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A B S T R A C T

In the last decade improving the sustainability of manufacturing processes has become a primary objective to 
tackle the goals for sustainable development as defined by UN. In this context, the Life Cycle Assessment (LCA) is 
finding increasing use as a method to measure the environmental impacts of processes and as a tool to support 
decisions when a choice between different processing routes is required. The present study lies in this context: a 
detailed LCA analysis has been carried out to compare the environmental footprint of different drilling strategies, 
the quality of the drilled holes has also been considered to provide reliable guidelines to people interested in 
drilling operations. In particular, this study investigates the environmental impacts of different drilling strategies 
applied to CFRP/AA7075-T6 stacks, which are commonly used in structural aerospace assemblies. A cradle-to- 
gate LCA was performed to compare two main approaches: separate drilling of CFRP laminates and 
aluminium alloy sheets before their assembly, and one-shot drilling of pre-assembled stacks. A strength of this 
study, conversely to the others available in the literature, is that the analysis relies on experimental data for 
energy consumption, drilling forces and hole quality, enabling a high-fidelity environmental assessment. The 
results show that the drilling strategies significantly affect both the environmental indicators, process perfor
mance and hole quality, highlighting a trade-off between energy efficiency and hole characteristics. Findings 
offer new insight to guide sustainable decision-making in aerospace manufacturing.

1. Introduction

In the current industrial and academic landscape, sustainability has 
evolved from a conceptual ambition to a tangible operational impera
tive. The pressing need to reduce environmental impact both in terms of 
process efficiency and product design, has made methodologies like Life 
Cycle Assessment (LCA) essential tools for guiding informed and 
responsible decision-making. LCA, in fact, offers a structured framework 
for quantifying the environmental burdens associated with products and 

processes across their life cycles, and its integration within 
manufacturing is rapidly gaining traction [1].

Among the numerous processes scrutinized through a sustainability 
lens, machining operations stand out for their widespread application 
and resource-intensive nature. Among these, milling [2–4] and turning 
[5–7] belong to the most studied processes, due to the significant 
amount of material removal, the extensive use of lubricants, the 
machining time involved, and the critical influence on tool life. Studies 
such as those by Herrero et al. [8] for milling and Fernando et al. [9] for 
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turning have shown how lubrication and process optimization can 
considerably reduce energy consumption and environmental impacts 
while improving the overall sustainability of machining operations.

Drilling processes, at first glance, might seem less critical due to their 
generally shorter execution times. However, their impact becomes 
highly relevant depending on the industrial sector considered. Although 
drilling may appear as a niche operation, it becomes environmentally 
impactful when applied to large-scale assemblies, such as in the aero
space sector. For instance, the production of a single aircraft fuselage 
can involve the drilling of over 60,000 holes for medium-sized com
mercial aircraft, each influencing structural integrity and assembly lo
gistics [10,11].

Within this context, drilling plays a pivotal role in the assembly of 
structural components through-bolted and riveted joints [12,13]. 
Particularly, hybrid structures combining CFRP and aluminium alloys 
[14], or CFRP and titanium alloys [15], have become increasingly 
fundamental. Depending on the adopted production strategy, drilling 
operations may be performed either individually on each component 
before assembly or in a stacked configuration where multiple layers are 
drilled simultaneously. The latter approach further complicates the 
process due to the heterogeneous nature of the cutting conditions 
imposed by dissimilar materials [16].

Traditionally, research in this field has focused on optimizing drilling 
to meet stringent mechanical performance and quality criteria. As 
reviewed by Xu et al. [17], significant efforts have been devoted to 
studying the influence of cutting parameters, tool geometry, and lubri
cation strategies on outcomes such as thrust force, torque, surface 
quality, burr formation, delamination, tool wear, and dimensional 
accuracy.

However, despite the increasing attention to sustainable 
manufacturing, the environmental implications of drilling have been 
only marginally explored. The application of LCA methodologies has 
been limited, mainly focusing on the effects of lubrication and cooling 
strategies on environmental indicators. For example, Campitelli et al. 
[18] compared the environmental performance of Flood Lubrication 
(FL) and Minimum Quantity Lubrication (MQL) during drilling and 
milling operations of aluminium, steel, and cast iron, highlighting a 
significant reduction in resource consumption and energy demand when 
adopting MQL. Similarly, Khanna et al. [19] and Shah et al. [20]
investigated drilling operations under different cooling conditions, 
showing that cryogenic and dry drilling can reduce energy consumption 
and fluid waste management, though they also identified the environ
mental costs associated with cryogenic fluid production.

Even less attention has been devoted to composite materials. 
Recently, Khanna et al. [21], for example, conducted one of the few LCA 
studies on hybrid titanium composite laminates drilled in dry and CO₂ 
cryogenic environments. Other rare examples include studies such as 
those of Zhu et al. [22,23] where the authors analysed the energy con
sumption and environmental impact associated with drilling carbon 
fibre reinforced polymers (CFRPs), highlighting how drilling parameters 
and stack configurations significantly influence both machining effi
ciency and ecological footprint. Additionally, Kang et al. [24] examined 
the environmental impact of drilling CFRP/aluminium stacks, empha
sizing the importance of process optimization in reducing energy con
sumption and associated emissions.

Nevertheless, like metals, the focus of these studies has largely been 
on analysing the effects of cutting parameters and lubrication on process 
sustainability.

A significant gap remains in the literature regarding the environ
mental assessment of drilling strategies for stacked structures commonly 
used in aerospace applications. In this context, it becomes crucial to also 
study how drilling strategies, as broader methodologies encompassing 
how components are drilled and assembled, affect sustainability. To 
date, such strategies have received little to no attention in LCA frame
works. This represents a critical knowledge gap, especially in aerospace 
manufacturing, where the choice between single material and stacked 

drilling configurations directly impacts not only the sustainability of the 
drilling process, but also the assembly strategy, the number of pre- 
assembly operations required and the overall production complexity.

This work aims to bridge this gap by investigating the environmental 
impact of different drilling strategies applied to aerospace structural 
assemblies, with a particular focus on hybrid stacks composed of CFRP 
and AA7075-T6 aluminium alloy. In such hybrid stacks, the interaction 
between dissimilar materials during drilling generates highly hetero
geneous cutting conditions, which in turn affect both, hole quality and 
energy consumption [16,14].

To address this multifaceted problem, a cradle-to-gate LCA was 
conducted comparing two manufacturing scenarios: (i) separate drilling 
of CFRP and AA7075-T6 components followed by assembly; and (ii) one- 
shot drilling of pre-assembled CFRP/AA stacks. Unlike previous studies 
relying on database estimates, this research leverages experimental data 
for both energy monitoring and quality assessment, ensuring high- 
fidelity environmental modelling. Moreover, the analysis does not 
merely compare process parameters, it explicitly evaluates the impact of 
different drilling strategies on both energy performance and final 
product quality. The results achieved will be combined and discussed 
aiming to provide insights on the sustainability of these processes and 
give useful guidelines for carrying out these operations on an industrial 
scale.

2. Materials and methods

The present study is based on the experimental results previously 
obtained and discussed by Panico et al. [25] on the drilling of 
CFRP/AA7075-T6 stacks. Both the condition in which the materials are 
drilled individually and the one-shot drilling strategy were investigated. 
In that work, an innovative drilling strategy was implemented, based on 
the online monitoring of spindle active power to dynamically adapt the 
cutting parameters across the material interface. This 
parameter-switching methodology, triggered by characteristic varia
tions in the active power signal, allowed the tool to seamlessly transition 
from the CFRP to the AA7075-T6 layer, ensuring optimal process con
ditions for each material. The results highlighted the ability of this 
adaptive strategy to mitigate typical interface defects, such as delami
nation in CFRP and burr formation in AA7075-T6. Specifically, the re
sults concerning active power consumption and hole quality indicators, 
gathered during that experimental campaign, were adopted as primary 
data of the Life Cycle Impact Assessment (LCIA) conducted in this work.

2.1. Materials and machine tool specifications

The subject of this study is the drilling of a hybrid stack composed of 
a quasi-isotropic CFRP laminate (3.6 mm in thickness and a symmetric 
lay-up of [90/− 45/0/45/90/− 45/0/45]s) and an AA7075-T6 
aluminium alloy sheet of 4.0 mm in thickness, resulting in a total 
stack thickness of 7.6 mm when assembled. The specimens have in-plane 
dimensions of 100 mm× 200 mm.

In the stack, the CFRP laminate was always placed on top of the 
aluminium plate in accordance with industrial requirements and sci
entific literature [26].

All drilling tests were carried out using a five-axis CNC machining 
centre (Reichenbacher ECO-LT 2012), under dry cutting conditions. The 
drilling tool used was a solid carbide twist drill with a diameter of 
4.84 mm, a 120◦ point angle and a CVD diamond-coating. The speci
mens were securely clamped between two steel plates using six dowel 
pins to ensure accurate positioning and repeatable boundary conditions 
during drilling. The slots in the clamping plates were dimensioned with 
a width slightly larger than the nominal hole diameter, in order to limit 
out-of-plane deflection and avoid stack separation during drilling, while 
preserving the integrity of the stack interface.

The experimental campaign included an integrated system for real- 
time monitoring of spindle active power. The electrical power 
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consumption of the spindle motor was continuously measured using a 
Hall-effect-based sensor system (Nordmann WLM-3s). The system 
configuration, illustrated in Fig. 1, consisted of three current sensors 
mounted on the u, v, and w phases of the spindle motor, enabling the 
acquisition of instantaneous current and voltage signals. These mea
surements were processed by a dedicated control unit (SEM-Modul-e) to 
compute the active power absorbed by the spindle during the drilling 
process. The SEM-Modul-e unit was connected to the numerical control 
unit (NCU) of the CNC machine via an analogue input, enabling the 
automated adaption of an ongoing drilling process, such as automatic 
parameter switching, by analysing the dynamic behaviour of the active 
power curve. Specifically, the integration scheme of the power moni
toring system and the experimental setup is schematically depicted in 
Fig. 1. For the force system analysis, the thrust force (Fz) and torque (Mz) 
were acquired using the KISTLER 9272 dynamometer (see Fig. 1). The 
dynamometer was then connected to the charge amplification and data 
acquisition system for multi-component force-torque measurement, 
KISTLER 5167A41KH2.

2.2. Drilling process parameters and strategies

When each material was individually drilled prior to assembly (this 
strategy will hereafter be referred to as the single-material drilling 
strategy), a full-factorial experimental design was adopted, as described 
in the experimental campaign described by Panico et al. [25]. This 
included three levels of cutting speed (vc) and three levels of feed rate 
(f), resulting in nine parameter combinations per material. Three holes 
were drilled for each combination and to ensure that the drilling results 
in terms of measured forces, quality and energy consumption were not 
affected by wear effects, for each combination test a new tool was used.

When the one-shot strategy was adopted, two different approaches 

were implemented. The first involved the application of a single set of 
cutting parameters (vc and f) throughout the entire stack thickness, 
regardless of the material being drilled. The second approach consisted 
in modifying the cutting parameters in real time at the interface between 
the two materials. In agreement with the approach prosed in [25], the 
transition from the CFRP to the aluminium cutting parameters was 
triggered based on the evolution of the active power signal and was 
applied when the cutting edge was fully engaged in the AA7075-T6 
layer. Six holes were drilled for each drilling condition, for each one a 
new tool was used.

For the LCA, a subset of nine representative drilling conditions was 
extracted from the complete experimental campaign. These combina
tions were selected to represent distinct operational scenarios and se
lection criteria relevant to both manufacturing practice and 
environmental impact analysis.

For AA7075-T6 and CFRP drilled in single-material strategy, three 
process conditions were selected per material: 

• A condition optimised for best hole quality (BHQ), based on minimal 
burr formation (AA7075-T6) or minimal delamination (CFRP);

• A condition associated with minimum active power consumption 
(MnAP);

• A condition representative of the maximum active power level 
(MxAP), defined as the parameter combination that produced the 
highest peak value of active power during the drilling operation.

For the CFRP/AA7075-T6 stacks, the selected conditions included: 

• Two compromise strategies. One of these combinations was defined 
to favour the AA7075-T6 drilling conditions (labelled as CP-AA in 
Table 1), while the other was selected to favour the CFRP (labelled as 

Fig. 1. Experimental setup and integration scheme of the power monitoring system used during drilling tests.
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CP-CFRP in Table 1). Specifically, these compromise combinations 
were derived from the results analysed in [25]: CP-AA adopts cutting 
parameters (lower cutting speed and higher feed rate) that had 
proven effective for AA7075-T6 in minimising burr formation, while 
CP-CFRP is based on parameters (higher cutting speed and lower 
feed rate) that were found beneficial for CFRP in reducing delami
nation and thrust force.

• The adaptive parameter switching strategy, corresponding to the 
switching identified in [25] as the optimal switching condition in 
terms of hole quality and process stability (labelled as APS in 
Table 1).

The drilling conditions considered in this study are summarised in 
Table 1.

Among the reported parameters, the Material Removal Rate (MRR) 
was also calculated using the following expression: 

MRR = π
(

d2

4

)

fn (1) 

where d is the tool diameter, f is the feed per revolution, and n is the 
spindle speed.

2.3. Process monitoring: thrust force, power and energy consumption

Energy consumption associated with each drilling condition was 
derived from the active power signal acquisitions carried out on the 
spindle motor during the drilling process as described in Section 2.1.2.

The collected data were subsequently used to compute the total en
ergy consumption (ETOT) for each drilling operation. ETOT related to 
each drilling operation was computed as the sum of two distinct con
tributions, as follows: 

ETOT = ECNC + Emotor = PCNC,ave • Tdrilling +

∫ Tdrilling

0
pactive(t) • dt

≈ PCNC,ave • Tdrilling +
∑Tdrilling/Δt

i=1
Pactive,i • Δt (2) 

Where: 

• ECNC, which is the energy demand of the CNC auxiliary systems (e.g., 
positioning movements, electronics), was assumed constant and 
estimated as the product of the average power consumption (PCNC, 

ave) and the nominal drilling time (Tdrilling). The power consumption 
of the CNC machine was considered constant throughout the entire 
drilling operation and equal to 23 kW (PCNC,ave), in accordance with 
the CNC machine technical datasheet. Nominal power of the CNC 
auxiliary systems indicated in the technical datasheet was used to 
calculate the ECNC. although this assumption may slightly over
estimate the absolute value of ECNC, it does not affect the compara
tive nature of the study since the same hypothesis is consistently 
applied across all scenarios.

• Emotor, which is the energy absorbed by the spindle motor during the 
entire drilling operation. It was calculated by integrating the 
measured active power signal over the drilling time, as shown in Eq. 
2, with the variables defined below.

• Δt is the sampling period, equal to 0.002 s and Pactive,i is the active 
power taken every 0.002 s, from the beginning to the end of the 
drilling process (Tdrilling) whose signal was acquired from the spindle 
motor. It includes two distinct contributions:

- Pair, identified as air cut power, corresponding to the power required 
to maintain the spindle rotation without any tool-workpiece 
engagement, measured when the tool moves in air while the entire 
CNC system is active.

- Pcut, corresponding to the net power demand for material removal, 
calculated as the difference between the actual active power and the 
air cut power, in agreement with the literature [27]:

Pcut = Pactive − Pair (3) 

Fig. 2 shows a representative active power curve for each material: 
single-material drilling strategy of AA7075-T6 (Fig. 2a), CFRP (Fig. 2b), 
and one shot drilling strategy of CFRP/AA7075-T6 stacks (Fig. 2c).

For each curve, the total energy associated with the spindle motor 
(Emotor) was graphically decomposed into two terms: 

• Air cutting energy contribution (Eair), corresponding to the energy 
required to maintain spindle rotation without material engagement. 
This contribution was calculated by multiplying the air cut power 
(Pair) by the drilling time.

• Cutting energy contribution (Ecut), corresponding to the additional 
energy required to remove the material. This contribution is associ
ated with the cut power (Pcut), which varies depending on the 
interaction between the tool and the material.

Furthermore, the Specific Cutting Energy (SCE) was calculated for 
each drilling condition as an additional parameter to assess the energy 
efficiency of material removal. SCE represents the amount of energy 
required to remove a unit volume of material and is defined as the ratio 
between the average cutting power Pcut and the material removal rate 
(MRR): 

SCE =
Pcut

MRR
(4) 

Pcut was computed by isolating the stationary segment of the cutting 
phase within the active power signal and performing a mean value 
integrating over that interval. The MRR is reported for each drilling 
strategy in Table 1.

In addition, the maximum thrust force was extracted from the force 
signal acquired during each test. For the single-material drilling strat
egy, a single peak thrust force value was identified per material. In the 
case of hybrid stacks, the maximum thrust force was separately identi
fied for each material interface, reflecting the distinct cutting behaviour 

Table 1 
Summary of the drilling process parameters and corresponding selection criteria considered for the LCA.

Drilling Strategy Materials vc [m/min] f [mm/rev] n [rpm] va [mm/min] MRR [mm3/min] Selection Criterion

Single material AA7075-T6 60 0.075 3946 295.95 5445.44 BHQ
Single material AA7075-T6 60 0.050 3946 197.30 363.0 MnAP
Single material AA7075-T6 140 0.125 9207 1150.91 21,175.0 MxAP
Single material CFRP 85 0.010 5590 55.90 1028.50 BHQ
Single material CFRP 50 0.010 3288 32.88 605.0 MnAP
Single material CFRP 120 0.070 7892 552.44 10164.0 MxAP
One-Shot CFRP/AA7075-T6 60 0.075 3946 295.95 5445.0 CP-AA
One-Shot CFRP/AA7075-T6 80 0.050 5261 263.06 91.68 CP-CFRP
One-Shot CFRP/AA7075-T6 85/60 0.010/0.075 5590/3946 55.90/295.95 1028.45/5445.44 APS
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at different depths. To support this analysis, by way of example Fig. 3a 
shows the thrust force evolution during the drilling of AA7075-T6 and 
CFRP in single-material strategy under the MnAP conditions. Fig. 3b, 
instead, compares the thrust force signals acquired during drilling under 
CP-AA, CP-CFRP and APS conditions in the one-shot drilling strategy. 
Each thrust force curve in Fig. 3b has been segmented to distinguish the 
time intervals corresponding to the drilling of the CFRP and the AA7075- 
T6, respectively. In the case of the single-material drilling strategy 
(Fig. 3a), it can be observed that the peak thrust force recorded during 
AA7075-T6 drilling is approximately 3.5 times higher than that 
observed in the CFRP. Such a result is consistent with trends commonly 
reported in the literature for drilling dissimilar materials [16,28,29]. 
When considering the one-shot drilling strategy, the material-driven 
nature of the thrust force remains evident, with peak values systemati
cally higher in the AA7075-T6 section across all strategies. However, 
small variations in peak thrust force values can be noticed even when the 
same material is drilled, as in the case of CFRP in Fig. 3a and Fig. 3b. 
These differences mainly attributable to the process parameters and 
drilling strategies (single-material drilling or one-shot drilling). For 
instance, in the APS strategy, CFRP is drilled using the same feed rate 
(0.01 mm/rev) as in the MnAP condition, but with a higher cutting 
speed (85 m/min vs 50 m/min). According to Panico et al. [25], 
increasing cutting speed slightly reduces the thrust force. Nonetheless, 
in APS, the CFRP layer lies above a stiff AA7075-T6 backing layer, which 

effectively increases the global stiffness of the laminate during drilling, 
resulting in a higher thrust peak compared to the monolithic configu
ration. This interaction reduces the beneficial effect of increasing cutting 
speed, explaining the higher thrust force despite the use of more 
favourable cutting parameters. Furthermore, even for the CP-AA and 
CP-CFRP combinations, higher thrust force peaks are recorded during 
CFRP drilling (around 46 N and 41 N, respectively) compared to the 
MnAP combination (around 30 N). This increase, in addition to the 
drilling strategy adopted, is mainly attributable to the higher feed rates 
used (0.075 and 0.050 mm/rev versus 0.01 mm/rev), which cause an 
increase in thrust force, as widely documented in the literature [30–32]. 
Additionally, the significant variation observed in the peak thrust force 
of AA7075-T6 between CP-AA and CP-CFRP conditions (around 125 N 
and 92 N, respectively) can be attributed to the different process pa
rameters adopted. Specifically, CP-AA was executed with a lower cutting 
speed (vc = 60 m/min) and higher feed rate (f = 0.075 mm/rev), while 
CP-CFRP used a higher cutting speed (vc = 80 m/min) and a lower feed 
rate (f = 0.050 mm/rev). As also confirmed in [25], thrust force tends to 
increase with increasing feed rate, while a rise in cutting speed typically 
reduces the force due to thermal softening of the material. The higher 
thrust force in CP-AA is thus the combined effect of a more aggressive 
feed rate and a reduced cutting speed. Finally, the APS condition shows a 
shorter duration of the peak thrust force in the AA7075-T6 layer 
compared to CP-AA and CP-CFRP. This is attributable to the fact that, in 

Fig. 2. Representative active power curves acquired from the spindle motor during the drilling operations for the three selected strategies: (a) single-material drilling 
strategy of AA7075-T6, (b) CFRP, and (c) one-shot drilling strategy of CFRP/AA7075-T6 stack.
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APS, the upper portion of the aluminium thickness is drilled using pa
rameters optimised for CFRP, including a much lower feed rate (f =
0.01 mm/rev). Moreover, it is worth noting that in the APS condition, 
due to the use of CFRP-optimised parameters during the first portion of 
the stack, the overall drilling time is significantly longer compared to 
CP-AA and CP-CFRP, where more aggressive, constant parameters are 
applied throughout. This is reflected in the extended duration of the 
thrust force signal in the APS curve.

The main values of drilling time, energy consumption, SCE and 
thrust force for all selected conditions are summarised in Table 2.

2.4. Life Cycle Assessment (LCA)

A cradle-to-gate LCA has been carried out to compare the environ
mental impact of drilling AA7075-T6 and CFRP in single-material dril
ling strategy with the one-shot drilling strategy of the stack described in 
the previous sections (Table 1). LCA for Experts Solutions (Sphera – ex 
GaBi) software has been used to perform the LCA analyses according to 
the international standards ISO 14040 [33]- 14044 [34].

These international standards do not specify a single method for the 
Life Cycle Impact Assessment (LCIA) analysis. Currently, different 
methods exist in this regard and the choice between them is not always 
obvious. In this work, either CML 2016 and ReCiPe 2016 v1–1- Midpoint 
(H) methods were selected to perform the LCIA to compare the results 
obtained and eventually identify discrepancies and similarities between 
them [35].

In the following subsections, the goal and scope of the carried out 
LCAs, as well as the data inventories used, were defined.

2.4.1. Goal and scope definition
The purpose of the LCA carried out in this work is to compare two 

main operational scenarios of the aerospace industry: 

I) Assembly of AA7075-T6 sheet and quasi-isotropic CFRP laminate 
drilled using the single-material drilling strategy.

II) Assembly of CFRP/AA7075-T6 stacks drilled in one-shot strategy.

For each scenario, three different drilling process conditions have 
been investigated. In particular, for scenario I, the following sub
scenarios were investigated according to Table 1: 

I.A) Best hole quality AA7075-T6 + best hole quality CFRP (vc=

60 m/min and f = 0.075 mm/rev for AA7075-T6 and vc = 85 m/min 
and f = 0.010 mm/rev for CFRP);
I.B) Minimum active power AA7075-T6 + minimum active power 
CFRP (vc= 60 m/min and f = 0.050 mm/rev for AA7075-T6 and vc =

50 m/min and f = 0.010 mm/rev for CFRP);
I.C) Maximum active power AA7075-T6 + maximum active power 
CFRP (vc= 140 m/min and f = 0.125 mm/rev for AA7075-T6 and vc 
= 120 m/min and f = 0.070 mm/rev for CFRP).

Instead, for scenario II, the following subscenarios were investigated: 

Fig. 3. Thrust force evolution during (a) drilling of CFRP and AA7075-T6 under MnAP conditions in single-material drilling strategy; (b) one shot drilling of the stack 
drilled in CP-AA, CP-CFRP, and APS conditions. The corresponding process parameters are reported in Table 1.

Table 2 
Drilling time and energy consumption data associated with the selected drilling conditions.

Selection Criterion Materials Tdrilling [s] PCNC,ave [kW] ECNC [kJ] Emotor [kJ] ETOT [kJ] Thrust Force [N] SCE [J/mm3]

BHQ AA7075-T6 1.20 23.00 27.60 3.04 30.64 148.71 14.66
MnAP AA7075-T6 1.76 23.00 40.48 4.15 44.63 116.15 15.80
MxAP AA7075-T6 0.46 23.00 10.58 2.00 12.58 234.82 11.57
BHQ CFRP 6.51 23.00 149.64 12.75 162.39 31.62 22.95
MnAP CFRP 5.59 23.00 128.52 8.79 137.31 31.71 30.74
MxAP CFRP 0.70 23.00 16.10 1.85 17.95 48.97 4.61
CP-AA AA7075-T6/CFRP 2.16 23.00 49.68 4.63 54.31 46.44/124.85 3.07/13.37
CP-CFRP AA7075-T6/CFRP 2.50 23.00 57.50 6.23 63.73 41.29/91.68 16.15/71.12
APS AA7075-T6/CFRP 6.00 23.00 138.00 13.31 151.31 38.01/138.86 22.36/13.31
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II. A) Compromise parameters – CP-AA (vc= 60 m/min and f =
0.075 mm/rev);
II. B) Compromise parameters – CP-CFRP (vc= 80 m/min and f =
0.050 mm/rev);
III. C) Adaptive parameter switching strategy (vc = 85 m/min and f =
0.010 mm/rev for CFRP and vc= 60 m/min and f = 0.075 mm/rev 
for AA7075-T6).

Fig. 4 displays the schematization of the scenarios investigated. A 
cradle-to-gate analysis has been carried out, going from the raw material 
production to the final assembly. The main differences between the two 
scenarios lie in the workflow adopted for the drilling and assembly 
phase. In scenario I, drilling operations are carried out separately on the 
individual components, which are then subjected to a dedicated clean
ing phase and subsequently assembled. This approach requires two 
distinct drilling steps, one for each material, prior to final joining. In 
contrast, Scenario II involves a drilling strategy performed on the 
stacked components. To enable accurate positioning and prevent rela
tive displacement during the drilling operation, a pre-assembly phase is 
required. In aerospace sector, this typically consists of the creation of 
pilot holes (with a smaller diameter than the final one) to accommodate 
temporary fasteners, which ensure proper alignment and clamping of 
the parts prior to final drilling and joining. This difference in workflow 

represents a key motivation of the present study: the comparison be
tween Scenario I and Scenario II is intended to assess whether, and to 
what extent, these variations influence the overall environmental 
impact of the assembly process.

To account for the additional energy required in Scenario II due to 
the pre-assembly phase, the total energy consumption (ETOT) for the 
realisation of each pilot hole (Ø 3.30 mm) accommodating the tempo
rary fasteners was estimated. Following the same approach adopted for 
standard drilling operations, ETOT was considered as the sum of ECNC and 
the spindle motor energy Emotor. While ECNC was computed as the 
product of the average CNC power and the nominal drilling time, Emotor 
was estimated by scaling the measured energy from an actual drilling 
condition. Specifically, the energy reference was taken from MxAP 
conditions. Given that no physical pilot holes were drilled in the 
experimental campaign, the actual energy was estimated proportionally 
from the measured Emotor value of MxAP condition (performed on Ø 
4.84 mm) using the following time-based relation: 

Tdrilling,real

Emotor,real
=

Tdrilling,pilot

Emotor,pilot
(5) 

The estimation was performed separately for CFRP and AA7075-T6, 
considering their respective drilling times.

The definition of a Functional Unit (FU) is necessary for modelling a 

Fig. 4. Schematization of the scenarios investigated in this work.
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product system in the LCA. A FU is typically a quantified description of 
the function of a product that serves as the reference basis for all cal
culations and comparison of the environmental impact assessment.

The FU chosen for the LCA scenarios carried out in this work is the 
standardized control volume of a drilled panel, having a hole diameter D 
of 4.84 mm, as schematized in Fig. 5. According to the standards, it is 
required to maintain a fastener spacing approximately four times the 
fastener diameter (d) or more.

On these premises, the FU for all the scenarios and subscenarios of 
this work is the control volume A, indicated in red in Fig. 5. It has a 
volume of 60x20xth mm3, where D= 4.84 mm, d= 19.36 mm, and th is 
the final thickness of the panel as a consequence of the CFRP/AA7075- 
T6 assembly. In Scenario II, considering the extent of the control vol
ume, two temporary fasteners were assumed to be required to ensure the 
relative positioning of the stacked layers during the pre-assembly phase. 
This FU was selected because drilling is not an isolated operation in 
aerospace manufacturing, but part of a wider assembly workflow in 
which hole spacing, pre-assembly and joining must all be accounted for

These analyses aim to identify potential hot spots and environmental 
benefits in the drilling of CFRP/AA7075-T6 stacks in one-shot strategy 
rather than the individual drilling of AA7075-T6 and CFRP laminate 
before their assembly.

2.4.2. Life cycle inventory (LCI)
All the input and output fluxes of all the processes modelled within 

the system boundaries were quantified and collected to build the Life 
Cycle Inventory (LCI) of all the scenarios investigated in this work. 
Primary data were derived from direction measurements, whereas sec
ondary data were collected from the Ecoinvent 3.1 database within the 
LCA software adopted, calculations derived from the technical datasheet 
of the resources used, or literature. Some assumptions have been made 
in this work. In particular, transportation was not included in the ana
lyses, considering that all the processes included in all the scenarios 
were performed in the same location, except for the production pro
cesses of the two materials involved.

Also, machine production was considered out of the system bound
aries, as, due to their long service life, they would have a negligible 
impact on the drilling of a single hole. To decide whether the processes 
have to be included in the LCA, a cut-off level of 1 % has been applied 
[36].

Data to model CFRP production and Aluminum ingot production 
were derived from the available literature [37,38]. In particular, for the 
realization of the aluminum sheets, all the following stages have been 
included in the modelling: aluminum production, casting, hot rolling, 
cold rolling, heat treatment.

Resources’ data used to model the drilling, cleaning and assembly 
stages derived from experimental measurements (EM), calculations 
derived from technical datasheet (TD), software database (SD), as 
indicated in the following LCI Tables, which refer to the FU selected in 
this work mentioned above and illustrated in Fig. 5. That means that all 

the resources quantified in the LCI Tables are those needed to obtain the 
final drilled panel.

In particular, Table 3 and Table 4 contain the inventory data used for 
modelling the drilling and cleaning, respectively, of AA7075-T6 in the I. 
A, I.B and I.C subscenarios. Similarly, Table 5 and Table 6 contain data 
used for modelling the CFRP drilling and cleaning, respectively, of the 
same subscenarios. Table 7 contain data of the assembly 1, as indicated 
in Fig. 3, thus of the assembly of AA7075-T6 and CFRP after the drilling 
and the cleaning of each material for all the subscenarios of scenario I.

The flux indicated as “Aluminum rivet [pcs]” in Table 7 indicates the 
aluminum riveting which was performed in the final assembly of all the 
scenarios: to this purpose, Ecoinvent 3.1 database was used, including 
all the resources involved (material, compressed air, and energy for 
compressed air).

In the scenario II, the drilling process of the stack CFRP/AA7075-T6 
was anticipated by a pre-assembly, whose data used for the LCA are 
contained in Table 8. Temporary fasteners were used during pre- 
assembly, drilling, and cleaning stages. The addition of the temporary 
fasteners before the drilling process led to the presence of pilot holes 
and, thus, to a reduction of the weight of the material to be drilled, 
which is the stack CFRP/AA7075-T6, differently to the scenario I. That 
explains the difference in the material’s weight to be drilled comparing I 
and II scenarios. The total energy consumption required for drilling the 
pilot holes was calculated according to Eq. 5 and reported in Table 8.

3. Results and discussion

3.1. Life Cycle Impact Assessment (LCIA)

Diagrams in Fig. 6 and Fig. 7 enable to visualize the most affected 
environmental impact categories according to CML method and ReCiPe 
2016, for all the investigated scenarios. In particular, for the CML 
method, they are: 

- ADPf, which is the Abiotic Resources Depletion (fossil), and mea
sures the over-extraction of fossil fuels including all fossil resources.

- GWP, which is representative of the Global Warming Potential, and 
quantifies the kg of the carbon dioxide equivalent

- HTP, which is the Human Toxicity Potential and reflects the potential 
harm of a unit of chemical released into the environment, is based on 
both the inherent toxicity of a compound and its potential dose. 

For ReCipe 2016, the most affected environmental categories are:
- CC, which represents the Climate change. It is the equivalent of the 

GWP for the CML method.

Fig. 5. Schematization of the FU – the standardized control volume A – chosen 
for the LCA.

Table 3 
LCI of drilling AA7075-T6.

Resources Data INPUT 
(I)/ 
OUTPUT 
(O)

I.A I.B I.C

Total energy 
consumption 
for drilling 
AA7075-T6 
[kJ]

EM I 3.06E+ 01 4.46E+ 01 1.26E+ 01

AA7075-T6 part 
[kg]

EM I 1.24E-02 1.24E-02 1.24E-02

Drilled AA7075- 
T6 part [kg]

EM O 1.22E-02 1.22E-02 1.22E-02

Energy for 
compressed 
air [kJ]

EM I 4.14E+ 00 6.07E+ 00 1.59E+ 00

Compressed air 
[m3]

TD I 1.80E-01 2.64E-01 6.90E-02

AA7075-T6 
scrap [kg]

EM O 1.90E-04 1.90E-04 1.90E-04

M. Panico et al.                                                                                                                                                                                                                                 CIRP Journal of Manufacturing Science and Technology 64 (2026) 92–106 

99 



- FD, which represents the Fossil Depletion, and it is equivalent of the 
ADPf, even if the measurement unit is different.

- Land Use, which refers to the environmental effects caused by land 
use, and land use change, related to the FU analysed HTnc, which is 
the Human toxicity (non cancer) and it is partially equivalent to the 
HTP for the CML method.

According to the results obtained, a clear correspondence exists be
tween CML and ReCipe methods. This can be explained by the fact that 
for all the scenarios, electricity consumption mix was fixed (EU-27). 
Also, the most affected environmental impact categories of this study are 
those for which the choice of the LCIA method did not have significant 
implications in the comparison among the LCIA methods [35]. Also, 

similar trends among the different scenarios were observed in terms of 
environmental impact categories. In particular, the best case is always 
the I.C scenario whereas the worst case is the I.A scenario, in terms of 
environmental impact.

Table 12 summarizes the best- and worst-performing scenarios for 
the most representative environmental impact categories identified 
through the CML and ReCiPe 2016 methods.

The pie chart in Table 8 shows the GWP for the best scenario, which 
is representative of all the scenarios since all the other subscenarios 

Table 4 
LCI of cleaning AA7075-T6.

Resources Data INPUT (I)/ 
OUTPUT (O)

I.A I.B I.C

Drilled AA7075-T6 
part [kg]

EM I 1.22E- 
02

1.22E- 
02

1.22E- 
02

Cleaned AA7075-T6 
part [kg]

EM O 1.22E- 
02

1.22E- 
02

1.22E- 
02

Compressed air [m3] TD I 1.33E- 
02

1.33E- 
02

1.33E- 
02

Energy for 
compressed air 
[kJ]

EM I 3.06E- 
01

3.06E- 
01

3.06E- 
01

Table 5 
LCI of drilling CFRP.

Resources Data INPUT (I)/ 
OUTPUT 
(O)

I.A I.B I.C

Total energy 
consumption 
for drilling 
CFRP [kJ]

EM I 1.62E+ 02 1.37E+ 02 1.79E+ 01

CFRP part [kg] EM I 7.32E-03 7.32E-03 7.32E-03
Drilled CFRP 

part[kg]
EM O 7.21E-03 7.21E-03 7.21E-03

Energy for 
compressed 
air [kJ]

EM I 2.24E+ 01 1.93E+ 01 2.42E+ 00

Compressed air 
[m3]

TD I 9.76E-01 8.38E-01 1.05E-01

CFRP scrap [kg] EM O 1.12E-04 1.12E-04 1.12E-04

Table 6 
LCI of cleaning CFRP.

Resources Data INPUT (I)/ 
OUTPUT (O)

I.A I.B I.C

Drilled CFRP part 
[kg]

EM I 7.21E- 
03

7.21E- 
03

7.21E- 
03

Compressed air 
[m3]

TD I 1.33E- 
02

1.33E- 
02

1.33E- 
02

Cleaned CFRP part 
[kg]

EM O 7.21E- 
03

7.21E- 
03

7.21E- 
03

Table 7 
LCI of Assembly 1.

Resources Data INPUT (I)/ 
OUTPUT (O)

I.A I.B I.C

Cleaned CFRP/ 
AA7075-T6 part 
[kg]

EM I/O 1.95E- 
02

1.95E- 
02

1.95E- 
02

Aluminum rivet [pcs] SD I/O 1 1 1

Table 8 
LCI of Pre-Assembly.

Resources Data INPUT 
(I)/ 
OUTPUT 
(O)

II.A II.B II.C

Total energy 
consumption 
for drilling 
pilot holes 
CFRP/ 
AA7075-T6 
[kJ]

EM I 1.35E+ 01 1.35E+ 01 1.35E+ 01

AA7075-T6 part 
[kg]

EM I 1.24E-02 1.24E-02 1.24E-02

CFRP part [kg] EM I 7.32E-03 7.32E-03 7.32E-03
Temporary 

fasteners [pcs]
SD I 2 2 2

Energy for 
compressed air 
[kJ]

EM I 1.23E+ 01 1.23E+ 01 1.23E+ 01

Compressed air 
[m3]

TD I 5.30E-01 5.30E-01 5.30E-01

AA7075-T6 part 
[kg]

EM O 1.22E-02 1.22E-02 1.22E-02

CFRP part [kg] EM O 7.22E-03 7.22E-03 7.22E-03
Temporary 

fasteners [pcs]
SD O 2 2 2

AA7075-T6 
scrap [kg]

EM O 8.80E-05 8.80E-05 8.80E-05

CFRP scrap [kg] EM O 5.20E-05 5.20E-05 5.20E-05

Table 9 
LCI of drilling CFRP/AA7075-T6 stack.

Resources Data INPUT 
(I)/ 
OUTPUT 
(O)

II.A II.B II.C

Total energy 
consumption 
for drilling 
CFRP/ 
AA7075-T6 
[kJ]

EM I 5.43E+ 01 6.37E+ 01 1.51E+ 02

CFRP part [kg] EM I 7.22E-03 7.22E-03 7.22E-03
AA7075-T6 part 

[kg]
EM I 1.22E-02 1.22E-02 1.22E-02

Energy for 
compressed 
air [kJ]

EM I 7.45E+ 00 8.63E+ 00 2.07E+ 01

Temporary 
fasteners [pcs]

SD I 2 2 2

Compressed air 
[m3]

TD I 3.24E-01 3.75E-01 9.00E-01

AA7075-T6 
scrap [kg]

EM O 1.90E-04 1.90E-04 1.90E-04

CFRP scrap [kg] EM O 1.12E-04 1.12E-04 1.12E-04
AA7075-T6 part 

[kg]
EM O 1.20E-02 1.20E-02 1.20E-02

CFRP part [kg] EM O 7.11E-03 7.11E-03 7.11E-03
Temporary 

fasteners [pcs]
SD O 2 2 2
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showed percentage results that are intermediary between the two 

displayed pie charts. In all the investigated subscenarios, CFRP pro
duction required the greatest amount of energy consumption. The global 
contribution of drilling, cleaning and assembly to the GWP goes from 
4 % to 14 % selecting the worst-case process conditions rather than the 
best ones.

These results can be explained considering that in all the scenarios 
investigated in this work, only the drilling process varies in terms of 
resources used for the LCA. That means that all the differences which can 
be observed in terms of LCIA are allocated to that process.

In this regard, power and energy consumption of drilling operations 
were estimated as described in the 2.3 subsection. Total energy con
sumption ETOT for drilling was given as the sum of two contributions: 
ECNC and Emotor. 

• ECNC, which is given as the product of the nominal power of the 
machine (23 kW) and the time needed for drilling according to the 
selected process conditions. Thus, this contribution is dependent 
exclusively on the drilling time. The longer the drilling duration, the 
higher the ECNC. It is important to underline that considering a 
constant value of the power over drilling time, ECNC can be 
overestimated.

• Emotor is dependent on the process parameters and so on the cutting 
forces involved, because of the interaction of the tool with the ma
terial, as well as on the drilling time.

Fig. 9 depicts the ETOT for all the scenarios investigated. It can be 
observed that scenario I.A and I.B are the most energy-intensive, fol
lowed by subscenario II.C. For those three subscenarios, ETOT ranges 
between 150 and 200 kJ. Conversely, subscenario II.A and II.B required 
an amount of total energy consumption of around 50 kJ. The best result 
was achieved by subscenario I.C. Thus, according to the results obtained 
in this work, the combination of the process parameters resulting in 
maximum active power during the drilling of AA7075-T6 and CFRP (in 
single-material drilling strategy) before their assembly led to around 
80 % reduction of the energy consumption for a single hole.

According to Eq. 2, ECNC variations only depend on the drilling time. 
Instead Emotor depends on two distint factors which are the drilling time 
and power consumption. Fig. 10a shows the spindle motor energy for 
each drilling time, deriving from the selected process conditions. A 
linear relationship correlates Emotor with the drilling time; thus, for the 
selected materials, drilled under the above-mentioned process parame
ters, drilling time affects the energy consumption more than the power 
consumption and so the forces involved. Fig. 10b depicts the Emotor for all 
the investigated scenarios. It can be observed that scenario I.C led to the 
highest spindle motor energy. For the subscenarios I.A, I.B and I.C, the 
results are inverse to those can be observed in Fig. 9. That means that the 
Eair plays a crucial role in the ETOT. Conversely, for the subscenarios II.A, 
II.B and II.C, ETOT follows the trend of the Emotor. That means that Eair 

Table 10 
LCI of cleaning CFRP/AA7075-T6 stack.

Resources Data INPUT (I)/ 
OUTPUT (O)

II.A II.B II.C

Drilled CFRP/ 
AA7075-T6 part 
[kg]

EM I 1.91E- 
02

1.91E- 
02

1.91E- 
02

Temporary fasteners 
[pcs]

EM I 2 2 2

Cleaned CFRP/ 
AA7075-T6 part 
[kg]

EM O 1.91E- 
02

1.91E- 
02

1.91E- 
02

Temporary fasteners 
[pcs]

SD O 2 2 2

Compressed air [m3] EM I 1.33E- 
02

1.33E- 
02

1.33E- 
02

Energy for 
compressed air [kJ]

EM I 3.06E- 
01

3.06E- 
01

3.06E- 
01

Fig. 6. CML 2016 results of all the gate-to-gate scenarios.

Fig. 7. ReCipe 2016 – Midpoint (H) results of all the gate-to-gate scenarios.

Table 11 
LCI of Assembly 2.

Resources Data INPUT (I)/ 
OUTPUT (O)

II.A II.B II.C

Cleaned CFRP/ 
AA7075-T6 part 
[kg]

EM I/O 1.91E- 
02

1.91E- 
02

1.91E- 
02

Aluminum rivet [pcs] SD I/O 1 1 1

Table 12 
Summary of best and worst drilling scenarios for key environmental impact 
categories (CML and ReCiPe 2016 methods).

Impact Category Best Case (Scenario) Worst Case (Scenario)

CML ​ ​
ADPf [kg Sb eq.] 2.12E+ 00 

(I.C)
2.38E+ 00 
(I.A)

GWP [kg CO2 eq.] 1.83E-01 
(I.C)

2.03E-01 
(I.A)

HTP [kg DCB eq.] 1.56E-01 
(I.C/II.A/II.B/II.C)

1.57E-01 
(I.A/I.B)

ReCiPe ​ ​
CC [kg CO2 eq.] 1.86E-01 

(I.C)
2.08E-01 
(I.A)

FD [kg oil eq.] 6.00E-02 
(I.C)

6.90E-02 
(II.C)

HTnc [kg 1,4 B eq.] 3.91E-03 (I.C) 4.35E-03 (I.A)
LU [Ann crop eq. Yr] 1.15E-02 (I.C) 1.34E-02 (I.A)
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follows the same trend as well by varying the scenario.
As mentioned above, the LCA analysis carried out in this work fo

cuses on the comparative assessment of drilling processes across two 
distinct operating scenarios to understand the differences in environ
mental impact between drilling configurations typically used in the 
aerospace industry. Since machine manufacturing and transportation 
are similar in the two scenarios examined and do not vary significantly, 
their overall impact was considered negligible for this study, thus not 
altering the conclusions. Furthermore, excluding these phases allows the 
analysis to focus on the direct machining phases, which are the elements 
of greatest interest for comparing different drilling strategies. Future 
extensions of the analysis will include a more comprehensive assessment 
that also takes into account the manufacturing and transportation 
phases.

3.2. Joint analysis of drilling quality and environmental impact

The assessment of drilling strategies for CFRP/aluminium stacks 
assembly must concurrently address two critical aspects: the quality of 
the drilled holes and the environmental footprint associated with the 

drilling operation. In the present study, this dual perspective was ach
ieved by analysing the hole quality indicators and directly correlating 
them with the energy demand of each drilling condition included in the 
LCA. The results of the LCA analyses showed that scenario I.C (i.e. vc=

140 m/min and f = 0.125 mm/rev for AA7075-T6 and vc = 120 m/min 
and f = 0.070 mm/rev for CFRP) was the most favourable in terms of 
energy consumption and global environmental impact. Table 13 reports 
quality results for the combinations investigated in this work. Quality 
data reveal that the process conditions adopted for subscenario I.C, 
corresponding to combination 3 for AA7075-T6 and combination 6 for 
CFRP, produced the worst outcome in terms of overall hole quality.

Hole quality indicators were extracted from the experimental results 
reported in [25], for all nine drilling conditions considered in this work. 
Specifically, for AA7075-T6 and CFRP, quality was assessed through 
burr height (top and bottom) and delamination factor, respectively, 
while surface roughness was considered for both materials. For the CFRP 
laminate, the delamination factor was calculated at the hole exit side 
using optical analysis with a Keyence VHX-7000 digital microscope. The 
maximum delaminated diameter (Dmax) was measured and compared to 
the nominal hole diameter (Dn), applying the commonly adopted 
expression: 

Fd =
Dmax

Dn
(5) 

The maximum burr height was measured at both hole entry and exit 
on AA7075-T6 and was acquired via Sensofar S Neox confocal micro
scope. Similarly, surface roughness (Ra) was measured on the internal 
hole wall using a MarSurf PS10 by Mahr contact profilometer according 
to ISO 3274. For stacks, the evaluation of hole quality focused on the 
specific indicators that were found to be affected by the drilling pa
rameters in [25] (burr height at both entry and exit, delamination factor, 
and surface roughness).

In the subscenario I.A, corresponding to the best quality conditions 
for both AA7075-T6 and CFRP, the holes exhibited minimal burr for
mation and low delamination, with low surface roughness values. These 
favourable quality outcomes, however, entailed the highest total energy 
consumption among the single-material drilling strategy (ETOT =

193.0 kJ). This finding highlights a common industrial trade-off: pur
suing optimal hole quality can entail significant energy and productivity 
penalties. In practice, such a solution may be viable only when hole 
integrity is a critical requirement, such as in safety-critical aerospace 
joints or when no post-processing (e.g., deburring) is possible. 
Conversely, scenario I.B, based on minimum active power consumption, 
showed a significant deterioration in quality, particularly in terms of 
bottom burr height, while the delamination factor remained close to that 
observed in I.A. The total energy consumption was slightly lower (ETOT 
= 182.0 kJ), this highlights that a lower instantaneous power demand 
does not necessarily translate into improved overall energy performance 
or optimal quality, particularly in the metallic layer. In scenario I.C, 
which corresponds to the highest tested combination of cutting speed 
and feed rate, a clear degradation of hole quality was observed. 
Compared to subscenario I.A, the surface roughness of CFRP increased 
by approximately sixfold, while the height of the bottom burr in 
AA7075-T6 increased ninefold. The delamination factor also showed a 
slight increase of 9.4 %. As discussed in [25], high feed rates and cutting 
speeds tend to amplify thermo-mechanical loads at the tool-workpiece 
interface, promoting fibre-matrix damage in CFRP and increasing the 
plastic deformation at the tool exit in aluminium, thus favouring burr 
formation. In this context, the overall surface integrity was significantly 
compromised. Interestingly, despite these quality losses, scenario I.C 
recorded the lowest total energy consumption among all cases where the 
single-material drilling strategy has been adopted (ETOT = 30.0 kJ), 
primarily due to the reduced drilling time. This makes I.C potentially 
attractive when high productivity and low energy usage are prioritized 
over quality, such as for pilot holes or non-structural components.

The one-shot strategy (II.A, II.B, II.C) displayed different quality 

Fig. 8. Percentage of the stage’s contribution to the GWP of scenario I.A.

Fig. 9. Energy consumption for a single-hole drilling for all the investi
gated scenarios.
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outcomes while maintaining energy consumption values comparable 
with those achieved in the case of the single-material drilling scenarios. 
Scenario II.A, based on compromise parameters favouring aluminium, 
resulted in the lowest burr height at the aluminium exit among all 
subscenarios and a moderate delamination factor. Despite this, the total 
energy consumption of subscenario II.A remained limited to 54.31 kJ, 
which represents a reduction of 71.9 % and 70.2 % compared to the 
single-material drilling sequences I.A and I.B, respectively. However, it 
was still 80.5 % higher than the minimum energy scenario I.C 
(30.08 kJ). This suggests that parameter compromise in favour of the 
more ductile material can lead to satisfactory performance without 
excessive energy costs, and might be suitable for general-purpose dril
ling in hybrid stacks. Subcenario II.B, representing the compromise 
strategy oriented toward CFRP, exhibited an improved roughness for the 
composite layer, albeit only marginally better than II.A, and a slightly 
lower delamination factor. However, the bottom burr height on 
AA7075-T6 increased substantially to 0.12285 mm, exceeding the 

threshold of 0.10 mm for structural applications. Scenario II.C, based on 
the dynamic parameter switching strategy, demonstrated a more 
favourable trade-off. It achieved the absolute minimum in both bottom 
burr height (0.016 mm) and delamination factor (Fd = 1.028), while 
surface roughness in CFRP was drastically reduced (Ra = 0.599 μm), 
representing a decrease of 77 % compared to II.A. These results high
light the effectiveness of the adaptive approach in mitigating interface- 
related damage, particularly at the critical transition between dissimilar 
materials. In the context of one-way assembly processes, where drilled 
components are not disassembled for deburring or interface rework, 
subscenario II.C offers a strategically superior solution. However, this 
improvement in quality was accompanied by a substantial energy pen
alty: the total energy consumption (ETOT = 151.31 kJ) was more than 
five times higher than in the subscenario I.C, which recorded the lowest 
energy demand among all tested conditions (ETOT = 30.08 kJ).

A more comprehensive comparison across all six drilling scenarios is 
presented in the radar chart shown in Fig. 11, where each quality in
dicator was normalised with respect to its maximum value. Subscenario 
I.A confirms its superiority in terms of quality, presenting the most 
balanced profile across nearly indicators. Conversely, subscenario I.C, 
while showing excellent performance in terms of total drilling energy 
ETOT and Specific Cutting Energy (SCE), exhibits the worst values for 
surface roughness Ra in CFRP and a significant increase in burr height at 
the aluminium exit. Fig. 11 thus reinforces the conclusion that energy 

Fig. 10. (a) Scatter plot of drilling time vs. spindle motor energy for AA7075-T6, CFRP, and CFRP/AA7075-T6 stack; (b) Stacked bar chart showing Emotor con
tributions per scenario.

Table 13 
Quality results for the combinations investigated in this work.

Selection 
Criterion

Material Burr 
height 

[mm]

Burr 
heighb 

[mm]

Delamination 
Factor

Roughness 
[µm]

BHQ AA7075- 
T6

0.021 0.019 − 0.486

MnAP AA7075- 
T6

0.018 0.491 − 0.480

MxAP AA7075- 
T6

0.033 0.178 − 0.606

BHQ CFRP − − 1.057 0.410
MnAP CFRP − − 1.167 0.382
MxAP CFRP − − 1.067 2.602
CP-AA CFRP/ 

AA7075- 
T6

0.027 0.013 1.034 2.623 
(CFRP) 
0.390 
(AA7075- 
T6)

CP-CFRP CFRP/ 
AA7075- 
T6

0.019 0.123 1.030 2.641 
(CFRP) 
0.413 
(AA7075- 
T6)

APS CFRP/ 
AA7075- 
T6

0.009 0.016 1.028 0.599 
(CFRP) 
0.459 
(AA7075- 
T6)

Fig. 11. Effect of the different process conditions for both drilling strategy on 
hole quality and LCIA results.
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saving and productivity gains achieved through high feed rate and 
cutting speed come at the expense of quality integrity. A key consider
ation emerging from this analysis is the high thrust force measured in 
scenario I.C, 234.8 N for AA7075-T6 and 49.0 N for CFRP, representing 
the highest values among all subscenarios. This is a particularly relevant 
point, as thrust force is strongly correlated with tool wear progression, 
which has direct consequences on process sustainability. Several studies 
have demonstrated that elevated thrust forces exacerbate abrasive wear 
in CFRP and plastic deformation in aluminium, accelerating both flank 
wear and cutting-edge chipping. For instance, Montoya et al. [39]
observed that increased thrust force significantly impacted wear rate on 
uncoated tungsten carbide tools when drilling CFRP/Aluminium stacks, 
leading to rapid tool degradation and compromised hole quality. Simi
larly, Bai et al. [40] quantitatively confirmed that higher thrust forces 
correlate directly with increased tool wear in unidirectional CFRP 
laminates, causing a rise in defects such as delamination and fiber 
pull-out. Dahnel et al. [41] observed that in aluminium drilling, thrust 
force is primary driver of tool wear evolution, especially in dry condi
tions, and directly contributes to excessive burr formation and surface 
dagame. Similarly, Alagan et al. [30] highlighted that high thrust forces 
in CFRP/Aluminium hybrid drilling exacerbate tool abrasion and ther
mal damage, which accelerates the loss of tool sharpness and negatively 
affects hole integrity. Therefore, although scenario I.C appears ener
getically optimal, the high thrust force values suggest an increased risk 
of premature tool degradation. In practical applications, this could result 
in higher tool replacement costs. Among the one-shot scenarios, II.A 
offers moderate thrust force and the lowest burr height at the aluminium 
exit. Despite a slightly higher ETOT than subscenario I.C, II.A offers a 
more favourable quality profile, particularly in terms of deburring re
quirements. Subscenario II.B, with parameters favouring CFRP, achieves 
good delamination control and lower thrust force in the composite layer 
(41.29 N), bur suffers from elevated burr height in aluminium, 
exceeding the typical aerospace threshold of 0.10 mm. Such a condition 
could impair assembly precision, requiring secondary deburring opera
tions and increasing production time and cost. Subscenario II.C, based 
on the adaptive switching of drilling parameters at the material inter
face, emerges as the most effective in terms of hole quality across both 
materials. It achieves the lowest recorded values of burr height and 
delamination factor, while also maintaining thrust forces at moderate 
levels (138.86 N for AA7075-T6 and 38.01 N for CFRP).

Ultimately, the radar chart analysis underscores the need to balance 
energy and quality indicators when selecting drilling strategies. While 
subscenarios like I.C may seem advantageous from a purely environ
mental standpoint, their implications in terms of thrust force and 
accelerated tool wear, as clearly demonstrated in the literature, cannot 
be overlooked.

4. Conclusions

This study provided a comprehensive environmental and technical 
assessment of different drilling strategies for CFRP/AA7075-T6 hybrid 
stacks, integrating experimental data into a cradle-to-gate Life Cycle 
Assessment (LCA) framework. The goal was to evaluate both sustain
ability and machining performance in different drilling strategies and to 
offer actionable insights for industries that are interested to these stacks. 
The key outcomes can serve as decision-making guidelines depending on 
the primary objective, whether energy efficiency, hole quality, or pro
cess balance is prioritized.

The following conclusions can be drawn: 

• LCA results showed that the drilling process contributes between 4 % 
and 14 % of the total GWP, depending on the drilling strategy and 
process parameters. The most sustainable outcomes, reflected in in
dicators such as ADPf, AP, GWP, CC, FD, and FWEP, were obtained 
with the single-material drilling strategy using parameters that 
maximize active power and minimize the machining time, thus 

minimizing the energy demand of the CNC auxiliary systems ECNC. 
The second-best performance was observed with the one-shot strat
egy using aluminium-favoured parameters (subscenario II.A, vc=

60 m/min and f = 0.075 mm/rev).
• The use of the single-material drilling strategy with the parameters 

minimizing total energy consumption and SCE showed the worst 
quality: a sixfold increase in surface roughness in CFRP and a nine
fold increase in burr height in aluminium, compared to the best- 
quality subscenario was observed.

• The use of the one-shot drilling with the adaptive parameter 
switching strategy resulted in the highest energy demand, with a 
fivefold increase over I.C subscenario, but offered the best overall 
hole quality, achieving a delamination factor of 1.028 and top burr 
height of 0.009 mm.

• Among all holes obtained using the single-material drilling strategy, 
those produced with parameters that maximize hole quality for each 
material resulted in the lowest burr height and delamination, but 
required the highest energy consumption, even higher than that of 
the one-shot strategies. This subscenario, along with I.B (using pa
rameters to minimize the active power, i.e. vc= 60 m/min and f =
0.050 mm/rev for AA7075-T6 and vc = 50 m/min and f =

0.010 mm/rev for CFRP), also yielded the worst environmental 
indicators.

• High thrust forces (e.g., in I.C) suggest accelerated tool wear and 
related environmental impacts due to increased tool consumption. 
Conversely, lower forces were recorded in the minimum-power 
strategy (I.B subscenario), point to better sustainability in extended 
use. The adaptive switching approach achieved moderate thrust 
forces, offering a compromise between wear and quality.

From a strategic perspective, drilling strategy selection should be 
tailored to the objective function: 

• For minimum environmental impact, it is recommended to use the 
single-material drilling strategy using the parameters that maximize 
the maximum active power but consider quality compromises and 
tool wear.

• For best overall hole quality, it is recommended to use of the one-shot 
drilling strategy with adaptive parameter switching, accepting 
higher energy consumption but moderate drilling forces.

• For balanced performance (energy, quality and environmental in
dicators), it is recommended to use the one-shot drilling strategy 
without switching, applying aluminium-optimised parameters, a 
practical solution with reduced deburring and stable thrust forces.

In summary, this study demonstrates that no single drilling condition 
is universally optimal. A multi-criteria selection approach, considering 
quality, energy consumption, and mechanical integrity, is essential. The 
insights provided herein may serve as process guidelines for selecting 
drilling strategies based on specific manufacturing goals.

List of abbreviations

Abbreviation Definition Unit

LCA Life Cycle Assessment ​
LCIA Life Cycle Impact Assessment ​
LCI Life Cycle Inventory ​
FU Functional Unit ​
CNC Computer Numerical Control ​
NCU Numerical Control Unit ​
CP-AA Compromise Parameters – Aluminium favoured ​
CP-CFRP Compromise Parameters – CFRP favoured ​
APS Adaptive Parameter Switching ​
BHQ Best Hole Quality ​
MnAP Minimum Active Power ​
MxAP Maximum Active Power ​
SCE Specific Cutting Energy ​

(continued on next page)

M. Panico et al.                                                                                                                                                                                                                                 CIRP Journal of Manufacturing Science and Technology 64 (2026) 92–106 

104 



(continued )

ETOT Total Energy Consumption kJ
MRR Material Removal Rate mm3/min
Ra Surface Roughness µm
Fd Delamination Factor ​
vc Cutting Speed m/min
f Feed Rate mm/rev
va Feed Speed mm/min
n Rotational Speed rpm
CFRP Carbon Fibre Reinforced Polymer ​
AA7075-T6 Aluminium Alloy 7075-T6 ​
CVD Chemical Vapor Deposition ​
Fz Thrust Force N
Mz Torque Nm
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