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ABSTRACT

Machining composites is more complex than metals due to their non-homogeneous, anisotropic nature and abrasive fibers. The
machining process of composites can introduce defects, such as drilling-induced delamination, a critical factor in the rejection of
drilled composite components in the aerospace industry and others. Among thermoplastic composites, poly(ether imide) (PEI)
stands out for high performance, recyclability, and low cost, and is extensively employed in aerospace applications such as interior
panels, structural brackets, and electrical housing. This study examines drilling parameters for carbon fiber/PEI composites to
minimize delamination. In this study, four carbide tools with different point angles were tested: two with point angles of 118°
and 140°, respectively, both coated with titanium nitride (TiN), one with 90° coated with diamond, and a last one with two point
angles of 90° and 118°, without coating. Parameters followed manufacturer recommendations with three rotational speeds (4,000,
6,000, 8,000 rpm) and feed rates (0.025, 0.038, 0.050 mm/rev). Delamination was analyzed via high-resolution optical microscopy
and Image]J 1.54. Analysis of variance and Tukey tests identified optimal conditions. Hole entrance damage depended on rotation
speed and tool geometry, with higher speeds causing more damage; the 140° point angle caused less than 118°. At the hole exit, tool
type was the main factor, with the diamond tool giving the best finish. Optimal parameters were 4,000 rpm with a diamond tool.

Keywords: Composite materials; Thermoplastic resins; Carbon fiber; Machining. Drilling; Boundary layer separation.

INTRODUCTION

An increasing number of applications have preferred fiber-reinforced composites over metallic materials due to their exceptional
resistance to corrosion and fatigue, in addition to significant weight reduction (Jayan et al. 2021; Nixon et al. 2013). Composites
can present matrices based on metals, ceramics, polymers, or carbon (Ozkan et al. 2020); however, the prevailing choice for carbon
fiber (CF)-reinforced composite is a polymeric matrix, forming the CF-reinforced plastic (CFRP) materials (Mahesh et al. 2021).
While thermoset matrices have traditionally dominated the industry, there has been growing interest in thermoplastic matrices
due to their numerous advantages: enhanced versatility in processing techniques, increased damage tolerance, improved chemical

resistance, and the potential for recycling and reusability (Elfaleh et al. 2023; Sauer and Kuhnel 2019).
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Concerning structural composites, several thermoplastic matrices are commonly employed, including poly(ether ether ketone)
(PEEK), poly(aryl ether ketone) (PAEK), and poly(phenylene sulphide) (PPS), all of which exhibit a semicrystalline structure, along
with the amorphous poly(ether imide) (PEI) (Silva et al. 2024). PEI stands out among high-performance thermoplastic matrices
due to its excellent processability and moldability, combined with superior electrical insulation and inherent flame resistance
compared to PEEK and PPS. These properties allow the manufacturing of complex geometries while ensuring low smoke emission,
a critical requirement for aerospace and electronic applications. Furthermore, PEI offers a favorable balance between thermal
stability, dimensional accuracy, and cost-effectiveness, making it an attractive alternative for aerospace components that require
compliance with stringent safety and performance requirements without incurring the high material costs associated with PEEK
or PAEK (Asyraf et al. 2022; Scarselli et al. 2021; Toro et al. 2022).

According to Amancio-Filho et al. (2008), Wirth and Heath developed amorphous PEI in 1970. Its chemical structure consists
of repeating units of aromatic imide, propylidene (isopropylidene), and ether groups. The aromatic imide groups confer stiffness
and high thermal resistance to the polymer, while the ether groups provide PEI with good processability, associated with low
melt viscosities.

In the present context, it is nearly impossible for a structural component to be fabricated without undergoing some form of
machining process (Mcllhagger et al. 2020), whether it be for drilling holes or achieving the necessary surface finish as per the
mechanical design requirements (Ciecielag et al. 2021). Drilling in polymer-based composite materials is a complex process due
to their non-homogeneity, anisotropy, and abrasive nature, which complicates machining and may lead to delamination and fiber
pull out (Kesarwani et al. 2023; Rawal et al. 2022).

Recent studies indicate that around 60% of drilled composite parts are rejected in the aerospace industry due to damage such as
drilling-induced delamination (Sharma et al. 2021). Delamination, an interlaminar crack between fiber reinforcement and polymer
matrix, reduces stiffness and strength, being the most common defect in CFRP drilling (Wu et al. 2019). Figure 1a schematically
illustrates the drilling forces that can cause delamination, which often limits machining tolerances and component reliability
(Sharma et al. 2021; Wu et al. 2019). It can occur at both hole entry and exit (Callisaya et al. 2023; Chandrabakty et al. 2019).
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Source: Figure 1a: Adapted from Ge et al. 2023; Fig. 1b and c: Adapted from Mathivanan et al. 2016.

Figure 1. Schematic of thrust force during drilling. (a) Thrust force and delamination damage during drilling; (b) Demonstration
of the forces on the face of the tool; (c) Magnitude of cutting forces during drilling.

The delamination damage caused by the tool geometry has been recognized as one of the major problems during drilling
(Fig. 1a) (Nayak et al. 2023). The tool characteristic influences the cutting force (force in the axial direction), characterized as a
load exerted by the cutting tool on the composite, called the thrust force. Thermoplastic matrices are more prone to machining
damage at lower temperatures than thermosets (Kilickap 2010; Meinhard et al. 2021).

During the drilling process, the machining temperature can easily reach approximately 180 °C. Under such conditions, the
analysis of the thrust force should be conducted within a thermomechanical framework, explicitly accounting for the temperature
dependence of the workpiece material properties (Biron 2007; Zhang et al. 2021). Saoudi et al. (2016, 2018) proposed a model that
incorporates thermal effects during the drilling of composite materials. This model was formulated based on a thorough analysis
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of previously established analytical approaches by Zhang et al. (2001), while explicitly including the influence of temperature on
the model parameters. According to Kubher ef al. (2022), accounting for the temperature-dependent behavior of the composite

material is essential for accurately predicting the thrust force and the associated damage mechanisms during machining:

m (K*(T) + Gie(T) 12
W
£ (D) ((%) - K(T))

thrust =

where K* (T) is a temperature-dependent stress intensity factor, G, (T) is a temperature-dependent interlaminar fracture toughness,
¢ (7) is a temperature-dependent ratio of delamination dimensions, and C;, (7) is a geometric and material constant.

The applied force should not exceed the value of Eq. 1, the critical load at the onset of crack propagation, a function
of the material properties, to avoid delamination (Ekici et al. 2021). Studies on acrylonitrile-butadiene-styrene and PEEK
machining (Hocheng and Puw 1992; Hocheng et al. 1993) show that fracture mechanics mainly governs damage in some
thermoplastics due to their high toughness. Among the drill point geometry parameters, the point angle has a major influence
on the magnitude of thrust force, contributing more than 50% of the total thrust produced during drilling (Velayudham and
Krishnamurthy 2007).

Figure 1b illustrates that the thrust force F,,

consists of the force F,; from the chisel edge (highlighted by the red arrows),
squeezing the composite material, and the force F , of the main cutting edge to cut the composite material (Ge et al. 2023; Zitoune
and Collombet 2007), according to Eq. 2 (Mathivanan et al. 2016; Zitoune and Collombe 2007). The chisel edge is responsible
for pushing/extruding material from the center to the sides as the tool penetrates the hole. Increasing the angle enlarges the
chisel edge, leading to greater material extrusion rather than cutting, which in turn raises the cutting force and, consequently, the

delamination. The force generated by the chisel edge F,, is about % of the total thrust force F,, , , (Fig. 1b). Currently, numerous

thrust
studies are focused on minimizing the contact between the chisel edge and the work material, aiming to reduce the thrust force

and thus the delamination factor (Mathivanan et al. 2016):

Finruse = Fz1 + 2F,; )

Figure 1c illustrates the curve of the thrust force in the drilling process. The curve initiates with the chisel contacting the
workpiece at point O, followed by the entry of the chisel edge into the workpiece at point A, leading to a sharp increase in thrust
force (O-A). Point A is designated as the location where the cutting force acts on the chisel edge, and point B breaks through the
back surface of the plate. There is a significant reduction in thrust force (Mathivanan et al. 2016).

The machining process critically depends on material characteristics and cutting parameters (Singh et al. 2021). For this reason,
it is of utmost importance to correctly select the mechanisms for material removal to ensure optimal cutting tool performance,
excellent surface quality, and effective control of residual stresses generated during this process (Mathivanan et al. 2016; Wang et al.
2021). Defects resulting from the manufacturing process of CFRP can create areas of high-stress concentration (El Moumen
et al. 2019). Prolonged usage of a specific component with such defects may lead to premature damage, even when subjected to
loads below the limit specified by the manufacturer (Rubino ef al. 2020).

In this context, to assess the influence of the hole on the durability of a CF/PEI component, this study aims to determine the
optimal parameters for drilling CF/PEI test specimens with 6 mm holes, minimizing delamination as much as possible, to be
used in a comparative fatigue study with CF/PEI without a hole according to Silva et al. (2024). The specimens will adhere to the
dimensions specified in the American Society for Testing and Materials (ASTM) D7615/D7615M-23 standard: Standard Practice

for Open-Hole Fatigue Response of Polymer Matrix Composite Laminates, as shown in Fig. 2.
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Figure 2. Dimensions required for the fatigue test according to ASTM D7615/D7615M-23 (dimensions in mm).

For drilling the CF/PEI specimens, four drills with different tip angles were selected, as they are the most commonly used.
Consequently, the drilling parameters - rotational speed and feed rate — were set according to the recommendations of the cutting
tool manufacturers. The selected tip angles were 118°, 140°, 90°, and a fourth drill featuring a combination of 118° and 90°. The
chosen rotational speeds and feed rates were 4,000, 6,000, and 8,000 rpm, with feed rates of 0.025, 0.038, and 0.050 mm/tooth.

Experimental

Materials

The laminates had a stacking sequence of ([0.90] [45]),  and dimensions of 500 mm x 500 mm, supplied by Toray Advanced
Composites (Netherlands). Eight layers of T300 3K CF fabric (280 g/m?) with 42% matrix weight fraction were used, yielding a density
of 1.51 g-cm® and a thickness of 0.31 mm per layer, totaling 2.48 mm. PEI polymer has a density of 1.27 g-cm?, T, of 217 °C, and is
processed between 320-350 °C. According to Toray (Cetex TC 1000 PEI datasheet), laminate FT 300 B shows, under room temperature
dry conditions, tensile strength at 90° of 495 MPa, compression strength at 90° of 481 MPa, and flexural modulus at 0° of 26.3 GPa.

Drilling test

Drilling tests were conducted to identify optimal parameters that minimize delamination in CF/PEI laminate holes. This
supports specimen preparation for fatigue tests per ASTM D7615/D7615M-23 and assists industries working with thermoplastic
composite drilling. For fatigue testing, specimens must follow ASTM D5766/D5766M-11, which requires a 6 mm hole.

Drilling tests were carried out on a DMG DMU 50 ECO vertical machining center; the assembly during the test specimen is
shown in Fig. 3a, following the machining parameters described in Table 1. The minimum values selected were based on the tool

manufacturer’s specifications, and the higher values were selected, aiming to test the effect on productivity.

“Gtting t00l  Tegt specimen

Source: Elaborated by the authors.

Figure 3. Setup for drilling. (a) Experimental assembly during testing; (b) Tools used; (c) Specimen used in drilling (dimensions in mm).
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Table 1. Machining parameters of drilling experiments.

Level Revolution (N) (rpm) Feed rate (f) (mm/tooth)
1 4,000 0.025
2 6,000 0.038
3 8,000 0.050

Source: Elaborated by the authors.

The experimental design used was a full factorial, with two factors (rotation and feed rate) with three levels and one factor
(tool) with four levels, totaling 36 conditions. Two repetitions were performed for each condition, totaling 72 trials.

Within the context of this study, four distinct categories of cutting tools were used, crafted from a variety of materials and
featuring different geometric configurations. The detailed specifications of each tool are provided in Table 2. Figure 3b shows the
four tools used. To facilitate drilling, laminate plates measuring 250 mm in length and 25 mm in width were used. Figure 3¢ shows
the dimensions of the specimens. Each plate accommodated approximately 17 holes, with sufficient spacing between them. To

mitigate the influence of vibrations, the specimens were securely clamped, and the machining was performed dry.

Table 2. Characteristics of the cutting tools used.

Cutting tools Material Coating Application Geometry Angle xoo Version

T Carbide TiN Metallic materials 118° Two- facet
Twist drill

T2 Carbide TiN Metallic materials [ 140° Two-facet,
Twist drill

N\ Two-facet

T3 Carbide Diamond Composites K > a0 Twist dnil
T4 Carbide Uncoated Composites <;/\(\~ e 118° e 90° E'_ght'facet
L wist drill

Source: Elaborated by the authors.

Guantification of delamination

According to Babu et al. (2016) and Ekici et al. (2021), the methodologies employed for evaluating delamination exhibit
substantial diversity among researchers, with some relying on measurements of delaminated surface area or crack length, while
others prefer quantification through ratios of delaminated surface areas or radii in comparison to reference areas or radii. Currently,
three primary measurement methods are widely used in the literature to evaluate delamination caused during the drilling process:
one-dimensional, two-dimensional, and three-dimensional techniques.

According to Geng et al. (2019) and Kumar et al. (2022), various image acquisition techniques are used for non-destructive
measurements, with the most common being optical microscopy, digital photography, ultrasonic C-scan, and X-ray. Visual
measurements performed using optical microscopes, scanning electron microscopes, digital cameras, and scanners are practical

and cost-effective methods widely adopted by researchers. Image processing - including enhancement and analysis - plays a
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crucial role in ensuring measurement accuracy. However, accurately measuring delamination using visualization techniques
remains difficult for dark composites such as CFRP. Furthermore, these techniques face significant limitations in detecting hidden
delamination within the composite laminates.

In this study, the two-dimensional method was chosen to evaluate the delamination due to its widespread use and the possibility
of performing measurements with a microscope that offers high-quality images (Ge et al. 2023; Yu et al. 2023). This approach
considers the hole area, nominal area, and delaminated area. The nominal area represents the ideal area, that is, if the hole precisely
matches the drill size. In our research, the nominal area corresponds to the area for a diameter of 6 mm. For this, images of the
entry and exit damage areas of the drilled holes were obtained using an Olympus DSX500 digital microscope. The image presented
in Fig. 4 was captured at approximately 50x magnification, with a scale bar of 500 um and an image resolution of 2,560 x 1,920

pixels to determine the extent of delamination produced by drilling, according to Eq. 3 (Babu et al. 2016; Ekici et al. 2022):

A
Fd — del

3)

ATLOTTL

This equation considers the ratio of the delaminated area (A,,) to the nominal hole area (A ), as shown in the literature
(Babu et al. 2016; EKkici et al. 2022).

Figure 4 illustrates the process for determining the extent of damage. The image was processed using ImageJ 1.54, a public
domain software provided by the National Institutes of Health in the United States. To attain an image of satisfactory quality,
it is crucial to carefully choose a specific set of parameters, which includes brightness intensity, image enhancement, and edge
detection. Following the adjustment of these settings, the image was converted to 8-bit and binarized using the default thresholding
method. The scale was calibrated based on the 1 mm reference bar, and measurements were performed in millimeters. The “analyze
measure” function was applied to determine the perimeter length of the circle, which was then converted into the corresponding

area expressed in mm?>.

(a) (b}

1 mm

Source: Elaborated by the authors.

Figure 4. Procedures for ascertaining the dimensions of the delaminated hole. (a) Digital image; (b) Binary image; (c) Perimeter
of the damaged hole A ;.

RESULTS AND DISCUSSION

Drilling experiments were conducted to evaluate the effects of cutting parameters and tool types on hole damage, especially at
the entry and exit points. Figure 5 shows representative images of the specimens with the drilled holes, considering the entry and exit
points, for the four tools tested, obtained with a revolution of 4,000 rpm and a feed rate of 0.025 mm/rev. Measurement repeatability
was assessed to ensure the reliability of the delamination factor (F,) calculation. Each hole was analyzed twice using the same image

processing procedure. The resulting area deviation for each tool was as follows: T1 + 0.93 mm?, T2 + 0.25 mm?, T3 + 0.29 mm?,
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and T4 + 0.60 mm?>. Other holes were obtained using the full factorial configurations 2° and the parameters depicted in Table 1 for
all selected tools. The extent of damage in the vicinity of these regions was accurately quantified, and the delamination factor was
determined using Eq. 3. To comprehensively analyze the impact of the N and f parameters (Table 1) and the tool variations on the
hole delamination, analysis of variance (ANOVA) and Tukey’s test were used, both performed with a 95% confidence level.

(c) ;

Exit Exit Exit Exit
Source: Elaborated by the authors.

Figure 5. Representative images of the drilled holes, entry and exit points, obtained with the four tools
at 4,000 rpm and feed 0.025 mm/rev. (a) T1; (b) T2; (c) T3; (d) T4.

Figure 6 shows the main effect plot of cutting parameters on the means of delamination at the workpiece entrance. As the
rotation increased, delamination also increased, with T3 (diamond tool) proving to be the most effective when compared to the
other tools. According to Ameur et al. (2022), experimental results of composites showed that machining quality is significantly
influenced by spindle speed. The T2 tool with a 140°-point angle exhibited superior performance compared to the T1 and T4
tools with a 118°-point angle in terms of delamination at the entrance. The research conducted by Shyha et al. (2009) revealed

Rotation N (rpm) Feed f (mm/tooth) Cutting tool

1.154
1.14-

1.134

Mean of Fd entry

1.124

1.10

1.09-

Y

4000 6000 8000 0025 0038 0050 ™ T2 T3 T4

Source: Elaborated by the authors.

Figure 6. Main effects - delamination entry. T1: carbide for metallics 118°; T2: carbide 140° for metallic;
T3: diamond 90° for composites; T4: carbide for composite 118° and 90°.
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that employing a 140°-point angle significantly mitigated delamination at the hole entry in contrast to the conventional 118°
angle. This decrease is attributed to the minimized interaction between the chisel edge and the workpiece material. As shown in
Fig. 1b, increasing the point angle results in a shorter chisel length, which in turn reduces the central contact area of the tool and
consequently decreases the corresponding thrust force component in Eq. 2. According to Table 3, it is possible to observe that the
p-values for rotation (N) and tool type are both less than 5%, indicating that the change of levels of these variables significantly
influenced the mean delamination results at the hole entrance. Tool type was found to be a major factor affecting delamination
at hole entry, with a contribution of 32.18%, while rotation influenced 27.84%. The feed rate had a less significant influence on
hole delamination in relation to the other parameters (N and tool type). A peak in delamination value was observed when the
feed reached 0.038 mm/rev.

Table 3. ANOVA - delamination entry.

Source DF Adj SS Adj MS F-value p-value Contribution (%)
N (rpm) 2 0.021138 0.010568 8.41 0.005 Significant 27.84
f (mm/tooth) 2 0.000938 0.000469 0.37 0.696 - 1.24
Tool type 3 0.024437 0.008146 6.48 0.007 Significant 32.18
rpm*f 4 0.000712 0.000178 0.71 0.963 - 0.94
rpm*tool 6 0.011123 0.001854 0.14 0.267 - 14.65
f*tool 6 0.002498 0.000416 1.47 0.908 - 3.29
Error 12 0.015085 0.001257 0.33 - - 19.87
Total 35 0.075831 - - - - 100

Source: Elaborated by the authors. Adj MS = adjusted mean square; Adj SS = adjusted sum of squares; DF = degrees of freedom.

Tukey’s test was conducted to determine which rotation speed and tool type exhibit significance on the results. According to
Fig. 7, the rotations that do not share the same letter are significantly different, and the error bar includes the lowest and highest
value of the delamination factor, at a 95% confidence interval (CI), respectively. The analysis represented in this figure shows
different influences of rotations at 4,000 and 8,000 rpm on the delamination of the CF/PEI composite, with delamination increasing

at higher values of rotations.
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Figure 7. Delamination factor versus N (rpm) - Entry.
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Ge et al. (2023) and Moussa et al. (2012) observed that during the machining process of polymer composites, heat (Z) is
generated as a result of the plastic deformation and friction occurring between the tool and the component. Figure 8, based on
literature data, shows a schematic considering the machining of poly(ether ketone ketone) (PEKK) (thermoplastic matrix) (Fig. 8a)
and epoxy resin — thermoset matrix (Fig. 8b) composites, based on Ge et al. (2023) and Moussa et al. (2012) studies. The generated
heat can be transferred to the chip (Q ) to the tool (Q.t) or to the component material (Qw), with proportions determined by both
the tool and the material properties. Kubher et al. (2021) observed that the heat generated during this friction process, which
leads to an increase in the generated temperature (Z), depends predominantly on the spindle speed for a given feed rate. Figure 8a
shows that for the CF/PEKK thermoplastic composites that the chips are long and continuous. Kubher ef al. (2022) reported that
the tool temperature during PEKK machining reached values between 200 °C and 350 °C. Similar behavior was also observed in
the present work, as shown in Fig. 8c. This process means that the heat transfer occurred preferentially to the component 1 (Qw) and

tool (Q't), and less to the chip material (Q o) increasing the presence of delamination in the material and possible greater tool damage.

Tool-chip contact length (b)

Tool-chip contact length (c)
Short fragmented N\
chips %

(a)

Long continuous
chips

Long continuous
chips

Thermoplastic matrix

[dFiber [ Thermoplastic matrix O Fiber [ Thermorigid matrix

Source: Figure 8a and b: Adapted from Hocheng et al. (1893) and Kumar et al. (2022); Fig. 8c; Elaborated by the authors.

Figure 8. Effect of thermal load during cutting and chip formation. (a) Thermoplastic PEKK matrix; (b) Thermoset
CF/epoxy; (c) Long chips generated during drilling of the CF/PEI thermoplastic composite with T4.

Different behavior is evident for the epoxy composite (thermoset matrix) (Fig. 8b). The removal of the heat generated in the
process results in the presence of short and fragmented chips, resulting in reduced heat-induced delamination.

As shown in Table 3, the type of cutting tool influenced the delamination factor at the hole entry. According to Fig. 9, the
tools that do not share the same letter are significantly different, and the error bars include the lowest and highest values of the

delamination factor at a 95% CI, respectively.

A
1204 4
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1.16 4 AB
z o AB
c
o]
S 1124 B
[T
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€ 1.08 -
15
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1.04 4
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TI T2 T3 T4

Cutting tool

Source: Elaborated by the authors.

Figure 9. Delamination factor versus cutting tool — Entry. T1: carbide for metallics 118°; T2: carbide
140° for metallic; T3: diamond 90° for composites; T4: carbide for composite 118° and 90°.
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According to Fig. 9, for hole entry, the tools that have significant differences between them are T1 with T2 and T1 with T3.
The tools T1 and T4, with a point angle of 118°, are most commonly used because they provide satisfactory results in a wide
variety of materials; a possible limitation is the straight chisel edge. Mazoft (2003) and Velayudham and Krishnamurthy (2007)
analyzed the influence of the chisel edge on tools with a point angle of 118° (T1) and 140° (T2), and concluded that the chisel
edge is responsible for extruding the material during the drilling. Their cutting edges are not good and cause an increase in hole
delamination. Thinning the tool tip angle tends to reduce this effect and improve the finish; therefore, the smaller the tool point
angle, the lower the final delamination (Anarghya et al. 2018), except for the chisel edge at the angle of 118° (straight chisel edge).

According to Table 4, at the hole exit, only the type of tool used influenced the delamination with a contribution of 79.57%
(p < 0.050). Figure 10 shows the T3 diamond tool once again exhibiting the lowest delamination value, followed by T1 and T4
tools with a 118° point angle, which showed a lower delamination value. This result is opposite to what was observed at the hole

entrance; the T2 tool with a 140°-point angle displayed the highest delamination value.

Table 4. ANOVA - delamination exit.

Source DF Adj SS Adj MS F-value p-value Contribution (%)

rpm 2 0.00288 0.00144 1.05 0.381 - 1.43

f 2 0.00172 0.00086 0.6e2 0.552 - 0.85

tool 3 0.1602 0.0534 38.76 0.000 Significant 79.57
rpm*f 4 0.00068 0.00017 0.12 0.971 - 0.34
rpm*tool 6 0.01082 0.0018 1.31 0.324 - 5.37
f*tool 6 0.008489 0.00142 1.03 0.453 - 4.22
Error 12 0.01653 0.00138 - - - 8.21
Total 35 0.20134 - - - - 100

Source: Elaborated by the authors.

Rotation N (rpm) Feed f (mm/tooth) Cutting tool

1.25+

1.204

1.15----

Mean of Fd entry

1.10+

1.05- >
4000 6000 8000 0025 0038 0050 11 T2 13 14

Source: Elaborated by the authors.

Figure 10. Main effects — delamination exit. T1: carbide for metallics 118° T2: carbide 140° for metallic;
T3: diamond 90° for composites; T4: carbide for composite 118° and 90°.

The literature emphasizes that reducing the point angle to 85° led to a reduction of up to 45% in the delamination factor at the
hole exit (Gaitonde et al. 2008; Heisel and Pfeifroth. 2012). The literature reports that a sharp tool, characterized by smaller cutting
edge angles, induces shear forces on composite fibers during drilling, resulting in fiber cutting. On the other hand, a rounded tool,

with larger cutting edge angles, does not cut the fibers but rather extrudes them, leading to delamination as a consequence of this
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process; that is, sharp tools cause the material fibers to shear instead of just compressing (Franke 2011). An increase in the tool
point angle results in an extension of the chisel edge length, as shown in Fig. 1b. According to Zitoune and Collombet (2007), this
extension leads to a higher critical thrust force and an increased tendency for delamination. The chisel length of the tool does not
contribute to cutting the material; instead, it serves to extrude the material from the central region to the main cutting faces of
the tool. As a result, there is an increase in force F_;, as described in Eq. 2, leading to greater delamination damage.

In the current study, both the entrance and exit of the hole showed that the feed rate did not significantly affect hole delamination.
Similar to what was observed in Fig. 6, a peak in delamination value was observed when the feed reached 0.038 mm/rev
(Fig. 10). Ge et al. (2023) showed that the thrust force is largely influenced by the increase in feed rate in the drilling of thermoset
and thermoplastic composites. These authors also observed that delamination in thermoplastic composites is less significant than
that observed in thermoset ones.

Although the interaction terms (rpm x tool and feed x tool) were included in the ANOVA analysis, their combined effect
was found to be statistically insignificant regarding hole delamination, both at the entry and exit sides. This outcome aligns with
previous studies. Zhang et al. (2025) and Chang et al. (2023) reported that, during drilling of thermoplastic PEEK, the feed rate
exerts a stronger influence on thrust force compared to spindle speed. Furthermore, while epoxy-based composites exhibit high
sensitivity to feed rate, PEEK demonstrates only moderate sensitivity, reinforcing the limited impact of these interaction terms
on delamination.

This observation can be attributed to the high Mode I interlaminar fracture toughness (G,.) of thermoplastic matrices
compared to thermoset matrices. According to Eq. 1, the thrust force responsible for delamination is directly influenced by G,

with increasing temperature during drilling, the interlaminar fracture toughness of the material, G,, and the material constant, K -

Ic
which reflects the softening of the matrix with rising temperature (this constant is determined from tensile and interlaminar tests
at different temperatures) — decrease, resulting in a lower thrust force, F,; . and causing delamination to occur under reduced
loading conditions (Saoudi et al. 2016). Figure 11 illustrates the failure modes that may occur during the drilling of composite
laminates. In Mode I, crack opening occurs by tensile loading (delamination due to separation normal to the laminate plane). In
Mode II, crack propagation takes place through in-plane shear (delamination by sliding between adjacent plies). Finally, in Mode
I1I, crack opening occurs by out-of-plane shear. In all cases, G, has a significant contribution during this operation. De Paula
Santos et al. (2023) noted that the interlaminar resistance of PEI is 1.85 k]-m?, approximately six times greater than an epoxy
thermoset matrix, which is 0.277 kJ-m?. Therefore, a higher value corresponds to greater resistance against delamination damage,

and a higher thrust force is required to initiate delamination, as indicated by Eq. 1.

(a) (b)
1 /

I
I/ E
|

i |

{ |
L 1
o ‘\

4
Mode | (opening) Mode Il (tearing shear) Mode | (opening) Mode Il (sliding shear)

Source: Adapted from Mathivanan et al. (2016).

Figure 11. Failure modes causing delamination in composite drilling. (a) Entry-hole; (b) Exit-hole.

Figure 12 presents the results of the Tukey test, which allows the assessment of the impact of different tools on delamination.
In this figure, the tools that do not share the same letter are significantly different, and the error bars include the lowest and highest
values of the delamination factor, at a 95%CI, respectively. The analysis of this figure reveals that greater delamination occurs with

the T2 tool, characterized by the largest angle. Conversely, as the tool angulation decreases, the extent of delamination diminishes.
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The T1 and T4 tools showed no significant differences, despite the T4 tool being designed specifically for composite materials.
This behavior implies that using either tool T1 or T4 yields similar results in terms of delamination. In contrast, tools T2 (tip angle
of 140°) and T3 (tip angle of 90°) yield differing delamination values, which can be attributed to the variance in their tip
angles. Similar behavior is reported in the literature (Nayak et al. 2023).

1.24 4
1.20

A
B
16 B
1.12 C
1.08
1.04
1.00 -
T T 3 T4

Cutting tool

Mean of Fd exit

Source: Elaborated by the authors.

Figure 12. Delamination factor versus cutting tool — Exit. T1: carbide for metallics 118°; T2: carbide 140° for metallic;
T3: diamond 90° for composites; T4: carbide for composite 118° and 90°.

CONCLUSION

The performed study investigated the effect of cutting parameters in the drilling process of PEI-based CF-reinforced composite
materials, considering the tool rotation, feed rate, and tool geometry, evaluating the delamination occurrence during drilling.
Based on the results obtained, it was concluded that the optimal parameters for drilling the test specimens of CF/PEI composites
with a 6 mm hole are: diamond tool, rotation of about 4,000 rpm, and feed rate 0.05 mm/tooth.

The correlation of the results obtained allows us to conclude that the diamond tool for hole entry exhibited superior finishing,
whereas the carbide tool with a 140° point angle, which is considerably more cost-effective, exhibited minimal delamination.
The superior performance of the diamond tool can be attributed, in part, to its specific point angle of 90°. The damage in the
entrance hole is influenced by the rotation and geometry of tools, being greater for higher rotation, with a significant difference
between 4,000 rpm and 8,000 rpm. It was also observed that the damage at the entrance of the hole is directly influenced by the
point angle of the tool, with the 140° point angle showing less damage than the 118° point angle. For the hole exit, the only cutting
parameter that directly influenced the outcome was the tool type. In this case, the tool featuring a 118° point angle demonstrated
a superior finishing performance in contrast to tools with a 140° point angle. In both cases (entrance and exit), the feed rate does
not show a significant influence on the occurrence of delamination. This conclusion was supported by using statistical methods,
ANOVA, and Tukey’s test.

For future research, it is recommended to investigate the tool wear and the drilling process in additional thermoplastic
composite materials, for example, PEEK and PPS-based CF composites. Furthermore, evaluating tools with sharper tip angles in

conjunction with drilling parameters within the range of 4,000 rpm and a feed rate of 0.05 mm/tooth is suggested for further study.
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