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Evaluation of chip breaker designs
on tool life and hole integrity in
drilling of HFRP/Al composite
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In this study, drilling of a newly developed lightweight fire-retardant carbon/glass-fiber-reinforced
polymer epoxy sandwich that includes an aluminum honeycomb core with modified epoxy (HFRP/AI
sandwich composite) is investigated. A new high-performance insert combination comprising central-
stepped and peripheral-wiper inserts is evaluated. The geometry of the central insert is kept constant
while two variations in chip breaker (C;) designs are introduced on wiper inserts differentiated mainly
based on C, width and C, depth. Variation one abbreviated as LM geometry has a C, depth of 65 pm
and a C; width of 1000 um while the second variation terms as GT geometry has a C, depth of 20 pm
and a C, width of 720 um. This study is conducted in two phases at a constant speed (CS) of 50 m/min
in a dry-cutting environment. Phase | involved four tests, in each test ten holes are drilled with LM
and GT geometries at two different feed rates (0.08 and 0.16 mm/rev). Based on reduced diametric
error, and delamination, tests with a feed rate (FR) of 0.08 mm/rev are selected for Phase-Il analysis,
which involves the evaluation of tool life testing. The results in terms of tool life, diametric error, and
delamination factors are reported. Notably, the GT geometry of the wiper inserts outperformed the LM
geometry in terms of 33% higher tool life compared to its LM counterpart. In addition, the diametric
error and delamination factor are substantially lower with the former geometry in comparison to the
latter one. The better performance of GT geometry is attributed to its better chip flow and robust
design.
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The development of hybrid fiber-reinforced polymers (HFRPs) has increased in recent years. These hybrid
composites offer low density, high strength, excellent elongation, superior corrosion resistance, and cost-
effectiveness!. Due to this, usage of HFRPs is being increased in automotive, aerospace, railways, and power
generation industries. In particular, components such as wind turbine blades and drive shafts have benefited
from the exceptional mechanical performance and durability of HFRPs?.. CFRP/metal stacks are commonly
joined using mechanical fastening methods, such as rivets and bolts, which require a large number of drilled
holes for complete assembly, often necessitating thousands of holes. For illustration, the manufacturing process
of the Airbus A350 aircraft (which includes large CFRP composite components) requires approximately 55,000
holes®. Drilling of CFRP/metal stacks poses a significant challenge because of the disparate machinability
characteristics of the individual materials involved. Consequently, a variety of defects frequently arise during
the assembly process, thereby significantly compromising the precision. It is also worth mentioning that the
quality of the holes has a direct impact on the durability of the aircraft, as previous data indicate that rejections
of up to 60% are caused by faulty holes?. Thus, the industry faces significant challenges in achieving good quality
machining of CFRP/metal composites owing to the distinct properties of carbon fibers and metals®. The process
of drilling composite structures can result in significant issues such as the formation of critical defects in drilled
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holes. These defects may include delamination of the CFRP, burrs in both materials, and potential damage to the
stack interface due to mechanical and thermal loading®.

According to the study conducted by Braiek et al.” investigated the drilling performance of E-glass-reinforced
vinylester (VE411) hybrid composite tubes using 6 mm TiAIN-coated and diamond-coated solid carbide drills.
Experiments were performed at cutting speeds of 1000, 2000, and 3000 rpm, with feed rates ranging from 0.05
to 0.40 mm/rev. The findings indicate that an increase in the feed rate resulted in a higher surface roughness
(Ra) and a greater delamination factor (Fd). Optical analysis revealed that delamination occurred exclusively at
the hole entry point (mechanical layer) of the hybrid composite tube. Boughdiri et al.® experimentally validated
the FE simulation for drilling GLARE, showing good correlation with experimental results. However, the model
has limitations because it does not account for the thermal effects on the mechanical properties. Elevated cutting
temperatures can exceed the glass transition temperature of glass-epoxy layers, reducing their mechanical
properties and impacting the residual stresses in the laminate. Sourd et al.” evaluated the drilling of a GLARE
fiber metal using abrasive water jets, focusing on damage and contamination. The results showed negligible
influence of drilling parameters on the hole wall surface roughness, with a maximum roughness below 6 pm,
which is comparable to conventional drilling. A high water pressure improved the hole cylindricity and achieved
the target diameter. Ge et al.'® assessed the hole-making performance of thermoplastic CF/PEKK composites
by comparing conventional drilling and helical milling at various feed rates. Results indicated that conventional
drilling at low feed rates (0.1 mm/rev) generated high machining temperatures, while helical milling produced
even higher temperatures, exacerbating delamination damage. Microstructural analysis revealed matrix smearing
on all the hole surfaces owing to the in-plane shear stress and elevated temperatures. Ge et al.!! presents a hybrid
optimization approach combining NSGA-II and TOPSIS to identify Pareto solutions for thermoplastic CF/PEKK
drilling, with a focus on sustainable manufacturing. This study compares the effects of matrix properties on the
optimization outcomes by comparing CF/PEKK with conventional CF/epoxy composites. The experimental
results demonstrate that the proposed method achieves 91.5-95.7% prediction accuracy, effectively controlling
delamination and thermal damage within permissible limits. Ge, Tan, et al.!? investigated the cutting physics
in orthogonal cutting of carbon fiber-reinforced thermoplastic (CFRTP) composites, considering three cutting
temperatures (23 °C, 100 °C, and 200 °C) and four fiber orientations (0°, 45°, 90°, and 135°). Using a microscale
finite element analysis (FEA) model, the study highlighted the transition in cutting behavior with temperature,
particularly beyond the glass transition temperature, where thermal softening of the matrix and degradation of
interface bonding and fracture toughness occur. According to Ge, Luo, et al.'%, this study is the first to reveal the
evolution of machining temperatures during the drilling of CF/PEKK and their impact on material damage. A
comparative analysis of CF/epoxy highlights the differences in drilling performance linked to their thermal and
mechanical properties. The ductility and thermal sensitivity of CF/PEKK resulted in continuous chip formation,
whereas the brittleness of CF/epoxy led to segmented chips. Sharma et al.', the tensile behavior of FMLs
comprising aluminum 2024-T3 sheets (0.2, 0.4, 0.6 mm thick) and unidirectional glass-fiber composites was
analyzed. Although the layup sequence did not affect the initial modulus, it significantly influenced the ultimate
strength and post-ultimate strength behavior.

The inadequate fire-retardant properties of HFRP composites pose a significant challenge for structural
applications'>!¢. The consequences of structural deterioration in composites due to heat exposure during and
after a fire incident can have serious implications for the well-being of firefighters, integrity of load-bearing
structures, and safety of building occupants. Recently, a sandwich panel with fire-retardant properties was
fabricated using the contact molding technique with an aluminum honeycomb core between the layers of glass
and carbon fiber!”. However, drilling of this significant newly developed HFRP/Al sandwich composite has not
yet been evaluated. Previously, solid carbide drills were the only option for drilling operations!®. Recently, tool
manufacturers have developed a combination of peripheral wiper insert and central stepped insert for drilling
applications. This combination was evaluated in previous studies, in which the drilling of superalloys such as
Inconel 718 and Ti-6Al-4 V were tested. This tooling combination outperformed conventional tooling!¥-2!.
Though the results of this insert combination were promising for superalloys but suitability of these novel insert
combination has remained unexplored in composites drilling generally and fire retardant HFRPs particularly?!.
The promising results in previous studies motivated the authors to evaluate this tooling configuration on this
newly developed HFRP/AI sandwich composite. In this study, a center-stepped insert with a peripheral wiper
insert was used to drill a newly fabricated fire-retardant HFRP/AI sandwich composite. Output responses
involving tool life, diametric error, and delamination factor were taken into account.

Experimental work

Materials

Polyacrylonitrile (PAN)-based plain weave carbon fibers and plain weave glass fiber mats were procured from
Easy Composites, Staffordshire, UK. The matrix material comprised diglycidyl ether of bisphenol A (DGEBA)
epoxy, supplied by Kukdo Chemical Co., Ltd., Seoul, South Korea, and cross-linked with triethylenetetramine,
sourced from Sigma Aldrich, Dorset, UK. Ammonium polyphosphate (APP) with a phosphorous content
of 29%, particle size ranging from 18 to 22 pum, was obtained from Shifang Changfeng Chemical Co., Ltd.,
Deyang, China, and utilized as a fire-retardant additive. Additionally, perforated corrosion-treated aluminum
honeycomb, featuring a 1.91 cm cell size, 2 cm core thickness, and 50 um foil thickness (3003 aluminum alloy),
was also purchased from Easy Composites, Staffordshire, UK, and employed as the core material for fabricating
sandwich composites. In depth detail about the material presented in previous study'”.
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Fabrication of sandwich composites

The HFRP/AI sandwich composite was fabricated using a contact molding technique. To enhance the fire-
retardant properties of the carbon and glass fibers, their surfaces were pre-treated with phosphoric acid prior
to the fabrication process. The composite structure, with dimensions of 260 x 260 x 23 mm, was constructed by
incorporating a honeycomb core made of 3003 aluminum alloy. This core was sandwiched between eight layers
of carbon fiber and a single layer of glass fiber from above and below, as illustrated in Fig. 1a. The assembly was
impregnated with a diglycidyl ether of bisphenol A (DGEBA) epoxy resin. To further enhance fire resistance,
ammonium polyphosphate (APP) was added to the DGEBA epoxy resin at a concentration of 10% by weight.
The carbon and glass fiber reinforcements, along with the aluminum honeycomb core, were impregnated with
the resin mixture using a roller to ensure uniform distribution. The final composite structure, depicted in Fig. 1b,
underwent a curing process at 30 °C for 20 h, followed by post-curing at 80 °C for 1 h to achieve optimal material
properties. Specific details regarding the mechanical properties, thermal behavior, and flexural properties have
been documented in a previous study!”.

Cutting tools

A tool holder made in Sweden by Sandvik Coromant with usable length of 28.32 mm and drill diameter (DC)
of 14 mm was used in the drilling of HFRP/AIl sandwich composite. This specific type of tool holder holds
two inserts for drilling purpose, one insert at the center of tool and other at the periphery of drill as shown in
Fig. 2a. The central insert used in this study has a stepped technology with a rake angle of 18°. Both the cutting
edge of central insert features steps behind the edge, thereby decreasing the level of engagement of cutting
edges compared to conventional drilling inserts. The step technology which is illustrated in Fig. 2b, is taken
from reference?. In addition, the peripheral insert used in this study has a wiper edge technology with a rake
angle of 10°. Conventional cutting tools are known to produce peaks on the machined surface. However, wiper
inserts offer a solution to this issue by utilizing the radii on the tool nose. This design allows for longer contact
with the workpiece, resulting in reducing the peaks. This process is referred to as “wipe,” which has led to the
development of the “wiper insert”. Both inserts were coated with Titanium-Aluminum-Nitride (TiAIN) using a
physical vapor deposition (PVD) method.

Two different peripheral-wiper insert chip breakers (C,) abbreviated as LM and GT, were used to drill an
HFRP/AI sandwich composite. Both inserts have groove-type C,. Groove-type C, helps in chip breaking by
the curling of chips. The accumulation of chips that do not break away from the tool-workpiece can have a
detrimental impact on several aspects of the machining process, including surface finish, operator safety, work
accuracy, tool life, machine vibrations, and overall performance*?!. General terminologies of C, are depicted in
Fig. 2c. Therefore, it is important to evaluate the C;, designs of wiper inserts. The detailed geometries of the C,
used in this study were measured by cutting the inserts intro cross-section using EDM machine and then using
a coordinate measuring machine (CMM). The details of C, are presented in Table 1. The comparison between
the LM and GT geometries reveals differences in several aspects, such as C, depth and width, wedge angle, and
rake angle. While the LM geometry displays a higher C, depth and width, as well as a smaller wedge angle and
greater rake angle, the GT geometry exhibits a smaller C, width and height, a higher wedge angle, and a smaller
rake angle. These disparities lead to a weaker LM geometry, as its greater positive rake angle contrasts with the
GT geometry’s smaller positive rake angle and more robust design for rigid material like HFRP/Al sandwich
composites.

Experimentation details

The experiments were carried out in two phases, using a constant cutting speed (CS) of 50 m/min and two feed
rates (FR) of 0.08 and 0.16 mm/rev, on a CNC machining center. The CNC machining center used was the First
MCV-600 machining center by Long Chang Machinery Co Ltd., which has three axes, 15 horsepower, and
8000 top RPM. The drilling setup is represented in Fig. 3. Phase I of the study employed a full factorial design
to conduct four experiments under dry drilling conditions. To assess repeatability, Tests 3 and 4 were repeated
(identified as Tests 3R and 4R). The input parameters and full factorial design of the experiment are presented

b) Developed HFRP/AIl sandwich composite

08 layers of

/ Carbon fiber

260 mm

20 mm thickness
Aluminum
honeycomb core

Scientific Reports |

(2025) 15:18521 | https://doi.org/10.1038/s41598-025-03793- natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Stepped
drilling

(stepped technology)

Peripheral insert
(wiper insert)

Central insert

Tool Holder: 880-D1400L20-03

_________________________________________________________________________________________

CB Width

Conventional
drilling

Backwall
Height

c) General CB terminologies of wiper insert cross-section

Fig. 2. (a) Tool holder with central and peripheral insert, (b) conventional and stepped insert drilling (c)
generalized chip breaker terminologies.

Chip breaker (Cy) LM |GT
Depth of C,, (pm) 65 20
Width of C;, (um) 1000 | 720

Height of Back wall (um) | 145 | 120
Angle of Back wall slope | 30° | 27°

Table 1. Details of wiper insert chip-breakers.

in Tables 2 and 3, respectively. Due to the limited quantity of newly developed fire retardant HFRP/Al sandwich
composites, ten holes were drilled for each experiment in Phase 1. Tool wear measurements and optical images
of inserts during the drilling process were taken using a coordinate measuring machine (CMM), equipped with
a digital camera of 70 x magnification using Quadra check (QC)-5000 software (https://cmmtechnology.com
/quadra-chek-5000-cmm-measuring-software/). The diametric error, which is the discrepancy between the
actual value and the DC value?, was evaluated using the CMM. In Phase II experimentation, two tests were
conducted on the basis of lower diametric errors and observation of a smaller delamination factor from Phase
I and these tests were extended to the tool life criterion, which was set at 150 pm?®. The detailed diametric
error and delamination factor were assessed over the tool life duration using CMM. Babu et al.,?’ introduced a
delamination factor (F,) to evaluate and compare the degree of delamination resulting from drilling composites,
which is defined as the ratio of the maximum diameter of delamination (D, ) to the nominal diameter of the
drilled hole (D__ ) was calculated using the formula given in Eq. (1):
Dmﬂ.’lf

nom:

Moreover, the tool-wear mechanisms of cutting inserts were examined using SEM.
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Fig. 3. Experimental setup.

Levels
Parameters L-1 |L-2

Wiper insert geometry | LM | GT
Feed rate - FR (mm/rev) | 0.08 | 0.16

Table 2. Level of input parameters.

Test # | Geometry | Feed rate (mm/rev)
1 GT 0.08
2 GT 0.16
LM 0.08
Phase-1
LM 0.16
3R LM 0.08
4R LM 0.16
1E GT 0.08
Phase-II
3E LM 0.08
R indicates repeated tests
E indicates extended tests to tool life criteria

Table 3. Full factorial design of experiments.

Results and discussions

Tool wear

The relationship between the number of hole and flank wear is shown in Fig. 4. Ten holes were drilled in each
experiment to evaluate the tool wear trend, and no significant difference was observed in either geometry. In
general, an increase in the tool wear was observed with an increase in the number of drilled holes. GT geometry
exhibited lower tool wear than the LM geometry. A minimum flank wear of 50 um was observed in Test 1 using
GT geometry with a FR of 0.08 mm/rev. The flank wear curves for all tests were steady owing to the uniform
wear. Marginally higher flank wear was observed for a higher FR of 0.16 mm/rev for all tests. The maximum tool
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Fig. 4. Tool wear Vs No of Holes.

wear of 60 m was observed in Test 4 for the LM geometry at FR of 0.16 mm/rev. Compared to the LM geometry,
the GT geometry displayed approximately 15% less tool wear at a maximum FR of 0.16 mm/rev. The basic aim
for drilling ten holes was to observe the delamination and diametric error.

The main effect plots show both the factors significant for the tool wear as shown in Fig. 5 using Minitab 17
available at https://www.minitab.com/en-us/products/minitab.

Diametric error

Tight geometric and dimensional tolerances are critical in the assembly of composite materials, especially in the
aerospace industry, where accuracy is paramount?. In an effort to examine the impact of wiper insert geometry
and FR on the diameter discrepancy, the diameter of the drilled holes at three separate locations were measured.
The average values of the measurements are reported herein. Figure 6 shows the diametric error with respect to
the number of drilled holes. All the tests consistently exhibited positive diametric errors. This indicates that the
diameters of the drilled holes were consistently higher than the specified nominal diameter. The results indicated
that the lower FR of 0.08 mm/rev exhibited a lower diametric error. Moreover, in all experiments, it was observed
that the diametric error exhibited a downward trend with an increasing number of holes owing to the lower
corner wear. Overall, LM geometry exhibits a lower diametric error due to higher tool wear compared to GT
geometry. For the 10th hole at both the FR, LM geometry resulted in a diametric error of 60 um compared to
70 um in the case of GT geometry. The results showed that FR had a marginal impact on the diametric error. The
higher level of FR (0.16 mm/rev) resulted in a greater diametric error due to higher vibrations®.

Hole integrity analysis

Hole images were taken from the top and bottom using a digital camera for all tests to observe the overall
delamination, as shown in Figs. 7 and 8, respectively. The entrance of the holes displayed minimal or no
delamination, a phenomenon referred to as pull-up delamination, whereas greater delamination is observed
at the exit of the holes, which is also known as push-out delamination. Delamination, including burrs and
tears, appeared on the exist side of the holes. A marginally higher delamination was observed at a higher FR of
0.16 mm/rev. Similar results were obtained by*’, where a higher delamination factor was observed at higher CS
and FR. Durio et al.3! proposed a method for selecting FR. The researchers carried out drilling experiments with
CFRP using three distinct geometric shapes for the drill bits. The findings reveal that irrespective of the type
of drill bit employed, a greater FR leads to more serious delamination because at a higher FR, the drill cutting
edge operates similar to a punch, leading to an increase in linear extrusion speed and a transfer of additional
energy to the uncut piles. Consequently, it is imperative to minimize the FR to prevent severe delamination along
the periphery of the drilled hole. In addition, an increase in the FR increases the chip thickness (higher thrust

Scientific Reports |

(2025) 15:18521 | https://doi.org/10.1038/s41598-025-03793z nature portfolio


https://www.minitab.com/en-us/products/minitab
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Geometry Feed

57

Tool Wear (um)

T T T T

GT LM 0.08 0.16

Fig. 5. Main effect plot for tool wear.

Diameteric Error
120
100
————— |
- \
=i N

. 80 -——-n N
£ N
3 - - - ?- - - T
Tt
£
= 60
<
2 [
el
@
g
2 40

—o—Test 1: GT, PVD, 0.08mm/rev
=W Test 2: GT, PVD, 0.16mm/rev
20 - ®-Test 3: LM, PVD, 0.08mm/rev
—&—Test 4: LM, PVD, 0.16mm/rev

0 2 4 6 8 10
No. of Holes

Fig. 6. Diametric error vs. no. of holes.

Scientific Reports|  (2025) 15:18521 | https://doi.org/10.1038/s41598-025-03793-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

HOLE 10
o
>
(@)
2 P
€
€
[ee]
S
o
=)
>
a
=
O
b =
2 O
= -
@]
@
o
>
O
2 e
£
€
«©
o
o
=
a 1
=
o
N s
‘g)')' O
= -
@)
@

Fig. 7. Drilled hole images of top and bottom for Tests 1 and 2.

force) between the workpiece and tool, producing a violent fracture, which leads to high delamination. However,
regardless of the geometry, the diametric error and delamination at the bottom of the hole were lower at lower
FR of 0.08 mm/rev. Consequently, Tests 1 and 3 (lower FR) from phase I were selected for further evaluation.

Phase-II: tool life testing and associated hole integrity
Tests 1 and 3 were analyzed in further detail to meet the 150 pum maximum tool life criterion as Tests 1E and 3E.
Figure 9 shows the flank wear and the number of drilled holes. In Test 3E, total number of 90 holes were drilled
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Fig. 8. Drilled hole images of top and bottom for Tests 3 and 4.

using LM geometry whereas a maximum of 120 holes were drilled using GT geometry in Tests 1E. The results
demonstrated that the GT geometry exhibited a 33% improvement in tool life relative to the LM geometry.

This can be attributed to the fact that the HFRP/AI sandwich composite with glass fiber, carbon fiber, and
resin constitutes a very rigid combination of materials that cannot easily flow over the tool geometry. Therefore,
a more aggressive flow condition such as a steeper angle and deeper C width imparted on LM geometry leads
to difficult chip flow conditions for the HFRP/AI sandwich composites which in turn increased the cutting
forces at the tool-chip interface generating greater thermo-mechanical effects on the tool wear. Moreover,
these chips come in contact between the tool and hole wall, thereby increasing the flank wear and reducing the
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tool life. Conversely, the GT geometry provides a lower depth and shallow angle for rigid HFRP/AI sandwich
composites through which chips can easily flow and cause less rubbing with the tool and hole wall; therefore, the
GT geometry is more suitable for machining HFRP/AI sandwich materials.

Authors claim is further supported in Figs. 10(a) and (b) which clearly shows longer and less curl chips for
the LM geometry, which makes it difficult for chips to pass through the same flutes compared to the highly
curl chips produced in the case of the GT geometry. From the literature, it was concluded that continuous chip
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streaming is one of the mechanisms that trigger tool wear®2. According to Seker U et al.? their findings were
consistent with the observation that smaller chips tend to produce stronger chip-breaking. The accumulation of
unbroken chips from the workpiece poses a negative impact on both tool wear and worker safety?*. Sahu et al.>*
demonstrated this by examining the drilling of a 1018 steel workpiece using two drills: one with a grooved chip
breaker and the other without. They discovered a 55% improvement in tool life when using chip breaker-type
drilling, because the grooved type chip breaker produced smaller chips, making the evacuation process more
efficient. This results in a reduction in force and an increase in drill life.

Optical micrographs of the inserts are shown in Fig. 11 for the extended tool life experiments. The micrographs
were obtained at a magnification of X70 using CMM. Uniform wear was observed at the flank side of the cutting
tool, whereas minor chipping was observed in Tests 1E using the GT geometry. However, this minor chipping
was ignored because it was below the value of the maximum wear criterion of 150 pm.

Prior to starting any experiment, images of cutting inserts were captured using scanning electron microscope
(SEM) to verify the consistency of the edges and are shown in Fig. 12. Figure 13 presents scanning electron
microscope (SEM) micrographs of the GT wiper insert after 120 holes at FR of 0.08 mm/rev. The images reveal
uniform wear on the flank side of the cutting insert. Chipping is evident at the rake face and cutting nose of the
insert, while minor material adhesion is observed on the rake face. Figure 14 displays the SEM micrograph of the
LM central insert after 120 holes. The images show uniform wear on the flank of the insert. Overall, lower wear
for the central insert was observed compared to the wiper insert.

Diametric error for extended tests

The results for Tests 1E and 3E, which used geometries GT and LM and a feed of 0.08 mm/rev, are depicted
in Fig. 15. The results demonstrated that the GT geometry exhibited lower diametric errors, while the LM
geometry displayed higher diametric errors. This difference can be attributed to the continuous chips produced
with the LM geometry which are more likely to become entangled to with the tool holder and rub against
the drilled hole, causing it to enlarge compared with the nominal hole size. Moreover, owing to the rubbing
of chips, heat is produced on the internal surface of hole which results in thermal expansion. Xu et al.,* also
studied the geometrical accuracy of holes while comparing the dry and minimum quantity lubrication (MQL)
drilling of CFRP/Ti6Al4V stacks. It was observed that elevating either FR or CS typically led to an increase
in hole diameter. In addition, holes drilled in a dry environment lead to surfaces that are noticeably rougher,
exhibiting a large number of machining-induced defects. The diameters of the holes are consistently significantly
different from the intended size, mainly because of the increase in cutting vibration as the thickness of the uncut
composite decreases, particularly when the drill edges move from the entry to the exit side. An et al.,*® also

Fig. 11. Tool Wear Progression Images.
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SED
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Fig. 14. SEM Images of LM geometry central insert after 120 holes at FR of 0.08 mm/rev.

studied the drilling of CFRP-Ti stacks and observed the similar results. Wang et al.,’” studied the hole quality
of CFRP/aluminum stacks using diamond coated tools and reported an increasing trend in the diametric error
with respect to the FR. The higher diametric error at higher FR was attributed to the cutting vibration and the
instability of the cutting condition as the FR increased.

Delamination factor for extended tests

Evaluating and contrasting the degree of delamination resulting from drilling of laminated composites is critical
for assessing their quality and performance. Delamination can degrade the structural integrity of these materials,
leading to potential issues such as failure or reduced lifespans. The nominal and maximum diameters for Tests
1E and 3E are shown in Fig. 16; Table 4, and the results of the delamination factors with respect to the number
of holes are presented in Fig. 17.

The result indicates that, in terms of a lower delamination factor, the GT geometry performs better than the
LM geometry. It was previously noted that the use of LM geometry resulted in the formation of longer chips with
a lesser curl. These chips are prone to slight entanglement with the tool holder and exhibit rubbing against the
surface of the hole, potentially increasing the delamination factor. When using the GT geometry, higher curls
and broken chips were observed, which led to a lower delamination factor. According to Fu-ji Wang et al.%8,
similar outcomes were obtained when drilling CFRP/AI stacks and it was reported that using a conventional
drill, difficult evacuation of the continuous chip and scratching damages were observed due to the accumulation
of wrapped chips on the drill bit while drilling. Whereas, the chip breaker drills were able to break the chips
more effectively into a favorable size, which, in turn, increased the overall hole quality at the entrance and the
exist of drilled holes. Furthermore, the quality of the hole edge noticeably declined, resulting in an increased
number of produced holes, particularly at the hole exit. The occurrence of this phenomenon can be attributed
to the deterioration of the drill edge sharpness, leading to an augmentation of the thrust forces. The tool wear
for the LM geometry was higher than that for the GT geometry, resulting in a higher delamination factor for the
same number of holes. This outcome was also observed by Chen*, who found that the delamination factor is
proportional to the flank wear of the drill bit. The decline in drill-edge sharpness causes an increase in the thrust
forces, which results in a higher delamination factor.

Scientific Reports |

(2025) 15:18521 | https://doi.org/10.1038/s41598-025-03793-z naxureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

100

Diameteric Error

P
g
=
s
=
=
i
o
g
S
=)
20 - Test 1E: GT, PVD, 0.08mm/rev
10 ==@--Test 3E: LM, PVD, 0.08mm/rev
0
0 20 40 60 80 100 120 140
No. of Holes
Fig. 15. Diametric error for Extended tests.
First hole 40t Hole Last Hole
>
o
E >
€
©
Q
o
o n Du‘am
a
5 DHI(I.\'
by
7]
@
>
o
E
E
S [ '
S (S of
g : gl Duom Dnom
o A |
s Dmm‘ 4 Dum\'
=i =
i
»
7]
@

Fig. 16. Nominal Diameter and Maximum Diameter at bottom side of Tests 1E and 3E.

Scientific Reports|  (2025) 15:18521

| https://doi.org/10.1038/s41598-025-03793-z

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Test 1E: Test 3E:

GT, PVD, LM, PVD,

0.08 mm/rev 0.08 mm/rev

Holeno | D Holeno | D
max max

10 14.2 10 14.18

60 14.28 | 30 14.25

90 14.32 | 70 14.45

120 14.33 | 90 14.56

Table 4. Maximum measured diameter for tests 1E and 3E.
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Fig. 17. Delamination factor for Extended tests.

Conclusions

The study evaluated central stepped inserts combined with peripheral wiper inserts for drilling fire-retardant
HFRP/Al sandwich composites in two phases. Phase I involved drilling ten holes at feed rates of 0.08 mm/rev
and 0.06 mm/rev, as well as a high feed rate of 0.16 mm/rev. The high feed rate resulted in severe tool wear,
increased diametric error, and extensive delamination defects, such as burrs and tears. Consequently, a feed rate
of 0.08 mm/rev was selected for the Phase II experimentation and the following conclusions were drawn:

o The GT geometry exhibited a significant enhancement in tool life, achieving 120 drilled holes, a 33.3% im-
provement compared to the LM configuration, which completed 90 holes. This superior performance is at-
tributed to the GT geometry’s robust design, which facilitated improved chip flow and effective chip curling,
thereby enhancing overall drilling efficiency.

o The GT geometry demonstrated a diametric error of 80 um, representing an 11% reduction compared to
the LM geometry. Additionally, the diametric error for the GT geometry improved progressively during the
drilling process, starting at 80 pm for the first hole and decreasing to 30 um for the last hole representing 62%
reduction in error with time.

« Inaddition, the GT and LM geometries exhibit negligible disparities in the delamination factor at the outset.
However, as the number of holes increased, the GT geometry exhibited lower values of delamination factor
than the LM geometry.

Data availability

Data Availability Statement: The datasets used and analyzed during the current study are available from the
corresponding author upon reasonable request.
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