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In this study, basalt fiber-reinforced epoxy matrix composite materials were produced using hand 
lay-up and vacuum infusion methods, both in their unreinforced form and with the addition of 0.25 
wt% multi-wallet carbon nanotube (MWCNT) and 0.5 wt% hexagonal boron nitride (h-BN) 
nanoparticles. Additionally, hybrid basalt fiber-reinforced epoxy matrix composites were 
manufactured by keeping the MWCNT content constant at 0.25 wt% while varying the h-BN 
reinforcement levels to 0.25 wt%, 0.5 wt%, and 0.75 wt%. The effects of nanoparticle reinforcement, 
cutting speed, and feed rate on parameters such as cutting force, delamination, and average surface 
roughness (Ra) during drilling processes were investigated. Among the cutting forces observed, the 
lowest thrust forces during drilling were achieved for all samples at a feed rate of 300 mm/min and 
a spindle speed of 4800 rpm. When comparing reinforcement levels, the lowest cutting force values 
were obtained in sample N5, which contained the highest h-BN nanoparticle reinforcement. In terms 
of surface roughness, the lowest value of 0.95 μm was achieved for sample N5 at a feed rate of 300 
mm/min and a spindle speed of 4800 rpm during the drilling process. Regarding delamination, it was 
observed that increasing h-BN content, combined with low feed rates and high spindle speeds, 
reduced delamination damage in drilling processes 

 
1. Introduction  
 
Composite materials have found widespread use in aerospace, automotive, and other engineering fields due to 
their superior mechanical properties, lightweight nature, and resistance to corrosion. These characteristics make 
them a strong alternative to metal alloys in many engineering applications [1]. Various fibers such as basalt, glass, 
jute, flax, aramid, and carbon fibers are used as reinforcement materials in composites [2]. Among these, basalt 
fiber stands out as an important reinforcement in polymer matrix composites due to its non-toxic nature, eco-
friendliness, ease of processing, and cost-effectiveness compared to other fibers [3]. Composite materials are 
generally produced using molding techniques, but secondary operations such as drilling, milling, and surface 
finishing are required for assembly and dimensional tolerances [4]. During these machining processes, defects 
such as fiber breakage, resin separation, micro-cracks, and delamination may occur due to the anisotropic and 
heterogeneous structure of composites [5]. To reduce these defects, adding specific amounts of nanoparticles to 
the composites has proven to be an effective solution [6]. Nanoparticles such as boron nitride graphene, MWCNTs, 
and fullerenes enhance the machinability of composites while significantly improving the wear resistance of the 
matrix. MWCNTs, with their high surface area, exceptional tensile strength (up to 60 GPa), and elasticity modulus 
(approximately 1 TPa), are prominent as fillers in composites. Additionally, lubricants like hexagonal boron nitride 
and boric acid provide slipperiness due to weak Van der Waals bonds between their layers, improving wear 
performance. Boron nitride, in particular, is widely used in composite materials and advanced technological 



Tongur & Ataberk 

275 

 

ISSN: 2149-9373 © 2025 Parantez Academic Publishing All rights reserved 

Gazi Journal of Engineering Sciences (GJES): 11(2), 2025       

applications to enhance wear resistance, reduce friction, and improve thermal management. In conclusion, 
nanoparticle reinforcement not only strengthens the mechanical properties of composites but also reduces 
machining-related defects, thereby improving the overall performance of the material [7]. Composite materials 
are widely used in the aerospace and aviation industries, where drills with a diameter of 4.8–10 mm and a point 
angle of 110–140º are generally preferred for drilling operations [7-10]. In terms of cutting tool materials, the 
abrasive properties of fiber-reinforced composites result in lower performance for HSS (High-Speed Steel) tools. 
Therefore, WC (Tungsten Carbide) tools emerge as a more efficient alternative [11]. Additionally, studies in the 
literature highlight the superior performance of diamond-coated tools, particularly in wear resistance tests [12-
13]. Tungsten carbide drill bits outperform HSS drill bits significantly. The main reasons for this superiority are 
the excellent thermal stability of carbide tools at high temperatures, their ability to maintain hardness, and their 
excellent wear resistance [14-15]. As a result of the literature review, it has been observed that studies on the 
machinability of basalt fiber-reinforced epoxy matrix composites are quite limited. In particular, the lack of 
information on nanoparticle-reinforced composites containing h-BN and MWCNT highlights the need for more in-
depth research in this field. In this study, the machinability of both unreinforced and nanoparticle-reinforced 
basalt fiber composites was examined in detail with the aim of addressing this knowledge gap and revealing their 
potential for industrial applications. During the drilling process, the effects of machining parameters such as 
cutting speed and feed rate on key output parameters—cutting force, delamination, and surface roughness were 
systematically evaluated. The findings are expected to contribute to the improvement of production processes 
involving advanced composites and to provide valuable guidance for both academic research and industrial 
practices. 
 
2. Materials and Method 

 
2.1. Materials  
 
In this study, the composite material produced with epoxy resin nanoparticle reinforcement was used as a matrix 
element. The epoxy resin (LR160) and hardener (LH160) utilized in the study were supplied by Dost Kimya. 
Additionally, the basalt fabric used as a reinforcement element was a 200 g/m² plain weave basalt fiber fabric, 
procured from Kompozitsan company. MWCNTs and h-BN were employed as nanoparticles. The MWCNTs used 
have an outer diameter ranging from 15 to 25 μm, an inner diameter of 5 to 10 μm, and lengths varying between 
10 and 20 μm. The h-BN nanoparticles have a purity of 99.5% and a diameter of 65-75 μm. These nanoparticles 
were supplied by Nanografi company. In this study, a TiAlN-coated carbide drill bit with a diameter of 6 mm, 
supplied by TAEGUTEC, was used for the drilling process (Figure 1). 

 
Figure 1. Dimensions and properties of the TiAlN-coated carbide drill bit 

 
2.2. Preparation of nanoparticles doped epoxy resin 
 
According to literature research, the ratios of h-BN and CNT nanoparticle additives in matrix elements have been 
determined to not exceed a total of 1%. The best mechanical properties for CNT addition were found at 0.25% [16-
18], and for h-BN, the optimal ratio was 0.50% [19]. In this study, nanoparticle-reinforced epoxy resins were 
initially prepared with 0.25 wt.% MWCNT nanoparticle content and 0.5 wt.% h-BN reinforcement. Subsequently, 
hybrid nano-epoxy resins were developed by maintaining the MWCNT content at a constant 0.25 wt.% and varying 
the h-BN reinforcement at 0.25 wt.%, 0.5 wt.%, and 0.75 wt.%, enabling the investigation of the effects of h-BN 
nanoparticle reinforcement within the matrix. In other words, this approach aimed to observe improvements in 
cutting performance by leveraging the superior mechanical properties of MWCNTs and the exceptional lubricating 
properties of h-BN nanoparticles. In the solution mixing method, clean epoxy resin was placed into an empty 
beaker using a precision scale, and nanoparticles in varying weight percentages, as detailed in Table 1, were added 
based on the epoxy resin quantity. The mixture was homogenized using a Bandelin HD 2200 ultrasonic mixer 
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operating at 20 kHz and 70 W for 5 minutes. To prevent excessive heating that could compromise the structure of 
the epoxy and nanoparticles, intermittent temperature measurements were taken, and cooling was applied as 
necessary. Subsequently, a curing agent at 25 wt.% of the epoxy resin's weight was added to the mixture and 
stirred for 5 minutes using a mechanical stirrer until a homogeneous mixture was achieved. The nanoparticle-
reinforced epoxy resins were thus prepared for composite material production (Figure 2).  
 

Table 1.Naming of the produced nanocomposite materials 

Samples Additive by Weight (gr) MWCNT(%) h-BN 
(%) 

N0 Neat Epoxy 0 0 

N1 Epoxy +%0.5 h-BN 0 0.5 

N2 Epoxy+%0.25 MWCNT 0.25 0 

N3 Epoxy+%0.25 MWCNT +% 0.25h-
BN 

0.25 0.25 

N4 Epoxy+%0.25 MWCNT +% 0.50h-
BN 

0.25 0.5 

N5 Epoxy +%0.25 MWCNT +% 0.75h-
BN 

0.25 0.75 

 

 
Figure 2. Preparation of epoxy resin with nanoparticle additives. 

 
2.3. Production of composite plates 
 
The production of composite materials was carried out by simultaneously using two production methods, hand 
lay-up + vacuum bagging. During the production phase, an epoxy + hardener mixture containing nanoparticles was 
impregnated into 16 layers of basalt fabric using a roller brush, ensuring the homogeneous distribution of the 
nanoparticles. Subsequently, the vacuum bagging method was applied to eliminate air pockets (Figure 3). 
According to the epoxy resin catalog data, the mixture was heated and left to cure. A stepwise heating process was 
applied during curing: 10 minutes at 50ºC, 120 minutes at 80ºC, and 120 minutes at 120ºC. Afterward, the material 
was left to cool at room temperature. The reason for keeping the temperature low during the initial curing stage 
is to prevent the chemical structure of the uncured epoxy from being degraded by high temperatures [20]. Then, 
the vacuum tape, nylon, infusion mesh, and peel ply were removed, and the excess edges of the composite plates 
were trimmed using a circular saw. In total, six 300x300x4.75±0.25 mm and 30x30 mm plates, one from each 
mixture ratio, were obtained to be used in the drilling process. 
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Figure 3. Production of composite plates using hand lay-up + vacuum bagging method 

 
2.4. Characterization 
 
The experiments were conducted on the Quaser MV154C vertical machining center, which is shown in Figure 4 
and Figure 5, with a maximum power of 17.5 kW and a spindle speed of 10,000 rpm. A special mold was designed 
for drilling operations and the mold was mounted on a dynamometer for cutting force measurements. The thrust 
force was measured using the Kistler 9257B dynamometer, fixed to the machine, along with the 5070A amplifier, 
5697A data acquisition unit, and DynoWare software, at a sampling rate of 2000 Hz. After the measurements, raw 
force-time data was obtained, and the maximum force data throughout the process was recorded. Thrust forces 
were measured for all parameters tested in the experiments. During drilling, a mold was produced to mount the 
Kistler 9257B dynamometer, and composite plates were attached to the upper part of the mold using specially 
made pads. Drilling was carried out with five repetitions for each parameter, ensuring that the plate was fully 
perforated. Since the cutting force components in the x (Fx) and y (Fy) directions were very low during the drilling 
process, the cutting force in the z direction (Fz), referred to as the thrust force, was used for machinability 
evaluation [21]. 

 

Figure 4. The drilling operations were performed on a CNC vertical machining center, utilizing a mold specifically designed for drilling and a 
dynamometer assembly for force measurement. 
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Figure 5. The equipment used for cutting force measurements (Dynoware software, amplifier and data acquisition system, maximum forces 

generated during the drilling process) 

The process parameters were determined based on N: spindle speed (rpm), Vc: cutting speed (m/min), D: tool 
diameter (mm), F: feed rate (mm/min) and fz: feed per rpm (mm/rpm). For the machining of composite materials, 
the cutting speed (30-90 m/min) and feed rate (0.18 mm/tooth) values taken from the company catalog were 
substituted into Equations 1 and 2 [22] to calculate the spindle speed and feed rate. As a result, 6 mm diameter 
drill, cutting speeds of L1: 300 mm/min and L2: 800 mm/min, and spindle speeds of S1: 1600 rpm, S2: 3200 rpm, 
and S3: 4800 rpm were determined. While calculating the spindle speed, an intermediate value was also selected 
in addition to the two main values in order to enhance the accuracy of the study. This approach allowed for more 
reliable results and enabled a more comprehensive evaluation. The obtained values were presented in Table 2. 
 

𝑁 =
ଵ଴଴଴.௏೎

గ.஽
            (1) 

𝐹 = 𝑓௭ . 𝑁            (2) 
Table 2.The cutting parameters calculated for the drilling operation 

Tool 
Diameter 
(mm) 

Cutting Speed  
Vc (m/min) 

Feed Rate 
(mm/rp
m) 

Feed Rate 
(mm/mi
n) 

Spindle 
Speed 
(rpm/min) 

6 30 0.18 299.36 1592.35 
6 90 0.18 878.98 4777.07 

 

After the drilling operation, the images of the entry and exit sections of each hole for each experimental parameter 
were captured and recorded using the Keyence VHX-900F digital microscope. Then, in AutoCAD software[23], the 
nominal hole diameter and the diameter measurements of the maximum delaminated area were determined. The 
delamination factor (Fd), which characterizes the delamination level, was calculated by taking the ratio of the 
diameter of the circle containing the maximum damaged area (Dmax) to the nominal hole diameter (Dnom), as shown 
in Equation 3 [24]. The stages of examining and calculating delamination damage were  shown in Figure 6. 

 

nom

max

D

D
Fd              (3) 
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Figure 6. The stages of delamination damage measurement 

In drilling operations, surface roughness was measured at a single point on the hole surfaces. All surface 
measurements were performed using the FILMETRICS Profilm3D-200 optical profilometer, and the 
measurements were analyzed using Profilmonline software. The experimental setup used is shown in Figure 7. 
 

 
 

Figure 7. Surface roughness measurement using the FILMETRICS Profilm3D-200 optical profilometer and Profilmonline software 
 

 
3. Results and Discussion 
 
3.1. Test results for thrust force analysis in drilling operation 
 
Thrust force measurements were completed with five repetitions for each parameter combination. The results 
obtained from the measurements, including the percentage changes of samples N1, N2, N3, N4, and N5 compared 
to the N0 sample, were collectively presented in Table 3. The thrust force values determined based on contribution 
rates were provided in Figure 8. 
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Figure 8. Maximum thrust forces generated in the Z-direction for N0, N1, N2, N3, N4, and N5 samples. 
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Table 3.Maximum Fz thrust force values generated in the Z-direction during the drilling process for N0, N1, N2, N3, N4, and N5 samples. 

Samples Fz Trust Force (N) Percentage change 
rates (%)  

 
Samples Fz Trust Force (N) 

Percentage 
change rates 

(%). 

dN0-L1-S1 129.4±3.91 -  dN1-L1-S1 120.70±3.82 -6.72 
dN0-L1-S2 105.6±4.14 -  dN1-L1-S2 98.99±3.28 -6.26 
dN0-L1-S3 94.19±2.83 -  dN1-L1-S3 92.76±3.49 -1.51 
dN0-L2-S1 200.4±8.13 -  dN1-L2-S1 191.5±6.47 -4.44 
dN0-L2-S2 149.1±4.96 -  dN1-L2-S2 141.28±6.91 -5.24 
dN0-L2-S3 139.2±4.36 -  dN1-L2-S3 132.11±4.84 -5.17 

       

Samples Fz Trust Force (N) Percentage change 
rates (%). 

 Samples Fz Trust Force (N) 
Percentage 

change rates 
(%)  

dN3-L1-S1 124.8±3.15 -3.55  dN2-L1-S1 122.08±3.34 -6.00 
dN3-L1-S2 105.85±7.66 0.24  dN2-L1-S2 102.318±2.71 -3.21 
dN3-L1-S3 93.25±3.37 -0.99  dN2-L1-S3 93.51±4.04 -0.73 
dN3-L2-S1 200.32±7.35 -0.04  dN2-L2-S1 196.65±11.6 -1.91 
dN3-L2-S2 146.8±6.52 -1.54  dN2-L2-S2 142.7±5.35 -4.48 
dN3-L2-S3 137.24±7.15 -1.41  dN2-L2-S3 140.02±7.97 0.78 

       

Samples Fz Trust Force (N) Percentage change 
rates (%).  Samples Fz Trust Force (N) 

Percentage 
change rates 

(%) 

dN4-L1-S1 120.02±2.52 -7.25  dN5-L1-S1 105.9±3.48 -18.16 
dN4-L1-S2 95.61±3.22 -9.46  dN5-L1-S2 89.638±2.26 -15.12 
dN4-L1-S3 87.08±4.63 -7.55  dN5-L1-S3 81.082±3.77 -13.92 
dN4-L2-S1 180.36±6.39 -10.00  dN5-L2-S1 167.52±5.09 -16.41 
dN4-L2-S2 135.1±4.71 -9.39  dN5-L2-S2 121.94±5.42 -18.22 
dN4-L2-S3 130.42±14.61 -6.31  dN5-L2-S3 112.3±5.95 -19.32 

 
Thrust force is critically important for understanding potential severe damage during the drilling process of 
composite materials. It serves as an indicator of cutting tool performance, with variations in thrust force often 
stemming from drill wear and changes in the material removal mechanism. Increased feed rates lead to greater 
contact between the drill tips and the work piece, thereby increasing thrust force. Conversely, higher spindle 
speeds reduce thrust force. The findings reveal that the most influential factor on thrust force is the feed rate, 
followed by spindle speed as a secondary factor. An increase in feed rate enhances contact between the work piece 
and the cutting tool, resulting in higher thrust forces. However, higher speeds cause chips to remain in the cutting 
zone for a shorter duration [25], which contributes to the reduction of thrust force at a feed rate of 300 mm/min. 
On the other hand, when the feed rate reaches 800 mm/min, the reduced contact time between the drill bit and 
the work piece diminishes the polishing effect, leading to a rise in thrust force again [26]. These results underscore 
the importance of accurately optimizing parameters such as feed rate and spindle speed to minimize thrust force-
induced damage during drilling. The lowest thrust force, 81.08 N, was observed in the dN5-L1-S3 sample at a feed 
rate of 300 mm/min and a spindle speed of 4800 rpm. Across all samples, the lowest thrust forces were recorded 
at the L1-S3 levels, corresponding to a feed rate of 300 mm/min and a spindle speed of 4800 rpm. This indicates 
that low feed rates combined with high spindle speeds reduce contact between the cutting tool and the work piece, 
minimizing thrust force. Thrust force is largely controlled by the cutting mechanism during machining. Excessive 
MWCNT reinforcement can alter the chip removal mechanism by shifting the cutting process from the polymer 
matrix to the MWCNTs during drilling [27]. This resulted in higher thrust forces in the N2 sample compared to the 
N1, N3, N4, and N5 samples. While higher MWCNT ratios improve machinability up to a certain threshold by 
lowering thrust force, exceeding this threshold negatively impacts machinability [28]. The h-BN additive, by 
weight, reduces thrust force due to its friction-reducing properties and lubricating effect [29]. Therefore, lower 
thrust forces were achieved with increasing h-BN additive ratios. In the MWCNT-reinforced N2 sample, the added 
MWCNT by weight reduced thrust force, but the reduction was less significant compared to the h-BN-reinforced 
N1, N3, N4, and N5 samples. In other words, while the MWCNT additive positively impacted strength properties, 
it negatively affected thrust force. In contrast, the h-BN nanoparticle additive by weight had a more positive effect 
on thrust force compared to the MWCNT additive, while also modifying the strength properties. 
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3.2. Test results for delamination analysis in drilling operation  
 
After the drilling process, the entry and exit areas of each hole were imaged using the Keyence VHX-900F digital 
microscope. The images of the samples N0, N1, N2, N3, N4, and N5 were provided sequentially in Figure 9, Figure 
10, Figure 11, Figure 12, Figure 13 and Figure 14. The delamination factor measurements for all samples were 
summarized in Table 4, Figure 15 and Figure 16.  
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Figure 9. Microscope images of the hole in and out for the N0 sample 
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Figure 10. Microscope images of the hole in and out for the N1 sample 
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Figure 11. Microscope images of the hole in and out for the N2 sample 
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Figure 12. Microscope images of the hole in and out for the N3 sample 
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Figure 13. Microscope images of the hole in and out for the N4 sample 
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Figure 1. Microscope images of the hole in and out for the N5 sample 

 
Table 4. Delamination factor values generated during the drilling process for all samples 

    N0 sample   N1  sample     N2 sample 

Feed 
Rate  

Spindle 
speed Dfin Dfout  Dfin Dfout  Dfin Dfout 

30
0 

m
m

/m
in

 

1600 rpm 1.2349 1.2381  1.2342 1.1860  1.1648 1.1993 
3200 rpm 1.1624 1.1854  1.1749 1.2028  1.1009 1.1778 
4800 rpm 1.1296 1.2011  1.1548 1.1958  1.0870 1.1434 

80
0 

m
m

/m
in

 

1600 rpm 1.3121 1.2367  1.2876 1.3490  1.1386 1.2260 
3200 rpm 1.2437 1.1581  1.2356 1.1909  1.1131 1.1145 
4800 rpm 1.2032 1.2066  1.1797 1.2213  1.1125 1.1161 
  N3 sample   N4 sample   N5 sample 

Feed 
Rate 

Spindle 
speed 

Dfin Dfout  Dfin Dfout  Dfin Dfout 

30
0 

m
m

/m
in

 

1600 rpm 1.1538 1.1468  1.0967 1.1849  1.1448 1.1815 
3200 rpm 1.1350 1.1140  1.0896 1.1784  1.1333 1.1384 
4800 rpm 1.0993 1.1354  1.0794 1.1293  1.1010 1.1133 

80
0 

m
m

/m
in

 

1600 rpm 1.1527 1.2484  1.1748 1.2296  1.1682 1.1321 
3200 rpm 1.0826 1.1301  1.1337 1.1662  1.1515 1.1156 
4800 rpm 1.1748 1.1314   1.1264 1.1287   1.1118 1.1137 

 

1
60

0
 r

p
m

 

    

3
20

0
 r

p
m

 

    

4
80

0
 r

p
m

 

    

300 mm/min  800 mm/min 

Hole in  Hole out  Hole in Hole out 

 fiber pull-out zones 

Debonding areas 

Smooth cut 
 

Peel up 

Push out 

Fiber-matrix 
debonding 
regions  

Interlaminar 
crack 



Tongur & Ataberk 

286 

 

ISSN: 2149-9373 © 2025 Parantez Academic Publishing All rights reserved 

Gazi Journal of Engineering Sciences (GJES): 11(2), 2025       

 
Figure 15. Delamination amounts at hole entry according to contribution ratios  

 
Figure 26. Delamination amounts at hole exit according to contribution ratios 

Many studies have reported that drilling-induced delamination can affect the material strength, load-bearing 
capacity, service life, and machining quality. Therefore, it is important to perform delamination analysis after the 
drilling process. Delamination formation is typically associated with the thrust force [30]. The hole images of the 
unreinforced N0 sample were shown in Figure 9. Upon examining the images, it was observed that there was no 
delamination or cracking at low feed rates, and most of the drilling processes resulted in burr-free holes. However, 
as the feed increased, burr formation also increased. At low spindle speeds, as the feed rate increased, the drill bit 
could not effectively evacuate the chips from the material surface [24], resulting in burr formation around the hole. 
Delamination at the hole exit occurred in the form of a push-out, meaning that thrust force had a significant effect 
on this type of damage. On the other hand, since the delamination at the hole entrance occurred as a peel-up, the 
effect of the thrust force here was less [8-9]. The observed delamination effect was consistent with the tensile 
strength and thrust force. The hole images of the N1 sample were shown in Figure 10. With a 0.5% weight h-BN 
addition, the matrix (resin), which holds the fibers together and distributes the load uniformly across the fibers, 
appears to reduce delamination formation by supporting the fibers against interlayer separation due to the added 
nanoparticle [31]. In other words, with the nanoparticle addition, the lubricating effect of the h-BN nanoparticles 
not only enhanced the material’s durability but also prevented excessive deformation, leading to better 
performance. The hole images of the N2 sample were shown in Figure 11. With a 0.25% weight of MWCNT, the 
fiber and matrix integrity of the composite material increased, significantly improving machinability. Upon 
detailed examination of the hole images, it was observed that the composite with no additives exhibited 
delamination in the form of cracking at the hole exit, whereas the composite material with the additive showed 
block-like delamination at the exit. The addition of MWCNT resulted in better chip removal and the desired hole 
size due to the rigid, non-flexible structure of the composite MWCNT material [32]. The hole images of the N3, N4, 
and N5 samples, prepared with 0.25% weight MWCNT and 0.25%, 0.50%, and 0.75% weight h-BN nanoparticle 
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additions, were shown in Figure 12, Figure 13, Figure 14. As with all other sample, lower delamination values were 
achieved at low cutting speeds and high spindle speeds. The main reason for this is the increased friction at the 
tool edges at high spindle speeds and low cutting speeds. This results in the matrix softening, allowing the cutting 
process to occur more stably and reducing delamination errors [33-34]. It was observed that MWCNT significantly 
reduced delamination, but at higher concentrations of h-BN, this error increased again. Delamination is primarily 
controlled by the cutting mechanism during processing. Higher nanoparticle additions increase machinability up 
to a certain limit and, by reaching the minimum chip thickness, provide lower delamination and improved surface 
quality. The best delamination result was obtained with the dN3L1S3 sample. However, when this limit was 
exceeded, it was observed that increased peeling areas, separation, and interlayer cracks led to negative effects 
[27]. 
 
3.3. Test results for surface roughness analysis in drilling operation  
 
The surface roughness values for the N0, N1, N2, N3, N4, and N5 composite samples at spindle speeds of 1600, 
3200, and 4800 RPM, and feed rates of 300 and 800 mm/min, were presented in Figure 17 and Figure 18. It was 
observed that as the spindle speed increased, surface roughness decreased, while surface roughness increased 
with higher feed rates. The results also showed a linear relationship between cutting force and surface roughness. 
 

 
Figure 37.Surface Roughness Amounts Generated During Drilling According to Contribution Ratios 

 

Table 5. Surface roughness values generated during the drilling process for all samples and percentage change rates for the N0 sample 

    N0 sample N1 sample   N2 sample 

Feed 
Rate  

Spindle 
speed Ra(µm) 

Percentage 
change rates 

(%) 

Ra(µm) Percentage 
change rates (%) Ra(µm) 

Percentage 
change rates 

(%) 

30
0 

m
m

/m
in

 

1600 rpm 1.45 - 1.28 -11.72 1.34 -7.59 
3200 rpm 1.32 - 1.19 -9.85 1.21 -8.26 
4800 rpm 1.17 - 1.11 -5.29 1.14 -2.73 

80
0 

m
m

/m
in

 

1600 rpm 1.39 - 1.33 -4.32 1.36 -2.16 
3200 rpm 1.29 - 1.24 -3.80 1.26 -2.25 
4800 rpm 1.18 - 1.15 -2.79 1.16 -2.28 

    N3 sample N4 sample N5 sample 

Feed 
Rate  

Spindle 
speed Ra(µm) 

Percentage 
change rates 

(%) 
Ra(µm) Percentage 

change rates (%) Ra(µm) 
Percentage 

change rates 
(%) 

30
0 

m
m

/m
in

 

1600 rpm 1.26 -13.10 1.24 -14.48 1.21 -16.55 
3200 rpm 1.16 -12.12 1.12 -15.15 1.04 -21.21 
4800 rpm 1.13 -3.58 1.08 -7.85 0.95 -18.94 

80
0 

m
m

/m
in

 

1600 rpm 1.31 -5.76 1.25 -10.07 1.23 -11.65 

3200 rpm 1.23 -4.58 1.15 -10.78 1.13 -12.34 

4800 rpm 1.09 -7.86 1.04 -12.09 0.98 -17.16 
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When examining the surface roughness of the N1sample with 0.5% weight h-BN nanoparticle addition, it shows 
lower surface roughness values compared to the N0 sample without h-BN nanoparticles. This clearly indicates that 
the added nanoparticle reduces the likelihood of chips remaining in the newly machined area [35], in other words, 
it reduces friction due to its lubricating properties, thereby lowering surface roughness under certain processing 
conditions [36]. When the surface roughness of the N2 sample with 0.25% weight MWCNT nanoparticle addition 
is examined, a reduction in surface roughness is observed compared to the unreinforced N0 sample, although this 
reduction is less than that observed in the N1 sample. This suggests that the dense network structure of MWCNTs 
increases the surface roughness of the sample. High MWCNT concentrations in polymer composites lead to the 
locking of polymer chains, leaving slight marks on the cutting surface [37-38]. At the same time, surface quality is 
largely controlled by the cutting mechanism during processing; therefore, excessive amounts of MWCNT 
reinforcement in composites result in the MWCNTs, rather than the polymer, forming the cutting process [39]. As 
a result, in the N2 sample, a higher thrust force and surface roughness were obtained with the MWCNT addition 
compared to the N1 sample. By keeping the MWCNT content constant and increasing the h-BN content, lower 
surface roughness values were achieved in the N3, N4, and N5 samples compared to the N0 sample. As the h-BN 
content increased, similar to the thrust force, a decrease in surface roughness was observed. 
 
4. Conclusion 
 
The findings from the drilling operations were summarized as follows: 
 
Thrust Force: As the feed rate increased, the thrust force increased, while an increase in spindle speed led to a 
decrease. The lowest thrust forces were obtained at a feed rate of 300 mm/min and spindle speed of 4800 rpm. In 
the h-BN added samples, a reduction of up to 6.72% in thrust force was observed, while this reduction was more 
limited in the MWCNT-based samples. 
 
Delamination: No delamination or burr formation was observed at low feed rates, while burr formation increased 
with higher feed rates. The h-BN added samples reduced delamination, while the MWCNT added samples provided 
smoother and block-type delamination at the hole exit.  
 
Surface Roughness: Surface roughness decreased with increasing spindle speed and increased with higher feed 
rates. The h-BN added samples exhibited lower surface roughness values. The lowest roughness value, 0.95 µm, 
was measured for the N5 sample.  
 
These findings highlight the significant effects of optimizing processing parameters (feed rate, spindle speed) on 
thrust force, delamination, and surface roughness during the drilling process. 
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