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A B S T R A C T

Carbon fiber-reinforced polymers (CFRPs) are extensively utilized in the aerospace industry due to their
exceptional strength-to-weight ratios, enabling weight reduction and improved energy efficiency. Despite their
advantages, the anisotropic properties of CFRPs result in defects, such as delamination, during drilling processes,
reducing manufacturing efficiency and increasing production costs. While support plates have been employed to
address such issues, existing studies have not sufficiently explored their economic and environmental implica-
tions, nor have they evaluated the potential of novel materials like cork. This study introduces a novel machining
economics model tailored for CFRP drilling, integrating defect suppression, energy consumption, and production
costs into a unified framework. Furthermore, this research uniquely explores cork as a support plate material,
which has not been previously studied in the context of CFRP drilling. Experimental analyses demonstrate that
cork achieves a 12.45% reduction in delamination and lowers overall drilling costs to 87.39% of those incurred
without support plates. These findings establish cork as the most sustainable and cost-effective support plate
material, while the proposed model provides a comprehensive method for evaluating machining quality and
sustainability. By integrating a novel machining economics model and introducing cork as a support plate ma-
terial, this study offers a practical solution to enhance cost-efficiency, defect suppression, and sustainability in
aerospace manufacturing.

1. Introduction

With the advancement of the Fourth Industrial Revolution, sustain-
able production methods have become increasingly important [1–3].
Manufacturing plays a particularly crucial role in global economic
growth, consuming approximately 25% of global industrial energy, of
which approximately 11% is used by machine tools alone [4,5]. More-
over, CO2 emissions are a major concern in the manufacturing industry,
prompting extensive research on carbon reduction strategies [6–8].
Therefore, enhancing energy efficiency is essential for achieving carbon
neutrality and sustainable manufacturing. Several factors such as the
shape of the manufactured components, tool costs, and production time
play vital roles in assessing the economic feasibility of manufacturing.
Additionally, energy and resource consumption, along with labor costs
during processing, affect productivity, making efficient production

essential.
Carbon fiber-reinforced polymers (CFRPs) are composite materials

composed of carbon fibers and a polymer matrix that are characterized
by their high strength and stiffness, while remaining lightweight [9].
This lightweight nature provides an opportunity to reduce the overall
energy consumption of structures, making them more efficient [10].
CFRPs are also resistant to chemical corrosion and maintain stability
under a wide range of operating temperatures, making them well suited
for aerospace industries that prioritize weight reduction and fuel effi-
ciency [11]. This characteristic makes CFRPs a prominent eco-friendly
material for reducing carbon emissions [12]. CFRP drilling processes
are essential for assembly tasks such as riveting [13]. However, owing to
the anisotropic, layered structure of CFRPs, drilling can result in damage
such as delamination and uncut fibers at hole entrances and exits,
potentially lowering machining quality and leading to part failure over
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time. Such defects can increase rejection rates in the final stages of
production by up to 60%, significantly increasing production costs [14,
15]. Various studies have proposed solutions to address these issues,
such as optimizing the tool geometry [16], controlling the machining
parameter [17–19], applying post-processing [20,21], and using support
plates [22–24]. In particular, the use of support plates has gained
attention as a straightforward approach for defect suppression because it
involves simply attaching a support plate beneath the CFRP to effec-
tively reduce defects. Dogrusadik et al. [25] used aluminum and wood
support plates to investigate their influence on tool wear and defect
reduction in the micro-drilling of CFRP laminates and found that
aluminum support plates significantly decreased flank wear owing to
their high rigidity, whereas wood plates provided moderate support,
reducing delamination damage but with less impact on wear reduction.
Kang et al. [26] applied various types of foam as cost-effective support
plates to reduce delamination in CFRP drilling and analyzed the cutting
forces and tool wear. Their results showed that using extruded poly-
styrene foam as a support plate reduced delamination by up to 35.9%
compared with drilling CFRP without any support. Although studies
have examined process improvements using support plates made of
various materials, the economics and sustainability aspects of these
methods remain underexplored.

Moreover, traditional models for evaluating machining economics
typically include factors such as the machining, setup, and tooling cost
[27–29]. Sustainable development requires the use of suitable materials
across various industries to support a circular economy and low-carbon
strategies. Makul [30] analyzed various techniques for low-carbon
building materials and sustainable construction. Wang et al. [31] pre-
sented a model for predicting power consumption in drilling operations
considering tool wear. The model reduced energy consumption and
increased the tool usage. Khalid et al. [9] discussed ways to promote a
circular economy and reduce environmental impacts through the recy-
cling and reuse of synthetic materials. However, these models do not
incorporate specific considerations for the unique characteristics of
CFRP drilling, such as the layered structure and strict aerospace quality
requirements. Recently, models have been proposed to assess additional
processes, such as the use of cooling systems and lubricants, to improve
both economic efficiency and environmental sustainability [32–37].
Nevertheless, these approaches are unsuitable for CFRP drilling due to
the material’s sensitivity to lubrication, leaving the development of a

tailored economic model for dry machining processes unaddressed.
Shah et al. [4] conducted a life cycle assessment of sustainable cutting
fluid strategies for drilling Ti–6Al–4V, comparing cryogenic coolants
(LCO₂ and LN₂) with conventional mineral-based flood coolants. Their
evaluation considered the surface roughness, cutting energy, and energy
efficiency, and the results indicated that cryogenic coolants enhanced
energy efficiency and reduced environmental impact relative to con-
ventional coolants. Race et al. [38] explore sustainable cooling in mill-
ing SA516 carbon steel, comparing flood coolant, dry machining, and
minimum quantity lubrication (MQL). MQL proved environmentally
beneficial, reducing tool wear, enhancing surface quality, and lowering
energy use. It also minimized coolant disposal, offering cost savings and
reduced environmental impact, highlighting its potential for heavy in-
dustries. Although these studies have made significant contributions,
CFRP is typically drilled under dry conditions because its mechanical
properties are degraded by the lubrication caused by hygroscopicity and
resin expansion. This makes CFRPs difficult to machine. Furthermore,
CFRP applications, particularly in aerospace components, demand
high-quality parts with strict tolerances [39]; however, a comprehensive
economic model that addresses these quality requirements has yet to be
developed. Therefore, achieving a sustainable CFRP drilling process
requires defect reduction and the development of a tailored model.

This study aims to enhance machinability by suppressing defects
using support plates and proposes a sustainable CFRP drilling strategy
through a machining economics model that reflects the drilling process
outcomes, as shown in Fig. 1. Unlike previous studies, our model in-
tegrates defect suppression performance, energy consumption, and CO2
emissions into a unified framework, offering a comprehensive evalua-
tion of economic and environmental sustainability. Our approach con-
sists of machining experiments and sustainability assessments. The
support plates used in the drilling process include Styrofoam, rubber,
cork, and aluminum, each with unique mechanical and sustainability
characteristics. Aluminum offers high strength and durability; rubber
provides excellent flexibility and damping effects; foam is lightweight
with superior damping properties and is easy to machine; and cork is an
eco-friendly material with suitable strength and flexibility. Notably,
cork, a renewable resource, possesses excellent mechanical properties
that make it suitable for aerospace components, highlighting its poten-
tial applications in machining processes. The experimental results were
analyzed to determine the effects of the support plates on thrust force

Fig. 1. Schematic of the research framework.
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and tool wear during drilling, and the damping effect was evaluated
using wavelet analysis. Energy consumption was also measured and
derived from the power consumption during this process. Based on these
results, a machining economics model was derived, along with a new
economic model that incorporates a threshold for hole quality to ensure
that the required quality standards are met. Additionally, CO2 emissions
were analyzed to comprehensively assess the sustainability of the dril-
ling process.

2. Experimental setup

The drilling experiment was conducted using a three-axis computer
numerical control machine (B 300, Hermle), as shown in Fig. 2. A power
measurement module was installed to capture power data with a 0.2 s
sampling rate using a digital power meter (Accura 2500, ROOTECH)
following the ISO 14955 standard [40]. Additionally, an accelerometer
(PCB 356A15, PCB Electronics) and a dynamometer (9256C2, Kistler)
were attached to the jig to measure the vibrations and cutting forces
during the process. The drilling tool used was a 4-mm-diameter solid
carbide drill (Kennametal; B041A04000CPG) featuring a 30◦ helix angle
and a 140◦ point angle. The machining conditions were set to a feed rate
of 150 mm/min, spindle speed of 9000 RPM, and drilling depth of 10
mm to ensure complete penetration of the CFRP plate. The CFRP plates
used in the experiment were fabricated from prepreg made of
T300-reinforced fiber and epoxy resin (USN 150B, SK Chemicals). The
detailed material properties are listed in Table 1. The drilling test di-
mensions were a width of 100 mm, length of 100 mm, and depth of 3
mm. Drilling was performed on each CFRP plate with 50 holes per plate,
and four sets of tests were conducted, resulting in 200 holes being drilled
under different support plate conditions. The support plates used were
extruded polystyrene foam, rubber, cork, and aluminum, and their
mechanical properties are listed in Table 2. The flexural strength and
modulus were obtained via a three-point bending test, and the
compressive modulus was obtained via a universal material compression
test (Instron 5982, Instron). During drilling, the support plates were
attached directly beneath the CFRP plate and fixed to the jig. The
detailed workpiece setup and drilling sequence are shown in Fig. 3.

Tool wear and delamination assessment were conducted using defect
indicators during the CFRP drilling process up to the 200th hole, as
shown in Fig. 4. Tool wear was measured using a laser confocal micro-
scope (VK-X3000, Keyence) after drilling through the entire CFRP plate

corresponding to every 50 holes. The tool wear was quantified by
measuring the worn area on the tool’s flank face as shown in Fig. 5
[41–43]. The microscope images were analyzed using the ImageJ soft-
ware to calculate the wear area. Delamination is one of the most critical
defects affecting the hole quality. Delamination defects during drilling
can occur at both the inlet and outlet, with the outlet being typically
more severe [44]. This is due to the multilayered structure of the CFRP,
where the layers tend to separate more as the drill bit exits the material.
In this experiment, the delamination at the outlet was measured using a
confocal microscope (VHX-7000, Keyence) at × 30 magnification. The
delamination factor was calculated for quantitative analysis. Python 2.7
was used to implement an image-processing algorithm, and the process
is illustrated in Fig. 6. An image of the drilled hole is shown in Fig. 6(a),
and the center of the hole (green dot) is shown in Fig. 6(b). In Fig. 6(c),
the contour (green line) of the delamination zone is shown. In Fig. 6(d),
the delamination area, Adel, and nominal area (red circle), Anom, were
calculated to derive the delamination factor, Fa, using the following
formula [45–47].

Fa =
Adel

Anom
(1)

Fig. 2. Experimental setup for the CFRP drilling process.

Table 1
Material properties of CFRP.

Parameter Value

Fiber content (%) 67
Volume fraction of fiber (%) 57
Young’s modulus, E1 (GPa) 138
Young’s modulus, E2, E3 (GPa) 8.02
Shear strength, τ1 (MPa) 89
Shear strength, τ2 (MPa) 63
Poisson’s ratio, υ13 0.31

Table 2
Mechanical properties of the support plates.

Foam Cork Rubber Aluminum

Density (g/cm3) 0.04 0.18 1.635 2.7
Flexural strength (MPa) 0.3106 0.4733 1.1574 299.71
Flexural modulus (MPa) 13.4479 6.5047 7.1475 68900
Compressive modulus (MPa) 371.8 193.3 454.1 68900
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3. Results and discussion

3.1. Thrust force

In CFRP drilling, the thrust force is a critical factor because it directly
affects the tool wear, quality of the drilled holes, and overall structural
integrity of the workpiece. The force profile in CFRP drilling differs
between the cases with and without a support plate, primarily because of
the differences in the cutting mechanism. As shown in Fig. 7(a), the
drilling process using a support plate can be divided into five stages.
Stage 1 begins when the chisel edge of the drill bit engages with the

CFRP, making contact with only the chisel edge. In Stage 2, both the
chisel edge and cutting lips of the tool cut into the workpiece, causing
the thrust force to increase rapidly as the contact area increases. Stage 3
follows as the drill penetrates deeper into the CFRP, and the material
starts to soften owing to rising temperatures, resulting in a gradual
decrease in the thrust force. In Stage 4, the drill simultaneously cuts
through both the CFRP and support plate, and the thrust force in this
stage is largely influenced by the mechanical properties of the support
plate. Finally, Stage 5 involves drilling only the support plate, where the
cutting forces depend solely on the characteristics of the support plate.
In contrast, drilling CFRP alone consists of Stages 1–4, without Stage 5.

Fig. 3. Detailed workpiece setup and drilling sequence.

Fig. 4. Process up to the 200th hole for tool wear and delamination assessment in CFRP drilling.

Fig. 5. Tool wear assessment for the drilling the CFRP.
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As shown in Fig. 7(b)–(f), the maximum thrust force typically occurs
during the transition from Stages 2–3, regardless of whether a support
plate is used. Fig. 8 presents an analysis of the maximum thrust force at
intervals of 50 holes. The results indicated that the maximum thrust
force tended to increase as the drilling process progressed, which was
attributed to an increase in the tool wear. This wear expands the contact
area between the tool and material, resulting in greater friction and
higher cutting forces. Without a support plate, the workpiece experi-
ences deflection due to the applied load from the drill, and when the drill
breaks through the material, the deflection recovers, releasing stored
energy and leading to sudden material failure. By using a support plate,
the thrust force trend changes compared to drilling without one [48].
The effects of different support plate materials on the thrust force varied
owing to the differences in their mechanical properties. Support plates
with high stiffness generated greater counterforces, leading to an
increased thrust force. However, those with high compressibility and
excellent damping properties reduced deflection more effectively by
absorbing vibrations during the drilling process, rather than merely
resisting deformation. For instance, rigid materials such as aluminum
generate a higher counterforce when drilling pressure is applied, leading
to a higher thrust force. Conversely, porous materials such as foam and
cork exhibit high compressibility, whereas rubber effectively dissipates
energy to dampen vibrations and impact during drilling and reduce the
thrust force.

3.2. Tool wear

Fig. 9 shows the tool wear under different support plate conditions
during the drilling process. As observed from these images, no signifi-
cant differences were present in the overall wear patterns between the
different conditions. However, in the case of the aluminum-support
plate, a prominent built-up edge was observed, where aluminum
adhered to the tool owing to the high cutting forces, thereby acceler-
ating tool wear. Fig. 10 provides a quantitative comparison of the tool
wear area across different support plate conditions measured at 50-hole
intervals. The results showed that tool wear consistently increased under
all conditions, with the aluminum support plate exhibiting the highest

wear. This is likely due to the increased cutting forces and higher rigidity
of aluminum, which lead to greater counterforces on the tool. However,
the rubber and cork support plates, which have good shock absorption
properties, resulted in comparatively lower tool wear. These findings
suggest that the material properties of the support plates influence the
cutting forces exerted on the tool, thereby affecting the progression of
tool wear.

3.3. Damping effect

Wavelet analysis was used to evaluate the vibrations that occurred
during the drilling process with different support plates using the Morlet
function in MATLAB, as shown in Fig. 11. A significant amplitude was
observed at approximately 300 Hz, which corresponded to the main
excitation frequency during the drilling process. Compared to drilling
using only CFRP, the use of support plates such as foam, cork, and rubber
showed a noticeable vibration-damping effect. These materials have a
low elastic modulus, which allows them to absorb shocks and dissipate
energy effectively, thereby reducing vibrations. By contrast, the
aluminum support plate exhibited higher vibration amplitudes owing to
its high stiffness, which caused it to transmit stresses rather than absorb
them. In the latter part of the drilling process (from 1.5 to 2 s), as the tool
began cutting through the support plate, the vibrations tended to in-
crease. In the case of drilling with only CFRP (Fig. 11(a)), no significant
increase in vibration was observed during this period. However, for the
foam support plates (Fig. 11(b)), additional vibrations occurred, likely
owing to the compression and expansion of the material during the
process. For the cork support place (Fig. 11(c)), the vibrations increased
when the cork was cut and torn during drilling. The rubber support plate
(Fig. 11(d)) demonstrated relatively lower vibrations, which could be
attributed to rubber softening or deformation due to the heat generated
during drilling, allowing the rubber to absorb energy. In contrast, the
aluminum support plate (Fig. 11(e)) exhibited higher vibrations caused
by chip formation and the high stiffness of the material, which likely
transmitted the stress rather than absorbing it. These observations
indicated that the mechanical properties of the support plates signifi-
cantly influenced the vibration patterns during drilling.

Fig. 6. Delamination assessment of a CFRP hole after the drilling process: (a) cropped image, (b) hole center, (c) delamination contour, and (d) delamination factor.
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3.4. Delamination

The delamination evaluation was carried out using a microscope
following the procedural steps outlined in Section 2. Fig. 12 illustrates
how the extent of delamination varied based on the type of support plate
used after drilling 200 holes. The hole image in Fig. 12(a) clearly in-
dicates that the condition without a support plate exhibited the most
severe delamination. When foam was used as the support plate (Fig. 12
(b)), there was a slight reduction in delamination, but significant defects
were still evident. In contrast, using aluminum and rubber as support
plates (Fig. 12(d) and (e)) resulted in much lower levels of delamination,
demonstrating their effectiveness in mitigating defects. As shown in
Fig. 13, the delamination factor was measured for every 25 holes
starting from the first hole. The initial delamination factors for each
condition were CFRP = 1.152, stacked foam = 1.140, stacked cork =

1.135, stacked rubber = 1.105, and stacked aluminum = 1.095, indi-
cating a reduction in the initial delamination factor with the use of
support plates. As drilling progressed, the delamination factor gradually
increased, primarily because of the increase in the thrust force caused by

tool wear. The highest delamination factor was observed at the 25th
hole, which is attributed to the position of the hole within the specimen.
As the hole approaches the central region, increased deflection occurs
due to the geometric characteristics of the specimen and the corre-
sponding boundary conditions of the support [44]. This leads to varia-
tions in stress distribution and thrust forces, which ultimately result in a
greater susceptibility to delamination. Delamination tends to occur
when deformation builds up, and the 25th hole, located closer to the
center of the specimen, experienced the most significant deflection. For
the 200th hole, the delamination factor decreased by 7.46% for the
foam-stacked condition, 11.07% for the cork-stacked condition, and
12.45% for the rubber-stacked condition, compared to the CFRP-only
condition. In contrast, the aluminum-stacked condition exhibited an
increase of 17.59%. A delamination factor exceeding 1.2 is generally
considered to indicate damage, and each support plate condition
reached this threshold at different points, demonstrating varying levels
of resistance to damage [49]. Delamination can be reduced by mini-
mizing the deflection of the workpiece during drilling [50]. The thrust
force applied during drilling can be considered as a concentrated load,

Fig. 7. (a) Schematic of the CFRP drilling process using different support plates and thrust forces at the first hole. Drilling process results for (b) CFRP only, (c) foam-
stacked CFRP, (d) cork-stacked CFRP, (e) rubber-stacked CFRP, and (f) aluminum-stacked CFRP.
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and its effect on the workpiece can be modeled using a simple beam
deflection equation:

δmax =
PL3

48Eeff Ieff
(2)

where the maximum deflection, δmax, is inversely related to the effective
moment of inertia, Ieff, and the effective Young’s modulus, Eeff. The
moment of inertia depends significantly on the thickness, which is
calculated as

Ieff =
btCFRP3

12
+
btsup3

12
(3)

where b represents the width, while tCFRP and tsup denote the thickness of
the CFRP and support plate, respectively. When a support plate was
applied, the overall thickness increased, leading to a higher effective
moment of inertia and a reduced deflection. If the structure consisting of
the CFRP and support plate is considered a laminated structure
comprising two layers, the effective Young’s modulus can be calculated
using the weighted average of the modulus and thicknesses of the in-
dividual layers [51,52]:

Eeff =
ECFRP • hCFRP + Esup • hsup

h
(4)

where ECFRP and Esup are the Young’s modulus of the CFRP and support
plate, respectively, and hCFRP and hsup are their respective thicknesses. In
this analysis, ECFRP was taken E1 (138 GPa), as provided in Table 1,
representing the modulus along the fiber direction. Therefore, for sup-
port plates with the same total thickness, a higher effective Young’s
modulus led to a reduced deflection, making the combined structure
more effective in minimizing delamination. This theoretical relationship
illustrates that the aluminum support plate significantly reduces

deflection compared to CFRP alone, achieving a reduction of approxi-
mately 91.5%. This substantial decrease can be attributed to the high
flexural rigidity conferred by the combination of aluminum’s thickness
and modulus of elasticity. In contrast, other support materials such as
foam, cork, and rubber demonstrate deflection reductions of approxi-
mately 77%, which are comparatively less pronounced. The findings
suggest that, while deflection reduction is a critical factor in enhancing
the drilling process, it may not be the sole determinant in mitigating
defects such as delamination.

Initially, the aluminum-stacked condition showed the lowest
delamination factor; however, as drilling progressed to the 200th hole, it
exhibited a higher delamination factor than the rubber- and cork-
stacked conditions. This change is associated with tool wear, as dril-
ling with aluminum leads to faster tool degradation, resulting in an
increased thrust force and a higher rate of delamination as more holes
are drilled. The damping effect may also have influenced delamination,
as materials such as cork and foam, which demonstrated lower vibration
amplitudes at the excitation frequency, were able to effectively reduce
delamination. Although rubber exhibited a comparatively lower
vibration-damping capability, its higher compressive and flexural
modulus provided a counteracting force to the thrust during drilling,
allowing it to support the workpiece more effectively, resulting in the
lowest overall delamination factor. The results of this study emphasize
the importance of support plates in improving the drilling performance
of CFRP. By reducing delamination and enhancing stability, support
plates made of materials such as rubber, cork, and foam show significant
potential for improving machining quality, especially in applications
where minimizing defects is critical. While aluminum offers excellent
deflection reduction due to its rigidity, its impact on tool wear un-
derscores the importance of selecting materials that align with process
sustainability goals. These findings provide valuable insights for opti-
mizing CFRP drilling processes, suggesting that careful material selec-
tion can help balance defect reduction with tool longevity and

Fig. 8. Maximum thrust force for different support plate types after drilling
each workpiece.

Fig. 9. Tool wear after drilling processes for 200 holes in different support plate types: (a) CFRP only, (b) foam-stacked CFRP, (c) cork-stacked CFRP, (d) rubber-
stacked CFRP, and (e) aluminum-stacked CFRP.

Fig. 10. Tool wear area for different support plate types after drilling
each workpiece.
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operational efficiency.

3.5. Energy consumption

Fig. 14 shows the power consumption measured during the drilling
of the first 50 holes in the CFRP. When the equipment was in the standby
mode, the base power consumption was approximately 2.3 kW, and
during drilling, it increased to a maximum of approximately 4.3 kW. The
profile indicates a slight increase in power of up to approximately 3.4
kW during the drilling phase, whereas a significant spike in power
consumption occurred when the spindle moved between the hole-
machining operations. The area under the power curve represents the
total energy consumption and was used to calculate the total energy

consumed during the drilling process with different support plates.
Fig. 15 shows the accumulated energy consumption for drilling 200
holes under each condition. The energy consumptions for each condition
were as follows: 0.9896 kWh for CFRP, 0.9887 kWh for foam stacking,
0.9871 kWh for cork stacking, 0.9858 kWh for rubber stacking, and
0.9982 kWh for aluminum stacking. The variations in energy con-
sumption across different support plate conditions were relatively small.
This is primarily because the energy consumed during the cutting op-
erations is less significant than the energy required when the spindle
travels between the holes. Most of the energy consumption was associ-
ated with maintaining the base power during the drilling process, which
minimized the differences in power usage between the different support
plate conditions.

Fig. 11. Wavelet analysis of the vibration magnitude during the drilling process using different types of support plates: (a) CFRP only, (b) foam-stacked CFRP, (c)
cork-stacked CFRP;,(d) rubber-stacked CFRP, and (e) aluminum-stacked CFRP.
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4. Sustainability assessment

CFRP requires strict tolerances, indicating the need for a model that
evaluates economic efficiency and determines quality standards based
on defects that occur during the drilling process. This study proposes a
machining economics model based on defects incurred during the CFRP
drilling process to assess its economic efficiency. The model includes
various factors, such as material cost, tooling cost, energy consumption,
and setup cost. This model is designed to maintain quality by setting a
threshold for the delamination factor, and the tool is replaced to ensure
that quality standards are met when this threshold is reached.

4.1. Economic analysis

4.1.1. Cost of workpiece
The dimensions of the CFRP specimen were 100 × 100 × 3 mm, and

those of the support plate were 100 × 100 × 10 mm. The individual costs

Fig. 12. Delamination of the outlet hole after drilling 200 holes: (a) CFRP only, (b) foam-stacked CFRP, (c) cork-stacked CFRP, (d) rubber-stacked CFRP, and (e)
aluminum-stacked CFRP.

Fig. 13. Delamination factor at the selected holes for all workpiece types: CFRP
only (black, squares), foam-stacked CFRP (red, circles), cork-stacked CFRP
(blue, triangles), rubber-stacked CFRP (green, inverted triangles), and
aluminum-stacked CFRP (purple, diamonds).

Fig. 14. Power of the CFRP drilling process for the workpiece.

Fig. 15. Energy consumption during the drilling of 200 holes.
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of the CFRP and support plates made of various materials were deter-
mined based on their purchase prices. Unlike the CFRP condition, the
condition of using a support plate includes the additional cost of the
support plate along with the CFRP. The total workpiece cost, Cw, was
calculated based on the requirement of four plates to machine 200 holes,
as investigated in the experiment as following equation:

Cw =4 ×
(
CCFRP +Csupport

)
(5)

where CCFRP and Csupport represent the unit costs of the CFRP and support
plate specimens, respectively. A cost comparison of the workpieces
under each experimental condition is presented in Table 3.

4.1.2. Cost of tooling
The tooling cost represents the expenses associated with tool wear

and replacement owing to degradation during the drilling process. In
this study, the threshold for delamination was set to 1.2, meaning that
the tools were replaced when the delamination factor reached or
exceeded this limit to ensure that the quality standards were main-
tained. The threshold was determined experimentally based on the in-
crease in the delamination factor from the initial level to the threshold
level. For each support plate condition, the tooling cost per 200 holes
was calculated by dividing the total number of holes by the effective
lifespan of the tool under each condition, denoted as TH, which repre-
sents the number of holes that the tool could drill before reaching the
delamination threshold. The equation used to calculate the tool lifespan
under these conditions is:

TH=
Fa,threshold − Fa,initial

ΔFa/N
(6)

where Fa,threshold is the delamination factor threshold, Fa,initial is the
delamination factor of the first hole, ΔFa represents the incremental
change per hole, and N is the number of drilled holes. Then, cutting tool
cost, Ct, for drilling 200 holes is derived as following:

Ct =Tu ×
200
TH

(7)

Where Tu represents the tool cost per unit and the second term repre-
sents the required number of tools for drilling 200 holes. The resulting
tooling costs for each support plate are listed in Table 4.

4.1.3. Cost of labor
Labor costs arise from various stages of the machining process,

including setup, tool changing, and machining, and the total labor cost is
the sum of these components. The labor cost for setup, Cl,setup, was
calculated by multiplying the setup time, number of setups required per
workpiece, and the labor rate, Lr. The setup time, tsetup, was longer when
a support plate was used because additional time was required to attach
the support plate beneath the CFRP. The labor cost for tool-changing, Cl,

tool-changing, was determined by the time required for each tool change,
the number of tools required to machine 200 holes, and the labor rate.
The frequency of tool changes varied depending on the type of support
plate used because different support plates affect the extent of defects
and determine the number of holes that can be machined before
reaching the threshold. The labor cost for machining, Cl,machining, was
calculated by multiplying the machining time by the labor rate, and the
machining time was consistent across all conditions. The equations for
the components contributing to labor cost are as follows:

Cl,setup = Lr × tsetup × Ns (8)

Cl,tool− changing = Lr × ttool− chaning ×
200 holes

TH
(9)

Cl,machining = Lr × tm (10)

Cl =Cl,setup + Cl,tool− changing + Cl,machining (11)

The detailed information from above equations is summarized in
Table 5.

4.1.4. Energy consumption
Energy consumption occurs throughout all the stages of the process.

During the setup stage, the idle power, PI, from the equipment was
consumed, and the energy consumption for setup, Ec,setup, was calcu-
lated as Eq. (12). Similarly, in the tooling stage, idle power is consumed
while changing tools; therefore, the energy consumption for tool-
changing, Ec,tool-changing, was determined as Eq. (13).

Ec,setup =PI × tsetup (12)

Ec,tool− changing =PI × ttool− changing × Required tools for 200 holes (13)

During CFRP drilling, the power output of the equipment varies
depending on the support plate conditions. The energy consumption cost
was obtained by multiplying the total energy consumption of all the
processes by the energy cost, which was set at 0.22 USD/kWh [53].

Ce = energy cost ×
(
Ec,setup +Ec,tool− changing + Ec,machining

)
(14)

The details of the calculations for each stage are presented in Table 6.

4.1.5. Overall cost
In the CFRP drilling process using support plates, the total cost for

each condition was determined as the sum of the workpiece, tooling,
labor, and energy consumption costs, as shown in the following equa-
tion:

Ctotal =Cw + Ct + Cl + Ce (15)

The cost per hole for each condition was calculated by dividing the
overall cost by the total number of holes drilled, as shown in Table 7.
The ratio based on only CFRP represents the relative cost of each con-
dition compared to the CFRP-only baseline. For example, the rubber-
stacked condition, which amounted to 89.13% of the baseline cost,
showed an extended tool life owing to its excellent vibration-damping
properties, resulting in lower tool change costs. In contrast, the
aluminum-stacked condition showed fewer delamination defects but
was economically less favorable, with a cost ratio of 118.69% owing to
the high expense of the workpiece material. The cork-stacked condition
proved to be the most cost-effective support plate material, with an

Table 3
Workpiece costs.

Material CFRP Foam Cork Rubber Aluminum

Unit cost (USD) 72 4 8 18 45
Machining

condition
Only
CFRP

Foam-
stacked

Cork-
stacked

Rubber-
stacked

Aluminum-
stacked

Cost per
workpiece
(USD)

72 76 80 90 117

Total cost of
workpieces, Cw

(USD)

288 304 320 360 468

Table 4
Tooling costs for the CFRP drilling process.

Only
CFRP

Foam-
stacked

Cork-
stacked

Rubber-
stacked

Aluminum-
stacked

Tool cost per
unit (USD)

40 40 40 40 40

TH 47.81 72.71 102.57 175.00 108.79
Required tools

for 200 holes
4.18 2.75 1.95 1.14 1.84

Cutting tool
cost (USD)

167.32 110.03 77.99 45.71 73.54
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overall cost of 87.39% compared to CFRP alone. This is attributed to the
ability of cork to enhance the machining stability while maintaining a
reasonable material cost. Cork is a renewable and biodegradable mate-
rial that can be harvested in an eco-friendly manner, making it partic-
ularly suitable as a support plate for environmentally friendly and
sustainable drilling processes.

4.1.6. Threshold effect on costs
In the machining cost analysis, a delamination factor threshold of 1.2

was used; however, this threshold can vary depending on the quality
requirements [44]. Fig. 16 illustrates the cost per hole during CFRP
drilling for each support plate type when 200 holes were processed with
varying delamination factor thresholds. As the threshold increases, the
cost per hole generally decreases under all conditions. This occurred
because the machining conditions and time remained consistent, indi-
cating that the material and setup costs were fixed. However, with a

Table 5
Labor costs for the CFRP drilling process.

Only CFRP Foam-stacked Cork-stacked Rubber-stacked Aluminum-stacked

Setup Setup time, tsetup (s) 180 240 240 240 240
Labor rate, Lr (USD/h) 9.812 9.812 9.812 9.812 9.812
Number of pieces made for the setup, N 4 4 4 4 4
Labor cost, Cl,setup (USD) 1.96 2.62 2.62 2.62 2.62

Tool changing Tool changing time, ttool-chaning (s) 200 200 200 200 200
Required tools for 200 holes 4.183 2.751 1.950 1.143 1.838
Labor rate, Lr (USD/h) 9.812 9.812 9.812 9.812 9.812
Labor cost, Cl,tool-changing (USD) 2.280 1.50 1.06 0.62 1.00

Machining Machining time, tm (s) 260 260 260 260 260
​ Labor rate, Lr (USD/h) 9.812 9.812 9.812 9.812 9.812

Labor cost, Cl,machining (USD) 0.709 0.709 0.709 0.709 0.709
Total Labor cost (USD) 4.951 4.825 4.388 3.948 4.327

Table 6
Energy consumption for the CFRP drilling process.

Only CFRP Foam-stacked Cork-stacked Rubber-stacked Aluminum-stacked

Setup Idle power, PI (kW) 2.3 2.3 2.3 2.3 2.3
Setup time, tsetup (s) 180 240 240 240 240
Energy consumption, Ec,setup (kWh) 0.460 0.613 0.613 0.613 0.613
Energy consumption cost (USD) 0.101 0.135 0.135 0.135 0.135

Tooling Idle power, PI (kW) 2.3 2.3 2.3 2.3 2.3
Tool changing time, ttool-chaning (s) 200 200 200 200 200
Required tools for 200 holes 4.183 2.751 1.950 1.143 1.838
Energy consumption, Ec,tool-changing (kWh) 0.534 0.351 0.249 0.146 0.235
Energy consumption cost (USD) 0.118 0.077 0.055 0.032 0.052

Machining Energy consumption, Ec,machining (kWh) 0.990 0.989 0.987 0.986 0.998
​ Energy consumption cost (USD) 0.218 0.217 0.217 0.217 0.220
Total Energy consumption, Ce (USD) 0.437 0.430 0.407 0.384 0.406

Table 7
Overall costs of the CFRP drilling process.

Only
CFRP

Foam-
stacked

Cork-
stacked

Rubber-
stacked

Aluminum-
stacked

Total cost for
200 holes
(USD)

460.71 419.28 402.79 410.05 546.27

Total cost per
1 hole
(USD)

2.30 2.09 2.01 2.05 2.73

Ratio based
on only
CFRP (%)

100.00 90.87 87.39 89.13 118.69

Fig. 16. Effect of the delamination threshold on the cost per hole in CFRP
drilling using different support plates.

Table 8
CO2 emission of the support plates.

Foam Cork Rubber Aluminum

CO2 emission (kg) 3.01 [54] 0.81 [55] 3.40 [56] 4.00 [56]
Energy consumption (MJ/kg) 86.4 [54] 4.0 [55] 40.3 [56] 45.8 [56]
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higher threshold, each tool can process more holes before reaching its
limit, thereby reducing the tool replacement frequency. This reduction
in tool replacement leads to lower tooling costs because fewer tools are
consumed over the same number of holes. Additionally, fewer tool
changes contribute to a more efficient process, minimizing downtime
and associated labor costs and further enhancing cost efficiency. This
demonstrates that adjusting the set threshold allows the model to meet
various quality requirements and efficiently manage the overall
machining costs.

4.2. CO2 emission

Based on the data presented in Table 8, which compares the CO2
emissions and energy consumption of materials selected as support
plates in CFRP drilling, the following conclusions can be drawn. Here,
energy consumption refers to the energy required for the production of
the materials. Rubber and Aluminum support plates record CO2 emis-
sions of 3.40 kg and 4.00 kg, respectively, with energy consumption of
40.3 MJ/kg and 45.8 MJ/kg, indicating higher environmental impacts
compared to Cork. Although Foam support plates are cost-effective, they
exhibit a relatively high CO2 emission of 3.01 kg and the highest energy
consumption of 86.4 MJ/kg, raising significant environmental concerns.
In contrast, Cork support plates, with the lowest CO2 emission of 0.81 kg
and the lowest energy consumption of 4.0 MJ/kg, are considered the
most suitable option when prioritizing environmental sustainability and
energy efficiency.

5. Conclusion

The increasing use of CFRPs in aerospace applications demands high
manufacturing quality while maintaining economic efficiency. Although
support plate methods have been proposed to reduce drilling defects,
their economic viability has not been thoroughly investigated, especially
considering the strict quality requirements for aerospace components.
This study conducted a comprehensive analysis of various support plate
materials (foam, rubber, cork, and aluminum) in CFRP drilling, exam-
ining the thrust force, tool wear, damping effects, delamination, and
energy consumption. A machining economics model was also proposed
that incorporates quality thresholds. The following main conclusions
were drawn.

1. Distinct thrust force characteristics were analyzed in stages with and
without support plates, and the maximum thrust forces were
compared between the conditions. The analysis showed that rigid
materials, such as aluminum, generated higher counterforces,
whereas porous and flexible materials (foam, cork, and rubber)
reduced the thrust forces through their damping properties.

2. Tool wear was quantitatively evaluated by measuring the tool wear
area at 50-hole intervals. Although the tool wear area increased with
the number of drilled holes under all conditions, there were no sig-
nificant differences in the wear progression between the different
support plate conditions. The results showed a general increasing
trend in the tool wear area, regardless of the support plate material
that was used.

3. Wavelet analysis of the vibrations identified significant amplitudes at
approximately 300 Hz during CFRP drilling. Foam, cork, and rubber
demonstrated effective vibration damping through reduced ampli-
tudes in this frequency range compared with unsupported drilling. In
contrast, the high stiffness of aluminum resulted in increased vi-
bration transmission, particularly in the latter stages of drilling,

owing to its inability to absorb and dissipate cutting energy
effectively.

4. Delamination analysis revealed varying degrees of defect reduction.
Cork and rubber support plates achieved 11.07% and 12.45% re-
ductions in the delamination factor, respectively, after 200 holes,
whereas aluminum showed a 17.59% increase compared to unsup-
ported drilling. This effectiveness is attributed to the combined effect
of the increased moment of inertia and appropriate material stiffness.

5. The machining economics model, incorporating a delamination
factor threshold of 1.2, revealed significant cost variations under
different support conditions. Cork-stacked drilling demonstrated the
highest economic efficiency, reducing overall costs by 12.6%
compared with unsupported drilling, whereas aluminum increased
costs by 18.6%.

6. In terms of CO2 emissions, Cork stands out as the most environ-
mentally friendly support plate material, with an emission level of
0.807 kg.

Considering both the experimental defect reduction performance
and sustainable assessment results, cork emerged as the most cost-
effective support plate material, offering an optimal balance between
machining quality and economic efficiency, and reduced CO2 emissions
while providing additional benefits of environmental sustainability
through its renewable and biodegradable nature. Future research could
explore cork’s performance under diverse machining conditions and its
applicability to complex geometries, such as curved surfaces, to validate
its use in real aerospace components. These findings demonstrate cork’s
potential for sustainable manufacturing, aligning with industry trends
toward defect suppression and carbon neutrality.
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Nomenclature

MQL minimum quantity lubrication
Eeff effective Young’s modulus
ECFRP Young’s modulus of CFRP
Esup Young’s modulus of support plate
tCFRP thickness of CFRP
tsup thickness of support plate
Ieff effective moment of inertia
Adel delamination area (mm2)
Anom nominal area (mm2)
Fa delamination factor
TH effective lifespan of the tool
Fa,threshold delamination factor threshold
Fa,initial delamination factor for 1st hole
ΔFa incremental change per hole
Ct Cutting tool cost (USD)
Tu unit cost of tool (USD)
Cl,setup labor cost for setup (USD)
Lr labor rate (USD/h)
tsetup setup time (s)
Ns the number of pieces made for the setup
Cl,tool-changing labor cost for tool-changing (USD)
ttool-changing tool changing time (s)
Cl,machining labor cost for machining (USD)
tm machining time (s)
Ec,setup energy consumption of setup (kwh)
PI idle power of CNC machine (W)
Ec,tool-changing energy consumption of tool-changing (kwh)
Ec,machining energy consumption of machining (kwh)
Ce energy consumption cost (USD)
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