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Abstract: Composite materials are utilized in various industries due to their advantageous properties.
Drilling is a crucial process for joining these materials to construct the structures. During the drilling
of composite materials, several types of defect can occur, with delamination being the most prevalent.
Delamination adversely effects the properties of the drilled hole and diminishes the quality of the
final structure. Thrust force is a key parameter used to monitor the drilling process; a higher thrust
force increases the likelihood of defects, particularly delamination, in the drilled area. In this article,
a central composite design is applied to the drilling process of carbon fiber-reinforced polymer
(CFRP) composites, focusing on parameters such as rotational speed, feed rate, and the angle between
the composite layer sequences. The objective is to minimize delamination factors and thrust force.
The effect of drilling parameters on the responses is analyzed independently. The results indicate
that the derived models can predict the thrust force and delamination factors in the drilling of
CFRP composites.

Keywords: central composite design; carbon fiber-reinforced plastic composite; composites; drilling;
delamination factor; optimization

1. Introduction

Composite materials, particularly CFRP composites, have seen widespread use in
engineering applications due to their unique properties [1]. While these materials are
often produced near their final shapes, drilling remains a crucial process for assembling
composite parts with other materials. This mechanical connection is essential for achieving
the desired final structure.

During the drilling of composite materials, delamination is the most common defect
occurring in the hole areas, which adversely affects the hole’s performance. The entry and
exit points of the hole are susceptible to delamination. There are two types of delamination:
peel-up and pull-out, which occur at the entrance and exit of the hole, respectively (Figure 1).
At the hole entrance, the cut layers of the laminate tend to move upwards along the drill
flute and separate from the uncut layers, influenced by the downward thrust force, thus
leading to peel-up delamination [2]. When the drill tip reaches the surface of the bottom
laminates, the uncut layers deflect due to the downward thrust force of the drill. If the
thrust force exceeds a critical value, the uncut layers may separate from the other laminates,
resulting in push-out delamination [3]. Thrust force plays a crucial role in controlling the
drilling process to avoid defects in drilled holes, particularly delamination.
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Figure 1. Delamination types in the drilled hole area.

Improper machining parameter values are the reason for significant rejection in com-
posite structures. Therefore, obtaining optimized machining parameters has a crucial role
in reducing defects, especially delamination, that occur during the drilling process. Several
researchers investigated the drilling of composite materials. Davim et al. [4] showed that
the geometry of the drill bit can affect the delamination factor. In other words, under the
same cutting speed and feed rate values, the HSS drill always had a bigger delamination
factor than the carbide drill. The results of the Taguchi method proved that the delamina-
tion area is more significant for higher rotational speeds and feed rates. Mustafa et al. [5]
optimized the delamination factor in the drilling process by changing the spindle speed,
feed rate, and tool diameter. They reported that with a higher diameter of the drill tool and
feed rate, the contact between the specimen hole and load on the tool increases; therefore,
the delamination factor will increase. Rao et al. [6] used the analysis of variance method
to show the effect of spindle speed, feed rate, drill diameter, and filler concentration on
the thrust force, temperature, surface roughness, and delamination factor in Filler/Epoxy
Hybrid Composites. Shard et al. [7] tried to monitor the drilling temperature by changing
the rotational speed, feed rate, and ultrasonic power. They used a rotary ultrasonic-assisted
drilling technique to reduce thermal damage and delamination in composite materials.
Abhishek et al. [8] introduced the fuzzy embedded harmony search (HS) algorithm for
finding the optimum condition to reduce the delamination factor, torque, and thrust force
in the drilling of a CFRP sample. The neural network was used by Karnik et al. [9] to
reduce the delamination factor in the drilled hole of the CFRP sample. Their results il-
lustrated that the minimum value of the delamination is obtained at high speeds and
with low values of feed rate and point angle. At a low point angle value, the drill tip is
sharper, the thrust force reduces, and finally the delamination damage will be minimized.
Hassan et al. [10] investigated the effect of a helix angle, primary clearance angle, point
angle, chisel edge angle, and speed and feed rate on surface roughness, maximum thrust
force and hole diameter error in the drilling of CFRP/Al7075-T6 Composites. They indi-
cated that a helix angle had no effect on the thrust force in the CFRP sample, while a lower
point angle and chisel edge angle reduced the peak thrust force. Kim et al. [11] showed
that the drilling conditions, including feed and speed, can affect the average hole size
and the average surface roughness values in the drilling process of PEEK and PIXA-M
thermoplastic composites. Moreover, they reported that continuous chips are present due
to the high overall toughness of the thermoplastic matrix materials in the first drilling
step. The chips become discontinuous when the feed reaches second-ply thickness due
to the large shear intervals in the shear plane. Sunny et al. [12] reported that the Kevlar
drill produced less delamination in comparison to the Twist drill and End mill. However,
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all of them have almost similar trends by changing the spindle speed and the feed rate.
Tsao et al. [13] showed that the feed rate and drill diameter have the most significant effect
on the quality of drilling for CFRP materials. Furthermore, the Candle stick and Saw drill
produced a smaller delamination factor than the Twist. Bhat et al. [14] showed that the
thickness of the composite more significantly affects the hole quality compared to the speed
or feed parameters. Juliyana et al. [15] investigated the effect of the tool material in the
drilling process. Magyar et al. [16] showed that the composite type had more impact on the
thrust force during the drilling process in comparison to the feed rate and rotational speed
parameters. They reported that the cutting speed did not significantly affect the thrust force.
Mehbudi et al. [17] used an ultrasonic vibration device during the drilling process to reduce
the thrust force and delamination factor. Eneyew et al. [18] showed that a lower thrust
force and better hole quality were obtained with a combination of higher rotational speeds
and lower feed rates. Premnath [19] showed that adding the nano-SiC to the composite
can increase its tensile strength, and consequently, the thrust force and the delamination
factor increase at a higher weight fraction of nano-5iC in the composite material. According
to their results, the delamination factor increases with the weight fraction of nano-SiC
and feed rate, and the spindle speed decreases. Vinayagamoorthy et al. [20] reported that
the feed and point angle dramatically affected the thrust force and entry and exit de-
lamination. In contrast, speed just influenced the exit delamination and the effect of
the tool diameter was not significant on delamination in entry and exit and thrust force.
Krishnamoorthy et al. [21] reported that the delamination factor increases by increasing the
drill diameter, using a low spindle speed and a high feed rate. Rajmohan et al. [22] showed
that the thrust force and the exit burr height in the drilling of composites increased by
increasing the feed rate and rotational speed. However, the lowest roughness was obtained
at a low feed rate and high speed. Ramesh et al. [23] showed that internal cooling of the
tool results in a lower drill temperature which subsequently decreases the damage factor.

From the mentioned studies, it can be concluded that delamination and thrust force
are two critical parameters that can affect the quality of drilled holes in composite materials.
These parameters can be reduced by selecting the optimum value of drilling parameters,
including the rotational speed and feed rate. Although many studies tried to reduce the
delamination by considering the various drill bits and process parameters, there are no
papers investigating the effects of ply angle on the thrust force and delamination factor
when drilling CFRP composite materials. Hence, in this article, the impact of rotational
speed, feed rate, and angle between layers on the thrust force and delamination factor were
investigated via experiments. The optimum values of parameters were obtained by Central
Composite Design (CCD), which led to a reduction in the thrust force and delamination
factor which was verified by the final experiment. The results revealed that the obtained
model could effectively predict the delamination factor and thrust force in the drilling of
CFRP composites.

2. Materials and Methods
2.1. Composite Sample

Two laminate composites were used in this study, which were manufactured us-
ing AS4 carbon reinforced PEEK laminates with difference angles between the layers of
[+15/—15]4 s and [+45/—45]4 s, and lay-up under vacuum in an autoclave at a maximum
temperature of 120 °C and a pressure of 6 bar. The composite panels were produced in
the size of 50 cm x 50 cm, while their final thickness was 2 mm. After consolidation, strips
were cut from the panels for the drilling tests in the size of 80 mm x 100 mm.

2.2. Experimental Setup

For the experiments, carbide twist drills with a diameter of 6 mm and an overall
length of 66 mm were procured from Emmedue Euro Tools (Montemiletto, Avellino, Italy).
The drill features two flutes, each with a length of 25 mm, a helix angle of 20°, and a
point angle of 144° (Figure 2a). A universal machining center (DMU Mori 60P, DMG



Appl. Sci. 2024, 14, 7610

40f14

S.rl.,, Pomezia, Roma, Italy) was employed to drill the composites at a rotational speed
of 18,000 revolutions per minute (rpm) and a feed rate of 2400 mm/min (Figure 2b). This
machine had a machining accuracy equal to =5 um.

Figure 2. (a) Drill bit. (b) Universal machining center. (c) Clamping of the sample. (d) Fixing the drill
in the tool holder.

During the drilling process, the composite plates were secured using a customized
fixture (Figure 2c). The mounting system of the drill bit is shown in Figure 2d. A high-
performance tool holder was used to minimize the vibration, which was suitable for high
rotational speeds. A quartz dynamometer with built-in charge amplifiers (Kistler 9765A,
Kistler S.r.l., Milano, Italy) was placed beneath the composite plates to measure the thrust
force generated by the drill bit. An analog-to-digital (A/D) board (National Instruments NI
USB 6251, National Instruments S.r.l., Assago, Milano, Italy) digitized the analog signals
from the dynamometer at a sampling rate of 20 kSamples/s. The digitized signals were
then recorded on a personal computer controlled by a LabView acquisition package.

2.3. Radiography Testing

Penetrant-enhanced X-ray analysis was employed to inspect and characterize drilling-
induced damage in samples with the highest possible accuracy. For this purpose, the drilled
composite strips were immersed for 5 h in a radio-opaque zinc iodide penetrant solution
composed of 60 g zinc iodide, 10 mL water, 10 mL isopropyl alcohol, and 6 mL Kodak
Photo Flo. This solution permeates the damaged regions, enhancing their visibility during
radiography by altering the X-ray absorption coefficient in these zones. The samples were
cleaned using acetone and then radiographed in a HP Faxitron 43855A cabinet system
(HP Fabrics GmbH International Electronics, Mendrisio, Switzerland). A fine-grain AGFA
NDT D4 film (Agfa Graphics Srl, Cinisello Balsamo, Milano, Italy) was placed under the
composite samples at a distance of 60 cm from the X-ray tube and exposed to radiation for
2 min at 20 kV and 3 mA. The resulting X-ray images reveal all damage modes occurring
at various interfaces and layers of the composites. Digital images of the developed films
were acquired using a digital scanner with a resolution of 23.62 pixels/mm. Image analysis
software (Image], https://imagej.net/ij/) was utilized to measure hole damage in the
digitized radiographs.
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2.4. Delamination Factor

Various types of discontinuity can occur due to the drilling process in composite
materials, which include delamination, cracks, spalling, and burr. Delamination is the
separation of composite layers because of the failure of the interplay resin interface. Some
parts of the outer layers of the composite peel off from the laminate surface to produce
spalling. Burr is uncut groups of fibers protruding to the interior of the hole. These types
of defects are illustrated in Figure 3a.

dmax

dnom

v

Figure 3. (a) Types of defects in drilling area. (b) Schematic of delamination factor.

In previous studies, various researchers have utilized similar parameters for quantify-
ing and measuring the delamination regions around a drilled hole. Chen [24] introduced a
one-dimensional delamination factor (F;) for quantifying the extent of delamination caused
by the drilling of laminated composites, which is defined as the ratio of the maximum diam-
eter of the delamination region (Dj4y) to the nominal diameter of the drilled hole (Dyop), as
shown in Figure 3b. Faraz et al. [25] suggested a two-dimensional delamination factor (F,),
which is defined as the ratio of the nominal area of the hole (A,;) to the delamination area
around the hole (Aom). F; and F; are obtained using Equations (1) and (2), respectively.

Dmax
F, = 1
“=D (1)
Agel
F, = — 2
“ Anom ( )

These factors provide information about the extent of the damaged area regardless
of the shape of the delamination and therefore, do not indicate how the delamination is
distributed around the hole area. The shape factor (SF) is another delamination factor
that can be used to give further important information related to the damaged areas by
considering the location associated with the maximum diameter of the delamination region
(Amax). SF is obtained using Equation (3).

Agel

Amax - Anom

SF x 100 3)

The SF tends to be zero when the delamination is strongly directional and, conversely,
100 when it is uniformly distributed. In the next section, these factors will be used to
quantify the overall quality of the experiments.
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2.5. Design of Experiment (DOE)

DOE is a tool for quantitatively determining the optimal input parameter levels to
achieve optimized production. An effective DOE results in more accurate, cost-effective,
and efficient experiments. Consequently, a CCD approach was employed to minimize
the one- and two-dimensional delamination factors and peak thrust force in the drilling
of composite materials (Table 1). Design Expert software (version 12) was used for data
analysis. The independent parameters in the drilling process of CFRP samples included
the feed rate, rotational speed, and angle of layers. These variables and their levels were
selected based on preliminary tests. Two replicates were conducted to ensure reliable data.

Table 1. Process parameters and their levels.

Levels
Fact T
actors ype 1 0 1
A: Feed rate (mm/min) [F] Numeric 1200 1800 2400
B: Rotational speed (rev/min) [R] Numeric 6000 9000 12,000
C: Angle of layers [A] Categoric 45 - 15

3. Results and Discussion

The condition of the drilling process was designated based on the preliminary test
and by utilizing the central composite design, which yields 12 experiments including four
center points for each level of the categorical parameter. Considering two replicates for the
experiments and a categoric factor with two levels, the total experiments to be performed
amount to 48. Therefore, four fresh drills were used every 12 holes to nullify the effect
of tool wear. Table 2 shows the design of the experiment with actual values of factors at
various levels and their responses.

Table 2. Design of experiments and corresponding response values.

Factors Responses
Run Order . . First Replication Second Replication
F [mm/min] R [rev/min] A

Finax Fd E, SF Frax Pd F, SF

1 1200 6000 +45 163.0 1.41 0.180 13.3 172.3 1.37 0.168 16.1
2 2400 6000 +45 2844 1.54 0.186 17.4 290.2 1.54 0.210 14.4
3 1200 12,000 +45 104.7 1.17 0.121 14.0 114.3 1.25 0.124 12.5
4 2400 12,000 +45 142.7 1.38 0.113 6.9 160.7 147 0.148 6.8
5 1200 9000 +45 115.6 1.24 0.125 13.8 138.2 1.31 0.098 13.7
6 2400 9000 +45 196.8 1.51 0.179 9.1 207.7 1.59 0.174 13.9
7 1800 6000 +45 244 .4 1.41 0.161 14.1 234.8 1.45 0.184 16.0
8 1800 12,000 +45 134.3 1.32 0.119 115 138.8 1.30 0.125 11.0
9 1800 9000 +45 146.5 1.47 0.166 11.7 158.8 1.42 0.170 12.9
10 1800 9000 +45 156.8 1.36 0.159 12.1 177.4 1.32 0.118 15.8
11 1800 9000 +45 163.3 1.34 0.152 12.6 171.7 1.49 0.141 11.5
12 1800 9000 +45 164.6 1.36 0.167 11.6 172.3 1.37 0.164 13.8
13 1200 6000 +15 162.6 1.38 0.147 9.8 169.1 1.32 0.132 12.7
14 2400 6000 +15 290.8 1.61 0.181 9.3 304.3 1.59 0.149 9.8
15 1200 12000 +15 105.3 1.25 0.062 19.9 115.0 1.15 0.081 20.5
16 2400 12,000 +15 160.1 1.36 0.097 115 167.4 1.38 0.105 11.8
17 1200 9000 +15 120.8 1.25 0.082 16.1 1349 1.24 0.061 15.1
18 2400 9000 +15 205.1 1.51 0.142 9.5 208.4 1.50 0.138 11.1
19 1800 6000 +15 232.2 1.45 0.120 10.8 238.0 1.38 0.155 13.0
20 1800 12,000 +15 125.3 1.28 0.089 14.0 135.6 1.29 0.094 14.0
21 1800 9000 +15 158.1 1.43 0.128 124 167.8 1.41 0.092 12.3
22 1800 9000 +15 154.9 1.45 0.119 12.5 173.6 1.36 0.111 12.3
23 1800 9000 +15 165.2 1.41 0.102 10.3 172.3 1.44 0.113 11.8
24 1800 9000 +15 163.9 1.34 0.099 12.3 176.2 1.44 0.101 124
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3.1. Thrust Force and Optimization Process of Its Maximum Value

Figure 4 illustrates the complete evolution of the thrust force during the drilling of
a hole in a CFRP sample. The drilling process comprises three distinct stages, starting at
point A and concluding at point D. At point A (first stage), the drill tip contacts the upper
surface of the specimen, marking the beginning of the actual drilling operation. In this
stage, the thrust force increases dramatically due to the tool’s entry into the composite
sample and the gradual increase in contact length between the composite laminate and the
cutting edges of the tool. The duration of this stage is influenced by the drill tip geometry
(h parameter) and the feed rate.

(a) B L)

250 S
®
200 :
— , ----- o 1
£ 150} : hI
v | T di——.
o :
o
=
100
, )
SOfF A 2
~ / Specimen
Thickness

0 0.5 1 15 2 25 3 3.5
Tool movement [mm]

Figure 4. (a) Thrust force distribution for a complete drilling cycle, obtained using a rotational
speed of 2400 mm/min, feed rate of 6000 rev/min, and angle of layers +45. (b) Parameter h in
tool geometry.

At point B (second stage), drill tip thoroughly penetrates to a length of /1 corresponds
to the height of the conical section of the tool. The maximum thrust force occurs at this stage,
characterized by the full engagement of the drill chisel edge and cutting lips, oscillating
around a constant mean. At point C (third stage), the drill tip contacts the bottom surface
of the specimen and begins to exit. In this stage, the thrust force rapidly decreases as the
drill chisel edge passes through the workpiece, reaching zero when the cutting lips cut
through the last ply of the composite laminate’s back (point D) [26]. Drilling parameters,
the mechanical properties of the composite, and the drill geometry affect the drilling force.
Minimizing the maximum thrust force is crucial to enhance drilling quality and reduce
delamination in the drilling process [27].

The ANOVA of the experimental data (Table 3) indicates that the quadratic model
was significant, with a model Prob > F less than 0.05. Two main effects, the feed rate and
rotational speed, along with their interaction effect on the maximum thrust force, were
significant. The fitted equation in terms of actual factors for predicting the maximum thrust
force was obtained as Equation (4) for each angle of layer types.

Considering the significance of the interaction effect between the feed rate and rota-
tional speed, the interaction, surface, and contour plots between these parameters were



Appl. Sci. 2024, 14, 7610

8 of 14
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depicted to investigate the impact of independent variables on the response. As shown
in Figure 5a—c, the minimum F,;,, value was obtained at lower and faster values of feed
rate and rotational speed, respectively. By increasing the feed rate value, the chip cross-
sectional area will be more significant, and consequently, the cutting resistance increases.
This phenomenon results in an increasing thrust force value. In contrast, increasing the
rotational speed increases the friction between the drill and the composite during the
drilling process; consequently, softening of the composite will occur due to increasing the
drilling temperature. As a result, the required cutting energy and its thrust force decreased.
These results are in accordance with the literature [6,16-18,28-30]. According to Figure 5d,
the angle of the layers did not affect the Fy.

3D Surface

12000 Force (N)

11000

10000 S e s, ”lII”{,‘"
e T e ’III”” 4
250 SO L Y A A

Force(N)
W
8

8000

6000 A Feed rate (mm/min)
200 2100 2400 B: Rotational speed (rev/min)
1200 1500 1 21 24
6000 1200
Interaction
350 _| B: Rotational speed (rev/min)
Rotational speed = 6000 rev/min 350 _|
Rotational speed = 12000 rev/min
300 _|
300 _|
250 _|
250
200 _| 8
S
= 200
150
7] f% ---------------------- 4:*
150 _|
L]
100 _|
(d) 100 |
A: Feed rate (mm/min) T T
45 15

C: Angle of layers
Figure 5. The effect of rotational speed and feed rate on the first response (Fy.x) (a) Contour plot.

(b) 3D Surface plot. (c) Interaction plot, and (d) Main effect plot of the angle of layers.

For type 45: 167.89 +0.18(A) — 0.03(B) — 0.00001(A)(B) — 4.19 x 107%(A?) +2 x 107%(B?) A
Fonax For type 15: 155.25+ 0.19(A) — 0.03(B) — 0.00001(A)(B) — 4.19 x 1076(A?) 42 x 10—6(32) @
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Table 3. ANOVA for first response (Fyax).
Source Sum of Squares df Mean Square F-Value p-Value
Model 1.100 x 10° 8 13,752.76 212.04 <0.0001 Significant
A-Feed rate 41,900.33 1 41,900.33 646.02 <0.0001
B-Rotational speed 58,203.65 1 58,203.65 897.39 <0.0001
C-Angle of layers 57.64 1 57.64 0.8887 0.3516
AB 6048.95 1 6048.95 93.26 <0.0001
AC 121.50 1 121.50 1.87 0.1789
BC 1.17 1 1.17 0.0180 0.8938
A? 24.30 1 24.30 0.3747 0.5440
B2 3447.61 1 3447.61 53.16 <0.0001
Residual 2529.49 39 64.86
Lack of Fit 442.62 9 49.18 0.7070 0.6978 not significant
Pure Error 2086.87 30 69.56
Cor Total 1.126 x 10° 47

3.2. Delamination Factors and Optimization Process

Three types of delamination factors, including Fg4, Fa, and SF, were considered in this
study and the optimization of each parameter will be explained separately. The drilling
process of a CFRP composite was optimized with different feed rates and rotational speed
levels and two angles of layers of the composite were considered to minimize the maxi-
mum drilling force, one- and two-dimensional delamination factors, and to maximize the
shape factor.

3.2.1. Optimization of F4 and F,

The ANOVA of the experimental data suggested the linear model for both F4 and
F, responses. The ANOVA results for these responses are shown in Tables 4 and 5 for
F4q and F,, respectively. The main effects, including the feed rate and rotational speed,
were significant but there was no significant interaction effect between all parameters for
both Fy and F,. The angle of layers was significant for Fy, while it was not significant
for F,. The fitted equations in terms of actual factors for predicting the Fy and F, were
achieved as Equations (5) and (6), respectively, for each angle of the layers’ types. Due to
the significance of the main effects, the main effect plots were illustrated in Figures 6 and 7
for F4 and F,, respectively. As can be seen in Figures 6a,b and 7a,b, the delamination values
were decreased at the lower feed rate and higher rotational speed, respectively. At higher
rotational speed values, the tool friction increases, and a softening of the composite matrix
occurs at the drilling site because of the heat generated by tool friction; therefore, removal
of the matrix can be more accessible. At higher feed rates, contact between the specimen
and the tool increases, violent fracture is produced, and finally, more delamination will
happen. These results are in accordance with the literature [4,5,18,21,28,31,32]. Moreover,
the angle of 15 degrees between the layers had better conditions with lower Fy4 values in
comparison with the 45 degrees, while this parameter does not affect F,. These results
can be due to F; being a two-directional response. On the other hand, if the thrust force
develops delamination in one direction, the delamination in another direction will decrease;
therefore, the total delamination area will not change significantly. In contrast, F4 is a
one-directional response, and the lower angle between the layers can more effectively
protect the composite from higher directional delamination. Therefore, the lower angle
showed a significantly lower Fq value.

[ For type 45 : 0.184 + 0.00003A — 9.65 x 10~°B )
4= \ For type 15 : 0.144 4 0.00003A — 9.65 x 10~°B

[ For type 45 : 1.29 + 0.00018 A — 0.000026 B ©)
* 7 | For type 15 : 1.28 + 0.00018 A — 0.000026B
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Table 4. ANOVA for second response (Fy).
Source Sum of Squares df Mean Square F-Value p-Value
Model 0.0471 3 0.0157 62.63 <0.0001 significant
A-Feed rate 0.0081 1 0.0081 32.32 <0.0001
B-Rotational speed 0.0201 1 0.0201 80.27 <0.0001
C-Angle of layers 0.0189 1 0.0189 75.31 <0.0001
Residual 0.0110 44 0.0003
Lack of Fit 0.0046 14 0.0003 151 0.1656 not significant
Pure Error 0.0065 30 0.0002
Cor Total 0.0581 47
Table 5. ANOVA for third response (F,).
Source Sum of Squares df Mean Square F-Value p-Value
Model 0.4336 3 0.1445 67.62 <0.0001 significant
A-Feed rate 0.2904 1 0.2904 135.87 <0.0001
B-Rotational speed 0.1426 1 0.1426 66.72 <0.0001
C- Angle of layers 0.0006 1 0.0006 0.2817 0.5983
Residual 0.0940 44 0.0021
Lack of Fit 0.0315 14 0.0022 1.08 0.4143 not significant
Pure Error 0.0626 30 0.0021
Cor Total 0.5276 47
@ 7o) @
1.6 _| 1.6_| 16_]
15_| 15| 15|
L3
L]
14_| 14| 14| © E!
N S L
5 . °
13| 13| 13| @
12| 12| 12|
11| 11 11|
IZIOO 15‘00 ISIOO 2 IIOO 24‘00 6OIOO 7000 8000 90‘00 10000 1 l(I)OO 12000 4‘5 1‘5
A: Feed rate (mm/min) B: Rotational speed (rev/min) C: Angle of layers
Figure 6. The main effect of rotational speed, feed rate, and angle of the layers on the third response
(Fq) (a) Feed rate. (b) Rotational speed. (c) Angle of layers.
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Figure 7. The main effect of rotational speed, feed rate, and layer orientation on the second response

(Fa) (a) Feed rate. (b) Rotational speed. (c) Angle of layers.
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3.2.2. Optimization of SF

The ANOVA of the experimental data (Table 6) emphasized that the quadratic model
was significant (Model Prob > F less than 0.05) for the SF response. The main effects of the
feed rate and the interaction effect of all parameters were substantial. The fitted equation
in terms of actual factors for predicting shape factor was obtained as Equation (7) for each
angle of the layers’ types. For investigating the effect of independent variables on the shape
factor, the interaction, surface, and contour plots relating to the significant items were
depicted. In these figures, the angle of layers was considered the average of its two levels.
As shown in Figure 8a,b, the maximum SF value was obtained at lower and higher levels
of feed rate and rotational speed, respectively. In these levels of feed rate and rotational
speed, the higher value of SF was obtained on the angle of the layers equal to 15 degrees.
Softening of the composite at a higher rotational speed due to increasing the temperature,
reducing the violent fraction of composite at a lower feed rate and a smoother distribution
of the thrust force at lower angles between the sequence of the layers, leads to a higher
shape factor response (Figure 8c,d).

3D Surface

G

B: Rotational speed (rev/min)
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Interaction (d) Interaction

C: Angle of layers 22 C: Angle of layers
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Figure 8. (a) The 3D surface plot including the effect of rotational speed and feed rate on the shape
factor. (b) The contour plot including the effect of rotational speed and feed rate on the shape factor.
(c) The interaction plot includes the effect of feed rate and angle of layers on the shape factor. (d) The
interaction plot consists of the effect of rotational speed and angle of layers on the shape factor.
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Table 6. ANOVA for Fourth response (SF).
Source Sum of Squares df Mean Square F-Value p-Value
Model 277.14 6 46.19 28.57 <0.0001 significant
A-Feed rate 88.17 1 88.17 54.53 <0.0001
B-Rotational speed 0.2204 1 0.2204 0.1363 0.7139
C-Angle of layers 0.0352 1 0.0352 0.0218 0.8834
AB 52.20 1 52.20 32.28 <0.0001
AC 10.94 1 10.94 6.76 0.0129
BC 125.58 1 125.58 77.67 <0.0001
Residual 66.30 41 1.62
Lack of Fit 15.92 11 1.45 0.8617 0.5845 not significant
Pure Error 50.38 30 1.68
Cor Total 343.44 47

3.3. Optimization Process

P For type 45 : 167.89 + 0.18A — 0.03B — 0.00001A x B —4.19 x 107°A% + 2 x 1076B2
~ | For type 15 : 155.25 + 0.19A — 0.03B — 0.00001A x B —4.19 x 107 A2 + 2 x 10 °B?

@)

The ramp function graphs indicating the optimum values of input independent vari-
ables and output response for minimizing the F;, F;, and F; and maximizing the SF with
a desirability value of 0.938 are presented in Figure 9. The confirmatory experiments were
used to validate this solution. The experimental Fy;4y, 4, F4, and SF values for a composite
with a ply angle equal to 15, feed rate equal to 1200 mm/min, and rotational speed equal
to 12,000 rev/min were 110.2 & 4.06, 1.2 £ 0.05, 0.07 £ 0.01, and 20.2 £ 0.3, respectively.
These results indicate the efficiency and suitability of the preparation techniques and the
accuracy of the proposed models.

|7

1200

!

2400 6000 12000
A: Feed rate = 1200 B: Rotational speed = 12000
104.7 3043 1.15 1.61
Fax=109.907

F: =1.19708

6.8

SF =19.3062

T

20.5

Desirability = 0.938

S L 4
C: Angle of layer = 15
0.061 0.21

Fs =0.0651667

Figure 9. Desirability ramp solutions for minimizing the Fy,x, Fa, and F; and maximizing the SF. The
red or blue points in the figures shows the selected value of their parameter in optimized solution.
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4. Conclusions

Recently, composite material drilling has received significant attention due to its
applications in various industries. The quality of the hole plays a vital role in the longevity
of composite components during their service life. In this study, the effects of three
parameters—feed rate, rotational speed, and the angle of layers—were examined on three
types of delamination factors. A multi-response optimization was conducted using a
response optimization and desirability approach to optimize both the maximum thrust
force and the delamination factors simultaneously. To achieve a better hole quality, the
maximum thrust force and two-dimensional delamination factors should be minimized. In
contrast, the shape factor should be maximized to ensure a uniform delamination in the
hole area. The DOE results indicated that a combination of a low feed rate (1200 mm /min),
high rotational speed (12000 rev/min), and a layer angle of 15 degrees resulted in a reduced
thrust force of 109.907 N. The delamination factors (F, and F;) and the SF were 1.197, 0.065,
and 19.3, respectively. The experimental Fjy, Fs, F, and SF values for the optimized
solution with a ply angle equal to 15, feed rate equal to 1200 mm/min, and rotational
speed equal to 12,000 rev/min, were 110.2 = 4.06, 1.2 + 0.05, 0.07 £ 0.01, and 20.2 + 0.3,
respectively. Confirmation tests demonstrated that the associated errors for the responses
were minimal, validating that the proposed models are efficient and suitable for predicting
the responses.
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