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Highlights

Polyamides are preferred polymer materials for manufacturing industrial products due to their
lightness, resistance to corrosion, ease of processing, and recyclability.

The machinability properties of Polyamide 6 (PA6) polymer composite plates reinforced with
chopped carbon fiber (CF) and multi-walled carbon nanotube (MWCNT) in different proportions
were investigated by the drilling method using different cutting tools and cutting parameters.
Multi-response Taguchi optimization shows successful approach to obtaining minimum Ra, inlet,
and outlet deformation.

High cutting speed and low feed rate are ideal parameters to achieve low Ra and low inlet-outlet
deformations.

The particle addition made to the PA6 polymer reduced the Ra.

MWCNT has more positive effect on both reducing Ra and reducing inlet-outlet deformations

compared to the CF.
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ABSTRACT: Polyamides are preferred polymer materials for manufacturing industrial products due to
their lightness, resistance to corrosion, ease of processing, and recyclability. In this study, the
machinability properties of Polyamide 6 (PA6) polymer composite plates reinforced with chopped carbon
fiber (CF) and multi-walled carbon nanotube (MWCNT) in different proportions were investigated by the
drilling method using different cutting tools and cutting parameters. The experiments were carried out
according to the L16 orthogonal array. Drilling experiments were carried out in a dry environment. The
deformations occurring on the inlet and outlet surfaces of the drilled samples were calculated, and the
surface roughness (Ra) of the hole walls was measured. According to the results obtained, the particle
addition made to the PA6 polymer reduced the Ra. It has been observed that high cutting speed and low
feed rate are ideal parameters to achieve low Ra and low inlet-outlet deformations.

Keywords: Drilling, Polymer Composite, Optimization, Polyamide 6
1. INTRODUCTION

In recent years, the use of materials with high-level properties has increased in many rapidly
developing industries. Due to the fact that these materials are intended to be lightweight, studies on
particle reinforced polymer composites are one of the current research topics [1-2]. Polyamide’s (PA) is
the most widely used semi-crystalline polymer type among engineering plastics due to its high
strength/weight ratio, corrosion resistance, resistance to UV and gamma rays, very simple and economical
production processes compared to conventional materials [3-7]. PA6 polymer are used in automotive,
aviation, energy industries, in areas where flexibility as well as temperature and chemical resistance is
required, packaging, household appliances, sport equipment’s etc. [4-5]. However, due to the presence of
polar amide groups, high moisture absorption, low dimensional stability, low heat deflection temperature,
low impact resistance at low temperatures and sensitivity to heat with easy flammability limit the usage
areas of PA polymer [7-8].

Although polymers and polymer composites are produced by molding methods, some machining
operations are required to be transform them into the final product. Drilling is one of the most important
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machining operations and involves approximately 33% of the machining operations. Again, 25% of the
total time spent in machining processes is spent as drilling [9]. In machining operations, the main target
has always been to achieve optimum machining conditions in order to reduce cost and increase
performance [9]. For example, while millions of holes are required for rivets and bolted connections in the
manufacture of aircraft, delamination, and micro-cracking in the holes significantly reduce the
performance of the composite material. In the aviation industry, 60% of all parts rejected during the final
assembly of an aircraft structure are due to defects in drilling operations associated with delamination [10-
11]. For this reason, the study of the quality and performance of holes in composite structures is of great
importance when considering the large financial losses that they can cause and the irreparable loss of life.

To reduce or eliminate the problems encountered in the processing of composite materials, researchers
are conducting different studies. These studies focus on issues such as cutting parameters, cutting
conditions, tool geometries, and different cutting tool materials [12]. The including high data amount and
the size of the number of variables be required complex statistical analysis in the improvement studies.
Early in the 60s, Genichi Taguchi's new methodology is start to use due its success in improving all kind
of industrial performance. The small number of experiments, easy implementation and easy evaluation of
the variables are the features that increase the prevalence of the Taguchi method [13-16].

Composite materials can be produced as different combinations using different reinforcing materials,
resin materials, and production methods. Different materials used in the production of composite
materials improve these structures' mechanical, impact, thermal, and abrasion properties [4-5, 17].
However, it is necessary to investigate how the machining processes of these composite structures.
Although there are many studies in the literature on the machining processes of composite materials,
studies are generally carried out on drilling tests of layered polymer composite materials using thermoset
resin.

[18] conducted a study using different cutting parameters and drill bit diameters to reduce the
deformation that occurs when drilling glass fiber reinforced polyester composite materials. In addition to
these parameters, [19] also took into account the fiber orientation angle. The effects of cutting parameters
on surface quality were also examined in the studies conducted on machinability. It has been observed
that increasing the number of cutting edges and decreasing the point angle reduce the damage factor on
the entry surfaces [20]. It is believed that reducing the thrust forces and torque that occur in drilling
experiments will reduce surface damage. The thrust force increases due to the increase in the feed rate and
drill bit diameter [21-22]. As a result of increasing the number of revolutions and drill bit diameter, it is
observed that the Ra of hole surface increases [23].

In the studies conducted on the machinability of reinforced and non-reinforced polyamide materials,
the effects of cutting parameters and cutting tool geometries were investigated. [24] found that the increase
on PA66 hole quality with the addition of glass fiber whiskers. On another study according to the findings
it is said that tool wear is greater in machining of reinforced Polyamide 6 composite material [25]. [26]
investigated the milling of multi-walled carbon nanotube reinforced Polyamide 6 composite. They pointed
out the feed rate was most effective parameter on Ra. Low feed rate and high spindle speed were the best
combination for obtaining good Ra. They explained that the multi-walled carbon nanotube slightly
improved the surface quality compared to non-reinforced Polyamide 6. In experimental studies conducted
with different drill bit materials, it is observed that the surface roughness of the drill bit material affects,
and carbide was found the ideal drill bit material [27]. [28-29] investigated the hole quality, surface
roughness in drilling of polyamide (PA6) and 30% glass fibers reinforced polyamide (PA66 GF30) using
cemented carbide (K20) tool. The effects of cutting speed, feed rate, tip point was analyzed by response
surface methodology based second order and third-order mathematical models. PA66 GF30 material
provides better surface finish by employing low feed rate with low to medium speed for all the surface
results compared to the neat PA6. Performed analysis also showed that the quality of holes can improved
by employing higher spindle speed with low feed rate and point angle during drilling for both neat and
reinforced polyamides. The drill bit temperature and chip formations were experimentally investigated
in the drilling of neat and carbon black reinforced polyamide by [30]. According to the results, the drill bit
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temperature increased with increasing the cutting speed and with decreasing the feed for both
polyamides. In addition, higher drill tip temperatures were observed in the drilling of carbon black
reinforced polyamide compared to the neat polyamide. The regular chips were formed at low cutting
speed and high feed rate values. In addition, the carbon black reinforced polyamide has created more
uniform chips compared to neat polyamide due to the more heat was transferred to the drill bit from the
drilling region.

According to the literature, composite reinforcement materials affect the properties of the production
processes such as molding, machinability due to its characteristic properties in forming compounds. The
exposure of production strategies to the effects of additive-based unknown variables constitutes an
important node point that needs to be investigated in terms of efficiency. In this study, the machinability
properties of carbon fiber (CF), and multi walled carbon nanotube (MWCNT) reinforced Polyamide 6
polymer composite materials were investigated by experimentally and statistically on drilling
experiments. Inlet and outlet surface damages and hole wall surface roughness were examined in
experiments conducted using different cutting speed, feed rate and four kind of drill bit materials.
Manufactured composite used parameters and drill bit materials were not evaluated together in the
literature before. Thus, it was aimed to contribute to the literature and production industry by examining
its multivariate machinability processes of Polyamide 6 and that one of the highly used polymers in the
industry.

2. MATERIAL AND METHOD
2.1. Materials

In the study, the used Polyamide 6 (PA6) polymer (Cas Number:25038-54-4) was purchased from the
EMAS A.S. (Sumika Polymer Compounds, Bursa/Tiirkiye). Mechanical properties of PA6 according to the
supplier were given in Table 1 (http://www.emasplastik.com.tr/). The chopped carbon fiber (CF) used as
the micro sized filler was purchased with AC-4101 commercial code from DOWAKSA Advanced
Composite Materials Industry (Yalova/Tiirkiye). The physical and mechanical properties of CF according
to the supplier were given in Table 2 (https://www.dowaksa.com/tr). The multi-walled carbon nanotube
(MWCNT) was used as the nano sized filler and purchased from DETSAN A.S. (Eskisehir/Tiirkiye). The
technical properties of MWCNT according to the supplier were given in Table 3
(https://www.detsankimya.com.tr).

Table 1. Technical specifications of Polyamide 6 (PA6) [31].

Material Polyamide 6
Density g/cm? 1.12
Viscosity (%96 H2504) 2.40-2.80
Melting Temperature (°C) 220

Moisture absorption (23 °C, %50RH)  %2.50-3.50

Table 2. Technical specifications of Carbon fiber (CF) [32].

Material Carbon Fiber
Tensile Strength (MPa) 4200
Modulus of Elasticity (Tensile) (MPa) 240
Elongation (%) 1.8
Density(g/m?3) 1.76

Fiber length (mm) 6

Typical bulk density (6 mm length) (G/1) 500
Emulsion type Polyamide based
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Table 3. Technical specifications of Multi Walled Carbon Nanotube (MWCNT) [33].

Material Multi Walled Carbon Nanotube
Outer diameter (nm) <8

Inner diameter (nm) 2-5

Purity (%) >97

Length (um) 10-30

Specific surface area (m?/g) 500

Electrical conductivity (S/cm)  >10?

2.2. Manufacturing of Composite Materials

Composite manufacturing process was designed according to the PA6 supplier, literature, and past
studies of our study group [4-5] PA6 material was dried for 4 hours at 80 °C in the Niive FN120 model
oven before production due to its high moisture absorption property. The dried PA6 and CF materials
were mixed using the mechanical mixing method in a dry form. In the mixture of MWCNT and PAS6, the
MWCNT solution prepared in alcohol essence was added to the polymer for maximum wetting and
dispersion, and mechanical mixing was applied again, and then the alcohol was evaporated in the drying
oven. Thus, it was tried to obtain homogeneous mixtures for both groups of materials. The materials
prepared from the mixture were then passed through two different extruder processes and made into a
composite mixture ready for final injection production. The extrusion process of the CF and PA6 mixture
was carried out in a Coperion branded extruder with a screw diameter of 26 mm, an L/D ratio of 46, and
11 heat zones located in Gama-Alfa Plastic Co. Istanbul. The extruded polymer was cooled and then
granulated again in the crusher. Materials prepared by mixing MWCNT and PA6 were produced in a co-
rotating twin-screw extruder with a screw diameter of 22 mm, an L/D ratio of 32, and 6 heat sections
located in Kiitahya Dumlupinar University, Faculty of Engineering, Department of Mechanical
Engineering. After the mixture of MWCNT and PA6 was also granulated in the crusher. In injection
molding process, the polymer material heated around the ball screw melts and is mixed again thanks to
the ball screw. Mixing the remelted material within itself again ensures that the unbalanced parts are
dispersed. The polymer material pushed into the mold from the outlet nozzle at the end of the machine is
produced here as the desired drilling sample plate. Figure 1 shows the production stages of a polymer
composite material [4-5].
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Figurel. Manufacturing process of PA6 composites.

Scanned Electron Microscopy (SEM) images of the reinforced PA6 composite samples are given in
Figure 2 and Figure 3. Also, Table 4 shows the materials used in the experiments and their abbreviations.
In the study, with PA6 polymer, 6 different samples were produced, including by weight 10%, 20%, and
30% CF added and 0.1%, 0.2%, and 0.3% MWCNT added composites. In addition, neat PA6 polymer was
manufactured with the same procedure except reinforcement process.

0456 AN 1000KV B3

Figure 2. SEM images of CF reinforced polymer composite.
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Figure 3. SEM images of MWCNT reinforced polymer composite.

DPU-ILTEN

Table 4. Experimental materials and their abbreviations.

Materials Abbreviations
Polyamide 6 PA6

Polyamide 6 + 10 % wt. Carbon Fiber PA6+10CF
Polyamide 6 + 20 % wt. Carbon Fiber PA6+20CF
Polyamide 6 + 30 % wt. Carbon Fiber PA6+30CF
Polyamide 6 + 0.1 % wt. Multi Walled Carbon Nanotube = PA6+0.IMWCNT
Polyamide 6 + 0.2 % wt. Multi Walled Carbon Nanotube = PA6+0.2MWCNT
Polyamide 6 + 0.3 % wt. Multi Walled Carbon Nanotube = PA6+0.3MWCNT

2.3. Experimental Study

165

Drilling experiments of all PA6 composite were carried out in the VMC850B branded CNC vertical
machining center (Figure 4). The maximum number of revolutions of the machine is 8000 rpm, and drilling
operations were carried out in a dry environment. Drilling experiments were carried out using different
cutting speeds (40, 70, 100, and 130 m/min), feed rates (0.1, 0.2, 0.3, and 0.4 mm/rev), and drill bits material.
High Speed Steel (HSS), Tungsten Carbide, Polished Tungsten carbide (cutting faces has been polished
for composite materials), and Polly Crystal Diamond (PCD) are selected as drill bit materials. The diameter
of all drill bits were 6 mm. Cutting parameters and drill materials were selected from the most widely
used and preferred ones in the machining industry. It has been decisive in criteria such as cost and

availability.
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Figure 4. CNC Machining center.

Figure 5 shows the drill bits used in the study. The cutting parameters and the experimental design
are given in Table 5. A L16 orthogonal experimental design was performed for drilling experiments, and
the Taguchi method was used to determine the effects of the experimental parameters on machinability.
Factor levels in the experimental design were determined as Cutting Speed (m/min) (A), Feed Rate
(mm/rev) (B), and Drill bit Material (C).

Figure 5. Drill bit maférialé: a) HSS, b) Tungsten carbide, c) Polished tungste.nﬂcarbide, d) PCD.

Because of the drill bit materials data was non-numerical, they were assigned numerical values as 1,
2, 3, and 4 for HSS, Tungsten carbide, Polished tungsten carbide and PCD respectively for use in Taguchi.
Thus, the meaning of each factor can be better interpreted in prediction and validation experiments. The
recommendations of cutting tool providers and the literature have been considered in the selection of
cutting parameters [18, 20-23, 27].
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Table 5. L16 Orthogonal array.

Test No Cutting Speed (m/min) (A) Feed Rate (mm/rev) (B) Drill bit Material (C)
1 40 0.1 HSS (1)
2 40 0.2 Tungsten carbide (2)
3 40 0.3 Polished tungsten carbide (3)
4 40 0.4 PCD (4)
5 70 0.1 Tungsten carbide (2)
6 70 0.2 HSS (1)
7 70 0.3 PCD (4)
8 70 04 Polished tungsten carbide (3)
9 100 0.1 Polished tungsten carbide (3)
10 100 0.2 PCD (4)
11 100 0.3 HSS (1)
12 100 0.4 Tungsten carbide (2)
13 130 0.1 PCD (4)
14 130 0.2 Polished tungsten carbide (3)
15 130 0.3 Tungsten carbide (2)
16 130 0.4 HSS (1)

167

The lowest results for Ra are detected from experiments with cutting parameters, and drill bits
materials can be determined as optimal cutting conditions. As a result of the experiments, the TIME TR
200 surface roughness measuring device was used to measure the roughness of the inner walls of the hole

on. The roughness measurements were performed perpendicular to the hole surface at 4 mm length with
3 repetitions on the prepared measuring setup [34]. The calibration of the device was checked before each
measurement group. Optical images of the inlet and outlet surfaces of the holes were taken to detect
surface deformations. An INSIZE brand optical microscope was used to take the images. Dmax and Dmin
diameters were measured by image processing on obtaining images. Where Dmax is maximum diameter of
the delamination region and Dmin is the diameter of the hole. The ratio of these values to each other gives
the deformation factor [14-15]. The performed experimental study are given in Figure 6.

Drilling Experiments

Sample
Holder

Surface Roughness
Measurement

Optical Image Inspection

Figure 6. Experimental procedure.
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3. RESULT AND DISCUSSION
3.1. Drilling Results of CF Reinforced PA6

As a result of drilling experiments of CF reinforced PA6 composite materials, Ra was measured, and
deformation factor values were calculated. The obtained results were examined and interpreted in two
groups. The measured Ra values are given in Table 6, and the calculated deformation factors are given in
Table 7.

Table 6. Surface roughness (Ra) of CF reinforced PA6 composites.

Surface Roughness (Ra), (um)

TestNo  pa6  PA6+10CE  PA6+20CF  PAG+30CF
1 0.489 0.484 0.422* 0.744
2 0.701 0.569* 0.843 0.917
3 0.951 0.590 0.467 0.437*
4 0.911 0.722 0.614* 0.711
5  0810* 1.458 1.956 1.673
6 0337 0.882 0.669 0.790
7 1.081 0.881 0.749 0.705*
8  0.82 0.913 1.078 1.147
9 1.046 0.796* 0.966 1.565
10 1324 1.410 1.164 0.875*
11 0665 1.070 0.760 0.493*
12 0528 0.744 1.670 0.561*
13 1.089 1.420 0.738* 0.719
14 1274 1.347 0.966* 2327
15 0.998* 1531 1.366 1.455
16 0966 1.738 0.751* 0.790

*: Lowest value.

When Table 6 and Table 7 are examined, the surface roughness and deformation factor values
obtained from PA6+20CF reinforced material were generally found as the lowest or close to the lowest
than the other CF reinforced materials. Taguchi analysis was performed on the experiments conducted for
this material and presented in detail. The S/N ratio is determined according to three basic performance
characteristics. Since the Ra and deformation factor were required to be low in the drilling of PA6+20CF
composite materials, the “smaller-better” performance characteristic was chosen for the S/N ratio. The
Equation (1) used to calculate the S/N ratios is given below [13, 15, 35-36].

1
S/Nss =1 = —10log[- X, y7| ()

Statistical analyses were performed with Minitab 17 software. The S/N ratio response table for
PA6+20CF material is given in Table 8. The main effect graphs for the S/N ratios prepared according to
the Ra and deformation factors which derived from the "smaller-better" rule for 4-level cutting speed, feed
rate, and drill bits material, which are the parameters in drilling the composites, are shown in Figure 7.
The results of the analysis of variance for S/N ratios are given in Table 9.
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Table 7. Inlet and outlet deformation factors of CF reinforced PA6 composites.

Test Inlet deformation factors Outlet deformation factors

No PA6 PA6+10CF PA6+20CF PA6+30CF | PA6 PA6+10CF PA6+20CF PA6+30CF
1 1.047 1.023 1.019* 1.028 1.063 1.030 1.020* 1.033
2 1.010 1.017 1.015 1.009* 1.011 1.009* 1.015 1.012
3 1.014 1.013 1.017 1.010* 1.036 1.019 1.015% 1.017
4 1.016* 1.018 1.028 1.017 1.028 1.019 1.028 1.015%
5 1.013* 1.019 1.031 1.066 1.024 1.039 1.018 1.017*
6 1.036 1.027 1.022* 1.034 1.060 1.033 1.028* 1.035
7 1.019* 1.019* 1.019* 1.022 1.027 1.018 1.018 1.015*
8 1.018 1.019 1.019 1.014* 1.024 1.015* 1.020 1.018
9 1.032 1.017 1.018 1.007* 1.046 1.018 1.012% 1.017
10  1.022 1.015* 1.025 1.017 1.029 1.019 1.013 1.011*
11 1.023% 1.028 1.024 1.034 1.035 1.016* 1.020 1.030
12 1.016* 1.018 1.018 1.018 1.007* 1.013 1.015 1.015
13 1.020 1.016 1.019 1.013% 1.040 1.038 1.015% 1.019
14 1.021 1.023 1.033 1.015* 1.027 1.018 1.015* 1.017
15  1.011* 1.020 1.039 1.020 1.020 1.033 1.017 1.008*
16  1.016* 1.021 1.030 1.039 1.023* 1.024 1.026 1.038

*: Lowest value.

Table 8. Response table for PA6+20CF sample surface roughness (Ra) S/N ratio.
Surface Roughness (Ra)  Inlet deformation factors Outlet deformation factors

Level Cs FR DM Cs FR DM Cs FR DM
1 49523 11470 39566 -0.1753 -0.1912 -0.2079 -0.1713 -0.1428 -0.2045
2 01215 09867 1.6398 -0.1998 -02080 -0.1929 -0.1859 -0.1566 -0.1401
3 07745 21978 -2.8775 -0.1856 -02160 -0.2226 -0.1343 -0.1573 -0.1445
4 0.6757 04005 20130 -02624 -02078 -0.1996 -0.1601 -0.1948 -0.1624

Difference 57268 17973 6.8341 00871 00248 0.0297 00516 00520 0.0644
Dol 2 3 1 1 3 2 3 2 1

CS: Cutting Speed (m/min), FR: Feed Rate (mm/rev), DM: Drill bit Material, Dol: Degree of Importance.

When the results for PA6+20CF polymer material were examined, the lowest Ra was obtained as 0.422
pm in an experiment using a 40 m/min cutting speed, 0.1 mm/rev and HSS drill bit. The lowest inlet
deformation factor was found as 1.015 in the experiments using 40 m/min cutting speed, 0.2 mm/rev feed
rate, and tungsten carbide drill bit, and the lowest outlet deformation factor was found as 1.012 in the
experiments using 100 m/min cutting speed, 0.1 mm/rev cutting speed and polished tungsten carbide drill
bit for PA6+20CF. However, it should be noted that the while the 1.012 was the lowest value for outlet
deformation factor, 1.015 was the second lowest value for inlet deformation factors. The PA6+30CF sample
has the lowest inlet deformation factor with 1.009 value. It can be thought that the 30%CF reinforced
sample is better than the other but when the Ra and outlet deformation factors taken into account
PA6+30CF sample was not enough good as the PA6+20CF sample. This unusual situation is thought to be
due to the anisotropic structure of the composite. In addition, beside to the parameters, different drill bit
material also lead to the differences in the cutting results due to the interactions that occurred between
drilling bit and composite during drilling [15].
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Figure 7. Main effect graphs for PA6+20CF sample S/N ratios a) Surface Roughness (Ra), b) Inlet

deformation factors, c¢) Outlet deformation factors.

When the results obtained were interpreted by performing Taguchi analysis, drill bit material was

found to be the most effective parameter for Ra and outlet deformation factor. However, the cutting speed
was the most effective parameter for inlet deformation factor in line with the principle of smallest is the
best. When Figure 7 is examined, A1B3C1 combination is the most suitable for optimum Ra level, while
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A1B1CS3 for inlet deformation, and A3B1C3 for optimum outlet deformation factors. The drill bit material
and cutting speed are predominantly the most influential parameter. The analysis of variance (ANOVA)
was performed, to determine the effect of differences between the factors affecting the process for
PA6+20CF polymer composite. The effects of parameters in ANOVA are calculated by comparing the F-
values of each factor [13]. As seen from Table 9, drill bit material is the most effective parameter on surface
roughness and outlet deformation factor, while cutting speed only effect the inlet deformation factor. Drill
bit material and cutting speed are the main factors to be considered statistically. The semantic coefficients
are quite close to each other. Although statistically feed rate has less meaning, cannot be excluded due to
the nature of machinability process and it is one of the parameters that must be selected in the system.
However, the weakness of its statistical significance can be evaluated as flexibility of parameter selection
in the machinability process.

Table 9. Analysis of variance (ANOVA) for PA6+20CF sample S/N ratio.

ss MS F P
Source DoF
SR IDF ODF SR IDF ODF SR IDF ODF SR IDF  ODF

Cutting
Speed 3 79.993 0018315 0000078 79.993 0.006105 0.000026 26664 127 2.63 0004 0367 0.145
(m/min)
Feed Rate

3 6728 0001308 0000082 6728 0000436 0.000027 2243 009 276 00383 0963 0.134
(mm/rev)
ﬁzltliz:l 3100312 0001968 0.000143 100312 0.000656 0.000048 33.437 014 479 0002 0935 0.049
R;Srlfo‘ial 6 11.087 0028878 0.000060 11.087 0.004813 0.000010  1.848

Sum 15 198119 0.050469 0.000364

DoF: Degree of Freedom, SS: Sequential sum of squares, MS: Mean sum of squares, F: F-Value, P: Probability, SR:
Surface Roughness (Ra), IDF: Inlet Deformation Factor, ODF: Outlet Deformation Factor,

Most studies in the literature are on the machinability of composites obtained by layered production
of woven fibers. When the machinability of these materials is examined, high cutting speed and low feed
rate are the most recommended cutting parameters for optimal cutting of fiber integrity [3, 10, 21].
However, when the machinability of composites is made of thermoplastic polymers is examined, there
are opposite findings. Accordingly, it has been determined that the heat at the drill bit disrupts the chip
formation cut from the polymer, thus negatively affecting the performance of the cutting process and the
Ra. To compensate for this, it is thought that the cutting speed should be reduced, and the feed rate should
be increased. Due to the low cutting speed, the drill bit will heat up less. The drill bit material will quickly
move away from the cutting zone. Thus, the negative effect of heat on the chip form and the material
surface will be eliminated [30, 34-37].

3.2. Drilling Results of MWCNT Reinforced PA6

A similar detailed examination was also made for MWCNT added PA6 polymer materials. Surface
roughness’s for all doped samples are given in Table 10. According to the findings 0.2% MWCNT added
PA6 polymer composites generally has the lowest Ra values compared to other MWCNT reinforced
composite materials. All deformation factors occurring on the inlet and outlet surfaces have been
calculated for PA6 polymer materials versus MWCNT reinforcement are given in Table 11.
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Table 10. Surface roughness (Ra) of MWCNT reinforced Polyamide 6 composites.

rll"\?(s)t Surface Roughness (Ra), (um)
PA6+0.IMWCN PA6+0.2MWCN PA6+0.3MWCN
PA6
T T T
1 0.489% 1.204 1.654 0.729
2 0.700 0.918 0.497* 0.732
3 0.951 0.640 0.888 0.599*
4 0.911 0.789* 1.101 1.385
5 0.810 1.551 0.679* 1.540
6 0.337% 1.214 0.614 1.457
7 1.081 0.738 0.663* 0.847
8 0.822 1.876 0.649* 1.231
9 1.046% 1.457 1.716 3.005
10  1.324 1.005 0.413* 0.832
11 0.665 1.725 0.653* 2.446
12 0.528 0.619 0.483* 0.627
13 1.089* 1.431 1.094 2.290
14 1274 2.069 0.657* 1.652
15 0.998 1.419 1.033 0.526%
16 0.966 0.562* 1.251 0.972

*. Lowest value.

Table 11. Inlet and outlet deformation factors of MWCNT reinforced PA6 composites.

Inlet deformation factors Outlet deformation factors

11:? pag PA6+01 PA6+02 PA6H03 . 1;?&2’; PA6+0.2 PAG6+0.3

MWCNT MWCNTMWCNT T MWCNTMWCNT
1 1.047 1.053 1.030* 1.038 1.063 1.046 1.028* 1.055
2 1.010* 1.012 1.036 1.034 1.011* 1.019 1.066 1.028
3 1.014 1.018 1.011* 1.025 1.036 1.013* 1.028 1.014
4 1.016* 1.055 1.020 1.029 1.028* 1.052 1.054 1.057
5 1.013 1.024 1.012* 1.022 1.024 1.019* 1.019* 1.033
6 1.036 1.035 1.020* 1.034 1.060 1.042 1.024* 1.039
7 1.019 1.045 1.017* 1.027 1.027 1.016* 1.056 1.078
8 1.018 1.017 1.015* 1.020 1.024 1.034 1.024 1.017*
9 1.032 1.031 1.013* 1.035 1.046 1.021 1.027 1.019*
10 1.022 1.061 1.015 1.010*  1.029* 1.042 1.044 1.077
11 1.023* 1.042 1.031 1.030 1.035 1.035 1.023* 1.037
12 1.016* 1.026 1.016* 1.016* 1.007* 1.025 1.020 1.017
13 1.020* 1.052 1.021 1.028 1.040 1.082 1.035* 1.109
14 1.021 1.062 1.018* 1.040 1.027  1.066 1.036 1.023*
15 1.011* 1.069 1.026 1.051 1.020* 1.034 1.080 1.051
16 1.016 1.030 1.025 1.029 1.023 1.034 1.023 1.029

*: Lowest value.

The lowest Ra was obtained as 0.337 um at 70 m/min cutting speed, 0.2 mm/rev feed rate, and HSS
drill bit in experiments conducted for neat PA6. Thus, for PA6+0.2MWCNT sample Ra was measured as
0.413 pm at 100 m/min cutting speed, 0.2 mm/rev feed rate, and PCD drill bit parameters. It has been
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observed that the MWCNT reinforcement was reduces the Ra. However, this Ra value was lower than the
CF reinforced PA6 composites. Similarly, while [26], stated that the Ra decrease with CNT addition
compared to neat PA6 in their study, [24] found out the increase on PA66 hole quality with the addition
of glass fiber whiskers. It was declared that the decrease of Ra was corelated with the heat transformation
from drilling region to tool bit and chip [30]. It has been thought that carbon-based particles improve the
heat transfer mechanism in the structure, and the removed heat contributes to the improvement of the
cutting surface between the drill bit-polymer. The results showed that the PA6+0.2MWCNT sample are
better than the other MWCNT reinforcement ratios. The lowest inlet and outlet deformation factors found
as 1.030 and 1.028 respectively, for PA6+0.2MWCNT sample in MWCNT reinforcement composite group.
However, both of the deformation factor obtained at 40 m/min cutting speed, 0.1 mm/rev and HSS drill
bit parameters. It is thought that the obtaining better result of the 0.2% reinforcement ratio is attributed to
the efficiency of the cutting surface between the drill, the reinforcement material, and the polymer.
Amount of the carbon-based reinforcement materials let the friction decrease more than the other ratios
between the drill and composite. This phenomenon also related with the manufacturing process of
composite. Efficient contact interface with the PA6 and MWCNT was observed by mixing, extrusion, and
injection manufacturing process. However, it is possible to talk about the efficiency of dissipating the
friction-induced heat and removing the chips in an ideal way [30, 37]. Taguchi analysis was performed for
the results obtained from this material for Ra, inlet, and outlet deformation factors. The S/N ratios response
table is given in Figure 8.

According to the Figure 8, A2B2C2 parameters are the required combination for ideal Ra level. For
obtaining optimum inlet deformation and outlet deformation factors, A2B1C3 and A3B1C1 combinations
have to be chosen, respectively. While the drill bit material and feed rate are looks likes the most influential
parameters, according to the graphs all parameters have close and high effects for getting optimum
drilling performance of MWCNT reinforced composites. Moreover, this effect is even greater compared
to the drilling of CF reinforced PA6 composites. The meaning of the feed rate parameter is greater
compared to the drilling of CF reinforced materials. Feed rate is usually directly proportional to the
increase in deformation factors when drilling polymer composites. It has been determined that feed rate
is the most important factor in many machinability studies conducted in the literature [14]. Similar to these
results, which are valid for thermoset polymers and layered composites, the low feed rate in thermoplastic
composites resulted in less deformation. For low Ra, medium feed rates were found to be effective. The
lower the feed rate, the more friction it causes. Therefore, it can be said that the feed rate for Ra, unlike
deformation, should be moderate and high.

In Table 12, The results of the ANOVA for the PA6+0.2MWCNT composite are given. According to
the analyzes, it is seen that the feed rate parameter for the Ra, and the drill bit material for the inlet and
outlet deformation factors are the effective parameters. It is observed that the outlet deformation factor
for carbon fiber and carbon nanotube reinforced materials is greater than the inlet deformation factor.
Also, [38] stated in his study that the output deformation is larger than the input. In this case, it is
consistent with our study. This is due to the blasting force's effect when the material exits the lower surface
of the drill bit. The material that is not supported from the bottom is partially stretched during exit, which
causes contact failure on the cutting surface of the drill bit. However, the thickness of the material itself
provides good support for the drill bit during entry. Thus, the cutting mouth of the drill bit is in contact
with the material at a better angle. The importance of cutting angles in the cutting process is known. The
deterioration of these angles by the wear of the cutter or the deterioration of the material by deformation
adversely affects the efficiency of the cutting process.
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Main Effects Plot for SN ratios
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Figure 8. Main effect graphs for PA6+0.2MWCNT sample S/N ratios a) Surface roughness (Ra), b) Inlet
deformation factors, ¢) Outlet deformation factors.

When the effects of the factors on the cutting parameters are examined one by one, it can be thought
that a factor affects only one parameter. According to the F and P values given on Table 12, feed rate has
no effect on results except the Ra. On the other hand, it seems that the drill bits' material has an effect only
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deformation factors. But cutting speed are not statistically enough significant. The statistical weakness of
the parameters does not negate the fact that they must be selected for workability. However, it is an
inevitable fact that machinability can be done efficiently by bringing together the independent variables
in an optimum level. For this reason, it is important to research and find the most effective parameters on
results such as deformation and Ra and to work on formulas that will be brought together at an optimum
level. In addition, the weakness of the effect of a parameter can be turned into an advantage as flexibility
in production processes for manufacturers. According to the statistical results, choice of the feed rate and
drill bit material should be emphasized in the efficient drilling of MWCNT reinforced PA6 composites.

Table 12. Analysis of variance (ANOVA) for PA6+0.2MWCNT sample S/N ratio.
SS MS F P
SR IDF ODF SR IDF ODF SR IDF ODF SR IDF ODF

Source DoF

Cutting
Speed 3 4093 0.012565 0.05562 13.644 0.004188 0.01854 2.09 1.36 1.14 0.203 0.342 0.406
(m/min)
Feed Rate
(mm/rev)
Drill bit
Material
Residual
Error
Sum 15 208.17 0.058177 0.33948
DoF: Degree of Freedom, SS: Sequential sum of squares, MS: Mean sum of squares, F: F-Value, P: Probability, SR:
Surface Roughness (Ra), IDF: Inlet Deformation Factor, ODF: Outlet Deformation Factor.

98.88 0.002133 0.07482 32.960 0.000711 0.02494 5.05 0.23 153 0.044 0.872 0.300

[65}

29.21 0.024957 0.11134 9.736 0.008319 0.03711 1.49 2.69 228 0.309 0.139 0.180

[65}

6 3915 0.018522 0.09770 6.525 0.003087 0.01628

3.3. Confirmation Experiments

In the experimental study, optimal results of surface roughness, inlet, and outlet deformation factors
according to the independent variables of cutting speed, feed rate and drill bit material were obtained by
using the Taguchi optimization method. In addition, the validity of the statistically derived ideal
parameters was tested with the confirmation experiments [9, 13]. Relation between the statistically
prediction levels and confirmation experiment were given in Table 13. The suggested confirmation
experiment for the Ra, inlet and outlet deformation factors were the A1B1C1 parameter test in our
experimental design. The results obtained in the estimation analysis with Minitab 17 software was
overlapped with the results obtained from the current experiment for PA6+20CF composite.
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Table 13. Comparison of prediction levels and confirmation experiments result.

Taguchi Optimization Prediction Confirmation Experiment

Level Al B1 C1 Al B1 C1

Drilling parameters 40 0.1lmm/rev HSS 40 0.1 mm/rev HSS
m/min m/min

Surface Roughness (Ra) 0.3606062 0.42267

Inlet Deformation Factor 1.018912 1.01975

Outlet Deformation Factor 1.022462 1.02008

Taguchi Optimization Prediction Confirmation Experiment

Level Al B1 C1 Al B1 C1

Drilling parameters 40 0.Imm/rev HSS 40 0.1 mm/rev HSS
m/min m/min

Surface Roughness (Ra) 1.6085 1.65433

Inlet Deformation Factor 1.02975 1.03096

Outlet Deformation Factor 1.02276 1.02803

According to the obtained prediction levels with Minitab 17 software, suggested confirmation
experiment for the Ra, inlet and outlet deformation factors was the A1B1C1 parameter. The performed
test results confirm the levels of optimum control factors determined based on Taguchi optimization
method for Ra, inlet, and outlet deformation factors in our experimental design.

4. CONCLUSIONS

An experimental study was carried out to examine the machinability properties of PA6 thermoplastic
composite materials produced by adding carbon fiber and multi-walled carbon nanotubes at different
rates. In the study, feed rate and cutting speed were used as cutting parameters, and 4 different drill bit
materials were used as cutters. To examine the effects of Ra, inlet deformation, and outlet deformation
factors on the material, Taguchi analysis was used. Based on the analysis, the following conclusions were
obtained within the selected parameters.

According to the Ra, inlet deformation, and outlet deformation results, 20% ratios for CF reinforced
composites and 0.2% ratios for MWCNT reinforced composites generally gave better results.

MWCNT has more positive effect on both reducing Ra and reducing inlet-outlet deformations
compared to the CF. The CF reinforcement increased the Ra while reduced the inlet and outlet deformation
factors.

Lowest Ra value was obtained at A1B3C1, lowest inlet deformation obtained at A1B1C3, and the
lowest outlet deformation obtained at A3B1C3 parameters for the PA6+20CF composite. Drill bit material
was found to be the most effective parameter for Ra and outlet deformation factor, while cutting speed
was the most effective parameter for inlet deformation factor for drilling of PA6+20CF composite material.

The lowest Ra was obtained at A2B2C2, lowest inlet deformation A2B1C3, and the lowest outlet
deformation A3B1C1 parameters are required for the PA6+0.2MWCNT composite. While the feed rate has
great effect on the Ra, the drill bit material for both inlet deformation and outlet deformation factors are
the effective parameter for drilling of PA6+0.2MWCNT composite material.

It is observed that the outlet deformation factor for both carbon fiber and carbon nanotube reinforced
materials is greater than the inlet deformation factors.

According to the confirmation experiments, Multi-response Taguchi optimization shows successful
approach to obtaining minimum Ra, inlet, and outlet deformation.

When all variables are optimized, the A1B1Cl1 are the ideal parameters for drilling both PA6+20 CF
and PA6+0.2MWCNT composite.
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As further research, the effects of lubricating additives and different fiber types can also be examined.
In addition, possible damage mechanism can be analyzed by simulating usage processes by performing
fractured sample tests.
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