CFRP obtained by drill type, feed rate and spindle speed
has been established.

3. Results

3.1. Thrust Force Analyses

The drilling force is a reaction force the against the displacement of the drill bit. Also, it is known
that thrust force, which depends on drilling parameters, is a major factor affecting delamination [24–32].
Minimum thrust force is desired at the drilling operation. The variation of drilling parameters on the
thrust force drilling of CFRP is shown in Figure 7.

Figure 7. Variation of drilling parameters on thrust force: (a) 0.05 mm/rev; (b) 0.10 mm/rev;
(c) 0.15 mm/rev.
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As can be observed from Figure 7 thrust force is affected by drilling parameters. The thrust force is
most affected by the drill bit type. The lowest thrust force is obtained from WC drill bit. The coefficient
of thermal conductivity of WC is between 63 and 120 W/mK [33–36] and the coefficient of thermal
conductivity of HSS is between 20 and 24 W/mK [37]. Similarly, WC has high wear resistance and
high hardness. For this reason, the less wear occurs in the WC drill bit and the heat generated from
the friction is moving away from the drilling area rapidly. In this case, drilling operation with the
carried-out WC drill bit results in lower drilling forces. The thrust force is decreased with the increase
of spindle speed and increased with the increase of feed rate. At low spindle and high feed rates,
the drill bit does not have enough time to cut the fibers and the fibers prevents the drill bit from
progressing. Therefore, thrust force increases.

3.2. Surface Roughness Analyses

The surface roughness is the most important factor to determine hole quality [7]. The variation of
drilling parameters on the surface roughness of the drilled hole is shown in Figure 8. Because of the
reasons explained earlier, the lowest surface roughness was obtained with the WC drill bit. The surface
roughness decreased with the increase of spindle speed and increased with the increase of feed rate.
At low spindle and high feed rates, the drill bit does not have enough time to cut the fibers and the
fibers prevents the drill bit from progressing. As a result, the fibers start breaking and this leads to an
increase in surface roughness.

Figure 8. Variation of drilling parameters on surface roughness: (a) 0.05 mm/rev; (b) 0.10 mm/rev;
(c) 0.15 mm/rev.

3.3. Delamination Analyses

Delamination is a main problem, which caused the decrease of the tensile strength of CFRP.
Delamination occurs due to the thrust of the drill bit during drilling [38]. Delamination images of
samples drilled at different parameters with different drill bits are given in Table 4.
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Table 4. The Delamination images of samples.

Drill Bit Rpm 0.05 mm/rev 0.10 mm/rev 0.15 mm/rev

Entrance Exit Entrance Exit Entrance Exit

Br
ad

Sp
ur

1000

3000

5000

H
SS

1000

3000

5000

W
C

1000

3000

5000

The variation of drilling parameters on delamination in drilling CFRP is examined by using the
graphs, which are shown in Figure 9. The figures show that the increase of feed rate increases the
delamination factor in drilling of CFRP. It can be said that the drill bit type is the most important
parameter affecting delamination in drilling parameters. The best delamination values were observed
using WC drill bit and the worst delamination values were observed using Brad Spur drill bit.
Because the HSS has a lower thermal conductivity coefficient than the WC, the drilling area heats up
rapidly and causes the matrix to melt. Therefore, deformation of the hole increases. At high feed rates,
the drill bit pushes the material, and leading to delamination. The effect of spindle speed is negligible.
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Figure 9. Variation of drilling parameters on delamination: (a) 0.05 mm/rev; (b) 0.10 mm/rev;
(c) 0.15 mm/rev.

3.4. Influence of Delamination on Tensile Load

Tensile tests of CFRP specimens with different deformation factors were carried out to determine
how much the delamination causes a reduction in tensile load. The variation of delamination on tensile
load of CFRP is shown Figure 10. It is obvious that tensile load is directly affected by delamination.
Minimum tensile load reduction of CFRP was obtained at high spindle speed and low feed rate in the
drilling of CFRP with WC drill bit.

Figure 10. Cont.
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Figure 10. Variation of delamination factor on tensile load: (a) 1000 rev/min; (b) 3000 rev/min;
(c) 5000 rev/min.

3.5. Prediction of Tensile Load with ANN

The verification figure for testing the reliability of the ANN model is given in Figure 11.
The learning abilities of the ANN model are defined by R2 values. The closer the R2 is to the value
1, the greater the learning ability of the ANN (Y). It is seen that all the values are nearest around the
linear line when we look at the distribution graph comparing test results and ANN estimation results.
In the ANN model, the values of R2 for training, validation and test are 0.99998, 0.99252 and 0.99362,
respectively. This means that the predicted results are very close to the experimental results. It can be
seen in Figure 11 that with All: R2 = 0.99414, the ANN model can be used for a very high confidence
interval in the estimation of the tensile load.

Figure 11. The relationship between the measured and predicted tensile loads of carbon fiber reinforced
plastics (CFRP).

The comparison of predicted and the experimental data are shown as a bar graph in Figure 12.
It can be said that predicted and the experimental data are in close agreement with each other.
The prediction of tensile load of drilled CFRP is important for open-hole CFRP applications. Also, the
ANN model helps with the choice of the drill bit type, feed rate and spindle speed for maximizing the
tensile load.
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Figure 12. Comparison of experimental and predicted tensile loads of CFRP.

4. Conclusions

This study was carried out to determinate the influence of drilling parameters on the reduction of
tensile load of CFRP. The following results were obtained:

• The drilling parameters caused a significant change in the tensile load of the CFRP.
• For all drill bits, increasing of feed rate caused increase of delamination, surface roughness, thrust

force, and loss in force, but increasing spindle speed caused decrease of them.
• The maximum tensile load of the CFRP was observed at low feed rate, and high spindle speed

drilled with the WC drill bit and the lowest tensile load was observed at the high feed rate, and
low spindle speed drilled with the Brad Spur drill bit.

• The drilling parameters showed similar effects on surface roughness, delamination, thrust force
and reduction of tensile load. At the same time, it has been shown that these parameters have a
linear relationship among themselves.

• If the correct drilling parameters are selected, the decrease in tensile load of CFRP can be up to 25%.
• The results of the ANN model are a match for the experimental results. The ANN model will help

engineers to determine correct drilling parameters for maximizing tensile load of CFRP.
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