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Abstract

The formation of rivet holes is a critical step in aeronautical assembly, as hole quality directly
influences the fatigue resistance and structural reliability of riveted joints. Nickel-based
alloys, such as Inconel 625, present additional challenges due to their poor machinability
and the stringent surface integrity requirements imposed by the aerospace sector. This
study investigates innovative and sustainable drilling strategies for rivet hole preparation,
focusing on the comparative performance of two environmentally friendly cooling and
lubrication methods: minimum quantity lubrication with an eco-friendly fluid (MQL-Eco)
and cold compressed air (CCA). A comprehensive experimental campaign was carried out
to analyze the combined effects of spindle speed, S, feed rate, f, and cooling method, R,
on hole surface roughness parameters (Ra and Rz). These values are measured inside the
drilled hole using optical scanner 3D equipment. Statistical tools, including analysis of
variance (ANOVA) and response surface methodology (RSM), were employed to identify
the most significant factors and optimize cutting conditions. The results reveal that the
interaction between spindle speed and coolant type is the dominant contributor to surface
roughness variability, with MQL-Eco consistently achieving values within the aeronautical
standard range (Ra = 0.8-1.6 pm), and the coolant factor is the second cause of variability
in both roughness Ra and Rz. Moreover, correlations between roughness parameters and
tool wear confirm the relevance of sustainable cooling methods in extending tool life while
maintaining compliance with aerospace quality requirements. The findings demonstrate
that innovative eco-friendly drilling approaches can effectively replace conventional lu-
brication, offering a viable pathway towards greener manufacturing practices in metal
forming and joining technologies.

Keywords: drilling; sustainable machining; minimum quantity lubrication (MQL); Inconel;
aircraft; surface roughness; surface response methodology (SRM)

1. Introduction
1.1. The Industrial Need for Sustainable Drilling of Inconel 625

The demand for lighter, more reliable, and environmentally sustainable aircraft struc-
tures has intensified the focus on mechanical joints, particularly riveted joints, which remain
the predominant method of assembly in the aerospace industry. Their high strength-to-
weight ratio, inspection accessibility, and low manufacturing cost make them essential in
both manufacturing and repair operations. However, rivet holes act as stress concentrators,
and their surface integrity directly influences the fatigue and corrosion resistance of the
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entire structure [1-8]. Achieving the required surface finish in these holes is therefore a
critical determinant of structural performance and fatigue life, as surface roughness governs
crack initiation and propagation under cyclic loading.

Nickel-based alloys, such as Inconel 625, are increasingly employed in critical aero-
nautical components—including turbine blades, disks, and exhaust systems—because of
their superior mechanical and thermal properties, including high creep strength, fatigue
resistance, and corrosion protection at elevated temperatures [9,10]. However, these same
properties render Inconel 625 one of the most challenging materials to machine. Drilling op-
erations on this alloy are particularly demanding due to its high strength, work hardening
tendency, and low thermal conductivity, all of which accelerate tool wear and compro-
mise surface quality [11-16]. Conventional cooling and lubrication techniques based on
large volumes of oil emulsions raise significant health, safety, and environmental con-
cerns. Consequently, the aerospace manufacturing sector faces growing pressure to adopt
sustainable machining solutions that ensure process efficiency and component integrity
while minimizing environmental impact. Alternative methods such as minimum quantity
lubrication (MQL), cryogenic cooling, and cold compressed air (CCA) have emerged as
viable candidates to achieve this balance [17-22].

1.2. The Limitations of Existing Studies

Although numerous studies have investigated sustainable cooling and lubrication
techniques in machining nickel-based superalloys, most have addressed these factors in-
dependently rather than analyzing their combined effects with cutting parameters such as
spindle speed and feed rate. Several works have focused on tool wear evolution [15,16],
material removal rate under unconventional machining [23-26], or surface hardness vari-
ation [27], yet few have comprehensively explored how sustainable drilling parameters
influence the surface integrity of Inconel 625 holes in aeronautical applications.

Current research often evaluates surface roughness (Ra) as the primary indicator of
hole quality, but tends to overlook additional descriptors like Rz, which more accurately
reflect the peak-to-valley profile influencing both fatigue and corrosion resistance [3,28-35].
Similarly, while it is well established that machining-induced roughness, residual stress,
and microstructural alterations play a decisive role in crack nucleation and corrosion
behavior, the quantitative relationships between these phenomena and sustainable cooling
methods remain underdeveloped in the literature [28-34].

Moreover, most experimental investigations on Inconel drilling focus on single cooling
techniques—typically MQL or cryogenic CO, cooling—without comparing their combined
performance or industrial applicability in real drilling operations. Only a few recent works
have explored eco-friendly MQL formulations and their economic impact [36], demonstrat-
ing potential cost savings of up to 40% compared to conventional lubrication. However, the
interaction effects between cooling methods and cutting parameters (particularly spindle
speed and feed rate) on surface roughness and tool degradation have yet to be system-
atically analyzed. This knowledge gap limits the ability to define optimized, sustainable
drilling strategies for high-performance alloys used in aircraft structures.

Table 1 summarizes the main previous studies cited in the Introduction and high-
lights how the present work integrates environmental sustainability with surface integrity
optimization in the drilling of Inconel 625.
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Table 1. Summary of previous studies on sustainable drilling and machining of nickel-based alloys

and contribution of this work.

Reference Material/Process Cooling/Lubrication Strategy Main Contribution Identified Limitation/Research Gap
Reported severe tool
Inconel 718/625— wear, high cutting Did not explore eco-friendly
[13-16] conventional drilling Conventional flood cooling temperatures, and lubrication or combined
and turning difficulty maintaining factor effects.
surface integrity.
égg(fi;conventional Improved MRR and Processes unsuitable for industrial
[23-26] drilling (EDM, ECM No external lubrication surface precision at rivet-hole drilling; lack of
micro-%DM) ! ! micro-scale. sustainability evaluation.
Examined hardness . . .
[27] Inconel 625—drillin Conventional lubrication variation in the Did not link hardness changes with
&
surface roughness or tool wear.
heat-affected zone.
Nickel-based alloys— Demonstrated lower . .
machining under temperatures and Most studies evaluate one cooling
[17-21] MQL, CCA, or MQL, cryogenic CO,, or cold air reduced wear compared method or a single
. - . cutting parameter.
cryogenic conditions to flood cooling.
s Reported up to 40% cost ~ Focused only on economic
[36] Sﬁﬁf;ﬁg;gﬁ SE’ MQL with nanoparticles savings and evaluation; limited
improved roughness. statistical modeling.
Aluminum and . — Achieved good surface Results not transferable to Ni-based
Sustainable lubrication and &
[6,12,22] hybrid materials— air coolin quality while reducing alloys due to different
multi-hole drilling & environmental impact. thermal behavior.
Nickel and steel Demonstrated that _
allovs—surface surface roughness Did not relate roughness to
[28-35] b Various machining conditions influences fatigue crack ~ machining parameters or
roughness vs 8 & &P
fati gue /corr(;sion initiation and sustainable cooling.
8 corrosion rate.
Addressed the study of
the combined influence,
on Ra and Rz, of feed
rate, spindle speed, and
Inconel 625— environmentally
— (This work) sustainable drilling for ~ MQL-Eco and CCA friendly cooling/ —

rivet holes

lubrication strategies,
MQL-Eco and CCA,
when drilling Inconel
625; using ANOVA and
RMS statistical analysis.

In high-speed machining or operations involving significant heat generation—such
as when machining nickel-based superalloys (Inconel, Rene, Haynes) or titanium alloys
(Ti6Al4V) that retain heat within the cutting zone—intense cooling is required to prevent
tool degradation and preserve surface integrity. When such cooling must be achieved
sustainably, without resorting to conventional flood lubrication with oil emulsions that
are often environmentally harmful, alternative lubrication and cooling systems such as
minimum quantity lubrication (MQL) and cryogenic CO, cooling are commonly employed.
These methods have proven particularly effective in continuous turning and milling opera-
tions, as well as in deep or high-productivity drilling of difficult-to-cut alloys [16-18,21].

MQL is capable of forming a thin film between the tool and the workpiece that
reduces friction, adhesion, and cutting-edge wear by providing localized lubrication. It
offers a lower environmental impact and reduced operating cost, since the typical fluid
consumption is only 5-50 mL/h compared to hundreds of liters in conventional flood
cooling systems. Moreover, it promotes chip evacuation and avoids the generation and
subsequent treatment of liquid residues. The addition of eco-friendly lubricants such as
vegetable-based esters or nanoparticle-enhanced fluids can further improve its tribological
behavior [17,20,36]. Therefore, MQL is particularly suitable for intermittent operations
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such as drilling for repair and maintenance in the aerospace industry. However, its main
limitation arises when machining materials with low thermal conductivity such as nickel or
titanium alloys, since its cooling capacity is limited compared to cryogenic systems, which
may lead to accelerated tool wear at high cutting speeds [16,18].

In contrast, liquid CO; cryogenic cooling systems are employed when a drastic re-
duction in cutting temperature is required, as they can deliver temperatures near —78 °C
at the nozzle outlet. This makes them especially effective in preventing chip adhesion
(built-up edge formation) and microfusion in the work material, thereby extending the
tool life—particularly in coated tools sensitive to thermal loads. Cryogenic CO; is highly
advantageous in the machining of aerospace components where oxidation and diffusion
wear must be minimized, or in cases where components will later undergo welding or
coating, since the process is 100% oil-free and leaves no residues [16,18,21]. Consequently,
these systems are compatible with clean or automated manufacturing environments, in-
cluding robotic or enclosed-cell machining, where the absence of liquid contamination is
essential. However, the high operational cost and complexity of CO, supply make it less
feasible for maintenance and repair drilling operations, where portability and simplicity
are fundamental.

In addition to MQL and cryogenic CO, cooling, cold compressed air (CCA) has also
emerged as a practical and sustainable cooling strategy for machining difficult-to-cut alloys.
CCA systems deliver a continuous jet of compressed air, cooled through a vortex effect,
directly onto the cutting zone, typically achieving outlet temperatures between —5 °C and
—30 °C. This approach provides efficient convective cooling without the use of oils, emul-
sions, or cryogenic gases, thus eliminating liquid waste and reducing the environmental
impact. Behera et al. [17] demonstrated that air-assisted lubrication systems can achieve
substantial reductions in temperature and friction compared with conventional flood cool-
ing, while Prabhat Ranjan et al. [20] highlighted their economic and environmental benefits
in sustainable machining. Khanna et al. [21] compared MQL, CCA, and CO, cooling during
the drilling of Inconel 625, concluding that CCA offers a simpler and more cost-effective
alternative when portability and cleanliness are prioritized. Similarly, Makhesana et al. [36]
found that air-based and nanofluid MQL techniques produce competitive surface finishes
while maintaining excellent process stability. Consequently, CCA represents a technically
viable and environmentally responsible solution for industrial applications—particularly
in aeronautical component manufacturing and repair—where simplicity, safety, and the
absence of liquid residues are essential operational requirements.

The present study focuses on a comparison between MQL with an eco-friendly fluid
(MQL-Eco) and cold compressed air (CCA). These two strategies are both sustainable
yet industrially viable for improving hole surface integrity under realistic aeronautical
manufacturing conditions.

1.3. The Specific Research Objectives of This Work

To address these limitations, the present study investigates the influence of cutting
parameters (spindle speed and feed rate) and two sustainable cooling strategies—minimum
quantity lubrication with an eco-friendly fluid (MQL-Eco) and cold compressed air
(CCA)—on the surface roughness of drilled holes in Inconel 625. The research focuses on
rivet hole formation in maintenance and repair operations for aircraft engine components,
where both quality and sustainability are paramount.

A statistically designed experimental campaign was conducted to evaluate 26 drilling
conditions, considering three main factors (speed, feed, and cooling type) at two levels. The
resulting data were analyzed using analysis of variance (ANOVA) and response surface
methodology (RSM) to determine the most influential parameters and their interactions.
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Surface roughness parameters Ra and Rz were selected as the key indicators of hole quality,
measured directly inside the holes using 3D optical scanning.
The main objectives of this work are therefore to

= Identify the most significant factors affecting surface roughness in the sustainable
drilling of Inconel 625;

. Quantify the interaction effects between spindle speed, feed rate, and cooling strategy;

= Determine the optimal cutting conditions that meet aeronautical surface roughness
standards (Ra = 0.8-1.6 um) while minimizing tool wear and environmental impact.

Through this approach, this study aims to provide the aerospace industry with a
practical, statistically validated framework for implementing sustainable drilling processes
in nickel-based alloys without compromising surface integrity or structural reliability.

2. Methodology

The methodology used aims to analyze the influence of the cutting conditions and the
use of different sustainable cooling systems on the surface roughness rivet holes obtained
in drilling repair operations of Inconel 625 for the aeronautical sector.

The methodology uses descriptive statistics techniques, analysis of variance, and
surface response methodology to deepen our knowledge of the process and identify the
most influential factors. Surface roughness, measured as Ra and Rz, was chosen to quantify
the drilling process and, in this way, to compare the results between the different tests to
establish conclusions.

2.1. Equipment, Tools, and Materials

All drilling tests were carried out on a Tongtai TMV510 CNC machining center (Tongtai
Machine & Tool Co., Kaohsiung, Taiwan) (Figure 1a) with Fanuc series OI-MC numerical
control (Fanuc Iberia, Barcelona, Spain). The cold compressed air (CCA) cooling and MQL-
eco lubrication systems were, respectively, CCA equipment (Vortec, Cincinnati, OH, USA)
(Figure 1c) and an Accu-Lube with a frequency generator MQL system (Accu-Lube (ITW),
GA, Dayton, OH, USA) (Figure 1d) with eco-fluid, which was custom-made and water-
based, with polyol esters (Leitat Technological Center, Terrassa, Spain). The CCA system
can work at 0.4-0.7 MPa and 280-600 L /min given a flow between —5 °C and —30 °C. The
Accu Lube system works at 0.4-1.0 MPa, with flows varying from 4.5 mL/h to 9 mL/h. The
surface roughness was measured with an Alicona Infinitive Focus S.L, optics 10 x (Bruker
Alicona, Graz, Austria) (Figure 1b). The tools used were high-performance Garant HSCO
drill bits (Hoffmann GmbH, Munich, Germany) (Figure 2), whose characteristics are given
in Table 2. The work material was an Inconel 625 (Bohler, Viladecans (Barcelona), Spain)
sheet, commonly used in aeronautical components requiring high-temperature strength
and corrosion resistance, with 150 x 25 x 1.5 mm dimensions. Table 3 summarizes all
equipment, tools and materials used in the work.

Table 2. Drill bit characteristics.

Diameter 3.3 mm
Material HSS—Co-TiN (twist drill)
Helix angle 37°

Point angle 135°
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Figure 1. Main equipment used in tests: (a) Tongtai TMV510 CNC machining center; (b) Alicona
Infinitive Focus S.L, optics 10 x; (c) cold compressed air vortex cooling system; and (d) Accu-Lube
with frequency generator for MQL-Eco system.

L1

L2

OSSN

LPg

Parametros(mm)
d1 33
L1 65

_L2 36

Figure 2. Drill bit dimensions.

Table 3. Equipment, tools, and materials employed in the tests.

Equipment Supplier Description
Machining center Tongtai Machine, Kaohsiung, Taiwan. Tongtai TMV510.
Numerical control Fanuc Iberia, Barcelona, Spain. Fanuc series OI-MC.

Accu-Lube with frequency generator
MQL-Eco Accu-Lube (ITW), GA, USA. MQL-eco system.
CCA Vortec, Cincinati, OH, USA. Cold compressed air vortex cooling system.
Surface 3D scan Bruker Alicona, Graz, Austria. Alicona Infinitive Focus S.L, optics 10x.
Tools Supplier Description
Drill bits Hoffmann GmbH, Munich, Germany. Garant HSCO; high-performance.
Materials Supplier Description
Inconel 625 Bohler, Viladecans (Barcelona), Spain. Inconel 625 sheet metal.
Eco-fluid Leitat Technological Center, Terrassa, Spain. ~ Water-based with polyol esters.

2.2. Experimental Campaign

A statistically designed experimental campaign was conducted to analyze the influence
of spindle speed, S, (rpm), feed rate, f, (mm/min), and cooling/lubrication method, R,
(MQL-eco and CCA) on surface roughness during the drilling of Inconel 625. The factors
and levels used in the experimental design are presented in Table 4, for the analysis of
variance (ANOVA), and in Table 5, for the response surface methodology (RSM). For the
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ANOVA, a full factorial was taken (23). That is, 8 tests are necessary for this type of analysis.
However, for the RSM, it is necessary to take two extreme values, above (upper) and below
(low) those taken for the ANOVA, and another one in between (medium), which leads to
an experimental design with 13 tests, and considering that all tests are repeated, this brings
the total to 26.

Table 4. Factors and levels for ANOVA analysis.

Factor Levels (Values)

A11215

Levels (Notation)

Tool (drill bit) T

Feed rate, f (mm/min) 1,2 50 100
Spindle speed, S (rpm) S1,S52 637 796
Coolant R1,R2 MQL CCA

Table 5. Factors and levels for RSM analysis.

Factor Levels (Values)

A11215
39.64, 50, 75, 100, 110.35
604.07, 637, 716.5, 796, 828.93
MQL CCA

Levels (Notation)

Tool (drill bit) T

Feed rate, f (mm/min) fl, f1, fm, £2, fu
Spindle speed, S (rpm) Sl, S1,Sm, S2, Su
Coolant R1,R2

The spindle speed and feed rate ranges were selected based on the manufacturer’s
recommendations for HSS-Co tools with nickel-based alloys and the previous literature
on Inconel drilling. These values ensure a representative range of practical industrial
conditions while avoiding excessive tool wear or thermal damage.

Before carrying out all the tests, the tools, machining center, cooling/lubrication
equipment, and specimen were prepared and the cutting parameters were selected. Then,
the workpiece was rigidly clamped to a steel fixture to prevent vibration and guarantee
perpendicular drilling. Subsequently, the trials were carried out according to pre-planning
in a Tongtai TMV510 machining center equipped with a CNC Fanuc system, which was
fitted with a CCA system and a Vortec cold air gun at a pressure and flow that provided an
air flow with a temperature of —14 °C and a minimum quantity lubricant system, Accu-
Lube, with an experimental eco-fluid water-based polyol ester (Figure 1c,d), with a medium
flow of 6 mL/h. After each drill’s machining, the holes were cleaned with compressed air
before measurement to remove chip and eco-fluid residues (see Figure 3b). Afterwards,
machining operations were carried out and, finally, test photographs and videos were taken
and recorded for further analysis.

(b)

Figure 3. (a) Layout of the design of experiments in the test tube; (b) test specimen after drilling.
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2.3. Surface Roughness Measurement and Data Analysis

Once the specimen was machined, the holes were cleaned at room temperature and the
surface roughness of the drilled holes was measured. In particular, the surface roughness
inside each hole was measured using an Alicona Infinitive Focus S.L, optics 10x (Bruker
Alicona, Graz, Austria). Measurements were taken on the inside of the hole with a surface
area of 2 x 2 mm?. The data obtained were collected using a defined protocol. The response
variable selected in this study is the roughness in terms of arithmetical mean roughness,
Ra (um) (Equation (1)), and the average maximum ten-point height, Rz (um) (Equation (2)
(see Figure 4). Concretely, three values of Ra and Rz were taken for each hole.

1
Ra — %/ 1Z(x)|dx ()
0
15 .
Rz = 5 21:1 Rzi (2)
Z
Measured
range

T, |

/\ Center line

N 5\
IR TR

v

Measwring distance (1)

~

~—

Figure 4. Roughness profile definitions.

Once the data were obtained, a statistical analysis was performed, including an
analysis of variance. The variability of the arithmetical mean roughness, Ra (um), and
the average maximum ten-point height of irregularities, Rz (um), were modeled using
ANOVA, identifying the influencing factors and interactions between them. Additionally,
in order to explore the relationship between factors and responses, the response surface
methodology (RSM) was used.

3. Results and Discussion
3.1. Results

Table 6 shows the relation between the cutting conditions used in each test and the
average results (from the three measurements taken) for the Ra and Rz values obtained
after machining. An ANOVA was performed, aiming to analyze statistically significant
factors affecting the variation in the response variable values Ra and Rz collected during the
experiment. In addition, a response surface methodology (RSM) was used for optimization
purposes. This technique allows us to model the relationship between variables and
responses. Minitab 17.1 software (Minitab LLC, State College, PA, USA) was used to
generate the experimental designs for both the ANOVA and RSM.
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Table 6. Obtained values of Ra and Rz.
o Feed Speed Roughness
N (mm/min) (rpm) Coolant Ra (um) Rz (um)
1 75 716.5 CCA 1.52 8.32
2 100 796 MQL 1.37 8.76
3 75 716.5 CCA 1.77 10.77
4 50 796 MQL 1.65 10.95
5 75 604.07 CCA 1.12 7.77
6 39.64 716.5 CCA 1.53 8.43
7 100 637 CCA 2.23 13.76
8 75 716.5 MQL 2.01 13.19
9 39.64 716.5 MQL 1.56 9.01
10 50 637 CCA 2.10 14.00
11 100 637 MQL 1.39 8.06
12 50 637 MQL 1.43 8.28
13 100 796 CCA 1.35 8.69
14 75 828.93 CCA 1.14 6.85
15 75 716.5 CCA 1.59 11.01
16 75 716.5 MQL 2.19 13.05
17 75 716.5 MQL 1.24 7.05
18 110.35 716.5 MQL 1.09 6.75
19 50 796 CCA 1.61 10.47
20 75 716.5 MQL 1.33 7.92
21 75 716.5 CCA 4.08 23.70
22 75 716.5 MQL 2.43 12.89
23 75 828.93 MQL 1.47 8.49
24 75 604.07 MQL 1.82 10.91
25 75 716.5 CCA 1.47 10.04
26 110.35 716.5 CCA 3.82 22.01

Before carrying out the statistical analysis, the assumption of normality for the average
Ra and Rz was checked. After the ANOVA, interactions up to the third order were taken
into account, and successive iterations were carried out until all the values were significant.
In each iteration, the statistically less significant effect was excluded if it had a p-value
greater than 0.05. Taking into account the results, it was concluded that the influencing
factors in both cases (Ra and Rz) were the coolant and the interaction between the speed
and the coolant. Speed was also statistically significant for Ra. Considering the variability
of the surface roughness of the drilled Inconel 625 test probe, explained by the statistically
significant effect obtained from the analysis of variance, the percentage of variability
attributed to each effect is shown in Table 7. Figure 5 shows the main influencing factors for
Ra. The coolant and speed are statistically significant, whereas the feed rate does not have
a statistically significant effect. The coolant is the most influential factor in the variability of
the surface roughness; its average value is 1.82 um for CCA and is 1.41 um for MQL. For
the speed factor, at 637 rpm, the average surface roughness is 1.79 pm, and for 796 rpm, it
is 1.44 pm.
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Table 7. Percentage of variability attributed to statistically significant effects obtained from the ANOVA.

S Ra (um) Rz (um)
ource p-Value % Variability p-Value % Variability
Coolant 0.014 31.88% 0.025 36.80%
Speed 0.021 20.76% -
*
Speed 0.012 37.38% 0.023 44.63%
Coolant

* Used for representing the combined effect of the factors.

Main effects for Ra

Feed Speed Coolant
1.8
E 17
=
=
[
-]
= 1.6 \
15
14

50 100 637 96 CCA MOL

Figure 5. Main factors affecting Ra and Rz.

Figures 6 and 7 show the interactions between the main factors for Ra and Rz. In both
cases, the only statistically significant interaction is the speed * coolant interaction. The
feed * speed and feed * coolant interactions are not statistically significant in the variability
of the surface roughness. For Ra, the speed * coolant interaction shows that for 796 rpm,
the value of the surface roughness remains almost constant, at 1.48 um for CCA and
1.51 pm for MQL, while for 637 rpm, the surface roughness varies from 2.17 um for CCA
to 1.41 pm for MQL. For the response variable Rz, the surface roughness remains almost
constant at 796 rpm, with values of 9.58 um for CCA and 9.86 pm for MQL. Meanwhile,
the surface roughness at 637 rpm varies from 13.88 um for CCA to 8.17 pm for MQL.

The speed * coolant interaction for Ra and Rz, as shown in Figures 6 and 7, indicates
that MQL is more effective at lower speeds (637 rpm), being more effective for Rz. This
result is in agreement with research by Behera et al. [17], which shows that MQL is more
effective at slower cutting speeds. This may be due to its greater possibility of penetrating
the chip-tool interface. However, when the cutting speed increased, the MQL impact
became less important due to the difficulty of efficiently penetrating the chip—tool interface.
Prabhat et al. [20] indicate that MQL produces fragmented chips and that the absence of
continuous chips and wear in the drilled hole area improves the surface finish.
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Interactions for Ra(um)

&37 o6 CCA ML
Feed
200 | —8— 50
—B 100
L
e E\“ - 175
e .
. =l
- . =l
~m -
Speed
200 | —@p— 637
— - T9E
Speed 175
150
Coolant
Figure 6. Interactions for Ra.
Interactions for Rz (um)
&7 795 oCa WL
Feed
[Bf)_ e 5O
—B— 100
Feed e
— #E
-
-
=2 | |
e
Speed
B _ o 637
— - TG
Speed
#5
a

Coolant

Figure 7. Interactions for Rz.

The roughness-coolant relationship is represented in Figure 8. For Ra, the median is
1.59 um for CCA and 1.47 um for MQL. The statistical dispersion of the data in terms of the
interquartile range (IQR) is 0.755 um for CCA and 0.565 pm for MQL. For Rz, the median
varies from 10.47 um for CCA to 8.76 um for MQL. The spread of the data in terms of the
IQR varies from 5.505 um for CCA to 3.923 um for MQL.
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Roughness - Coolant

25
*
=
-l
St
@
=
§ 15
a
3
[
§‘ 10
-]
o
5 |
*
= e
0-
CCA MaQL CCA MQL
Ra Rz

Figure 8. Roughness—coolant relationship. Values marked with an asterisk (*) are outliers. They
represent results that are far removed from most values obtained in the trials.

According to the analyses and the interactions and contributions of the different
factors, it is possible to establish a relationship between both response variables. The
coordinates for the maximum point are Ra = 4.08 pm and Rz = 23.70 um; for the minimum
point, they are Ra = 1.09 ym and Rz = 6.75 um (Figure 9).

Relationship Ra - Rz

45 Coclant

—@— Air Cocled
bl o MCL

4.0

3.5

3.0

Ra (um)

2.5

2.0

Figure 9. Ra—Rz relationship, taking into account the coolant.
For cold compressed air (CCA),
Ra = —0.1715 + 0.1769Rz 3)

For MQL-eco,
Ra = 0.0613 + 0.1595Rz 4)
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Some investigations associate surface roughness with fatigue resistance [28-30]. For
example, Xiao et al. [28] demonstrate that the fatigue life-surface roughness curve reflects
the relationship between both parameters and its significance for engineering applications.
Javadi et al. [31] show that the correlation between roughness and crack paths is confined
to large areas in the roughness profile. These large areas have a significant effect on the
corrosion resistance. Yiwei et al. [34] show that smoother surface conditions lead to a better
pitting resistance. Tolei et al. [32,33] explored this behavior on nickel and attributed it to
low roughness promoting the formation of a stable passive film. For rougher surfaces, there
is a greater contact area between the corrosive solution and metal-trapped corrosive ions
in deep grooves, leading to pitting processes. Dhananjay et al. [35] also demonstrate that
corrosion increases with surface roughness due to the increase in the surface area during
corrosion. Studying the roughness Ra alone is not the most efficient way to understand the
behavior of the machined area with respect to fatigue and corrosion resistance. Studying
the roughness Rz is more relevant due to its relationship with the largest peaks and troughs.

In order to explore the relationship between factors and responses, the response surface
methodology was used, which can be represented as follows:

v=¢(f, S, RRa,Rz) + ¢ )

where 7 is the desired response, ¢ is the response function, and e is the fitting error. An ap-
proximation of v was performed by using the fitted second-order polynomial mathematical
model or quadratic model. This model can be expressed as follows:

k k k
v =PBot Yo Bi xit Yy B+ Zi<j Bijxixj £ ¢ 6)

This technique allows us to optimize the best combination of factors to achieve the
desired response. Figure 10 represents the response surfaces of all roughness/coolant
combinations. The effect of changing the speed and feed rate is studied by keeping
the coolant at the MQL and air-cooled (CCA) level. The regions are separated between
maximum and minimum surface roughness values. The response surfaces confirmed that a
nonlinear and interactive relationship exists for speed and feed rate with surface roughness.

In the case of MQL, for a speed of 716.5 rpm, the worst surface roughness, Ra, is
obtained (2.43 pm) for a lower feed rate range (39.64-75 mm/min). For cold compressed
air (CCA), the surface roughness, Ra, obtained is 4.08 um for a higher feed rate range
(75-110.35 mm/min). For CCA, taking the feed rate to be constant at 75 mm/min, lower
surface roughness values are obtained at lower and higher speeds. For 604.07 rpm, the
roughness value is 1.12 um, and for 828.93 rpm, it is 1.14 um. For Ra and both types of
coolant, traveling horizontally along the response surfaces indicates the significance of
speed at lower (604.07 rpm) and higher (828.93 rpm) values and the importance of the
feed rate in making the drilling process efficient. The response variable, Rz, shows similar
behavior to Ra. For a speed of 716.5 rpm, the worst surface roughness (13.19 um) is obtained
in the lower feed range (39.64-75 mm/min) for MQL, and for CCA, a maximum value of
23.70 um is obtained in the highest feed range (75-110.35 rpm). Taking a constant feed rate
of 75 mm/min for CCA, the best results for surface roughness are obtained: Rz, 7.77 um at
604.07 rpm and 6.85 pm at 828.93 rpm.

Figure 11 represents the response surfaces for the Ra—cold compressed air (CCA)
relationship, relating the cutting speed and feed rate to the surface roughness.



J. Manuf. Mater. Process. 2025, 9, 389

14 of 23

Speed (rpm)

Speed (rpm)

=
un
[=]

g

650

40

750

700

650

£

50

50

Ra - MQL Rz - MQL
Rz (um) Rz (um)
u f“'ﬂ ] < 6
W= 12 800 W 7
W2 - 12 R
W4 - 16 —iE
W e - 18 I
u = 750 Wwo-n
g ——
£oolant DAL g Heold Values
- Coolant MOL
-1
2 700
]
650
IS (LI O I 0 S0 &0 70 B8 90 100 1O
Feed rate (mm/min) Feed rate {(mm/min)
Ra - CCA Rz - CCA
Ra (pm) Rz (um})
] <100 W -6
W 1.00-125 800 HWes- 8
M 125-150 W3- 10
W 150- 175 Ww- 2
W 175-2.00 Wiz- 14
W 200-235 750 Wa- 6
W 235-250 ] H -
L 2 Hold Values
Hold Values T Coolant CCA
Coolant CCA g. 700
v
650
60 70 a0 a0 w0 1o 40 50 60 70 80 90 00 10
Feed rate (mm,/min) Feed rate {(mm/min)

Figure 10. Response surface for each roughness—coolant combination.

To evaluate the difference in tool life between the maximum and minimum values
of cutting speed and feed rate and its relationship with the surface roughness, five points
along the x-axis in the range of 700 rpm and along the y-axis in the range of 75 mm/min
were taken. The cutting conditions are as follows: for point 1, f = 39.64 mm/min and
S =716.5 rpm; for point 2, f =75 mm/min and S = 716.5 rpm; for point 3, f = 110.35 mm/min
and S = 716.5 rpm; for point 4, f = 75 mm/min and S = 828.93 rpm; and for point 5,
f =75 mm/min and S = 604.07 rpm. Figure 12 shows an image of one flute for each drill
bit for the five points selected. It is observed that the tool shows better performance at
low (604.07 rpm) or high (828.93 rpm) speed values and low (39.64 mm/min) or medium
(75 mm/min) feed rate values from the ranges studied. For medium values of the speed
(716.5 rpm), the tool shows the worst performance. The surface roughness expected from
the response surface shown in Figure 11 is related to the damage observed on the flute’s
cutting edge, as shown in Figure 12. The tool wear observed corresponds to the maximum
values of the surface roughness expected.
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Figure 12. Tool wear based on cutting conditions. Where the cutting conditions are: (1) f = 39.64 mm/min
and S =716.5 rpm; (2) f =75 mm/min and S = 604.07 rpm; (3) f = 110.35 mm/min and S = 716.5 rpm;
(4) f =75 mm/min and S = 828.93 rpm; and (5) f =75 mm/min and S = 604.07 rpm
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The surface roughness obtained for the five points selected is shown in Figure 13.
The values are as follows: for point 1, Ra = 1.53 mm and Rz = 8.43 mm; for point 2,
Ra = 1.77 mm and Rz = 10.77 mm; for point 3, Ra = 3.82 mm and Rz = 22.01 mm; for
point 4, Ra = 1.14 mm and Rz = 6.85 mm; and for point 5, Ra = 1.12 mm and Rz = 7.77 mm.
To obtain these values, a representative area of 2 X 2 mm was scanned for each drilled hole.
In each representative area, three measurements were taken and the average value in terms
of Ra and Rz was calculated. Figure 14 shows the 3D reconstruction of the scanned area for
the holes at the five aforementioned positions. The measurement of Ra and Rz was taken
by measuring the 2D profile. Figure 15 shows an example of a 2D profile measurement
obtained in the hole at point 3.

Ra=1.14 pm

Figure 13. Hole topography and surface roughness obtained for every point selected. Where:
(1) Ra = 1.53 um and Rz = 8.43 um; (2) Ra = 1.77 um and Rz = 10.77 um; (3) Ra = 3.82 um and
Rz =22.01 um; (4) Ra = 1.14 um and Rz = 6.85 um; and (5) Ra = 1.12 um and Rz = 7.77 um.

The tool wear was not modeled as a separate factor in the ANOVA; nevertheless,
as a quick way of obtaining a wear value for the five points selected, it was analyzed in
terms of the percentage reduction in the diameter of the flute compared to a new drill bit
(d = 1.480 mm). The maximum tool wear at point 3 is 17.97% (d = 1.214 mm) and corre-
sponds to the maximum surface roughness values obtained at that point, Ra= 3.82 mm and
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Rz = 22.01 mm. At point 2, the tool wear observed is 13.31% (d = 1.283 mm), corresponding
to Ra =1.77 mm and Rz = 10.77 mm. Points 1, 4, and 5 do not show significant wear on the

flute’s cutting edge.

Figure 14. Three-dimensional reconstruction for every point selected.
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Figure 15. Example of 2D profile obtained.

The results obtained in this experimental study provide a comprehensive overview
of how drilling parameters and cooling strategies influence the surface roughness of In-
conel 625 rivet holes. From the descriptive analysis, the Ra values ranged from 1.09 um to
4.08 um and the Rz values ranged from 6.75 pm to 23.70 um, depending on the test con-
ditions. The best results were obtained with MQL at 110.35 mm/min and 716.5 rpm
(Ra = 1.09 um, Rz = 6.75 um), while the worst results were obtained with CCA at
75 mm/min and 716.5 rpm (Ra = 4.08 um, Rz = 23.70 pm). Of the 26 tests, 15 condi-
tions (just over half) achieved a surface roughness within the target range required by the

aeronautical industry (Ra = 0.8-1.6 um), with MQL presenting the highest percentage of
compliant cases.
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The ANOVA confirmed that the most relevant source of variability was the interaction
between speed and the coolant, followed by the coolant factor alone and, in the case of Ra,
the speed. The feed rate was not statistically significant for either Ra or Rz. These findings
highlight that the selection of the optimal parameters should consider the combined effect
of speed and the cooling method, rather than treating them as independent variables.

The response surface methodology (RSM) determined nonlinear and interactive behav-
ior: the worst surface roughness values were obtained at 716.5 rpm, but the limiting factor
differed depending on the cooling method used. With MQL, the roughness increased at
lower feed rates, while with CCA, it worsened at higher feed rates. At higher speeds, both
cooling methods tended to reduce the surface roughness, demonstrating that operating at
speeds further from the mid-range yields better results.

The correlation analysis between Ra and Rz generated distinct regression models
for each coolant method, confirming that while both parameters describe surface rough-
ness, their relationship is influenced by the cooling method. MQL showed lower slopes,
indicating more stable results when linking Ra to Rz.

Finally, the tool wear analysis confirmed that higher surface roughness values coin-
cided with more severe wear damage, especially at intermediate speeds (700 rpm). This
reinforces the need to optimize cutting conditions not only to minimize surface roughness
but also to extend the tool life.

Overall, the results demonstrate that the use of MQL-Eco consistently leads to lower
surface roughness values and lower variability compared to CCA, offering a more reliable
path to achieving aeronautical industry standards. The practical implication is that sustain-
able cooling technologies can be successfully implemented in nickel-based alloy machining
operations, provided the process parameters are carefully optimized to avoid unfavorable
interactions between speed and the coolant.

3.2. Dicussion

After presenting the results and comparing them with those found in the literature on
the subject, they will now be discussed according to three themes.

3.2.1. Influence of Cooling/Lubrication Method

The cooling method has a marked effect on the resulting surface roughness. When the
minimum quantity lubrication (MQL-Eco) is used, the mean surface roughness is Ra = 1.61 pm and
Rz =9.64 um. With cold compressed air (CCA), the mean values increase to Ra = 1.95 um
and Rz = 11.99 pm. Therefore, MQL achieves a reduction of, approximately, 17% in Ra and
20% in Rz compared with CCA.

The minimum Ra value obtained under MQL is 1.09 um, while the maximum reaches
2.43 um. For CCA, the range extends from 1.12 um to 4.08 pm, indicating a less stable surface
finish. A similar trend is observed for Rz, which varies between 6.75 um and 13.19 um under
MQL and between 6.85 um and 23.70 um under CCA.

These results confirm that the use of lubricant improves process stability and reduces
both average roughness and dispersion.

The differences found between MQL and CCA can be attributed to the presence of a
thin lubricating film in MQL, which reduces friction and adhesion at the tool-chip interface,
thus preventing built-up edge (BUE) formation and the tearing of the machined surface.
Conversely, CCA provides effective convective cooling but no tribological protection,
resulting in intermittent contact, frictional heating, and higher peak roughness values.

Overall, the MQL-Eco system proves to be the most effective sustainable technique for
maintaining surface integrity within aeronautical standards (0.8 pym < Ra < 1.6 um) while
minimizing lubricant consumption and environmental impact.
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3.2.2. Influence of Cutting Parameters

The combined effect of spindle speed (S) and feed rate (f) is analyzed in this work
through the ANOVA obtained from the factorial design shown in Table 4 and the values
presented in Table 6 for those concrete combinations. It can be seen that increasing the feed
rate from 50 mm/min to 100 mm/min led to a consistent rise in both Ra and Rz across
all cooling conditions. On average, the roughness increases by 35-40%, approximately,
when the feed rate doubled, which is attributed to the greater feed per revolution and the
corresponding deepening of feed marks on the hole’s surface.

The spindle speed also affects the surface finish, though to a lesser extent. The higher
speed (796 rpm) generally produced slightly lower roughness values compared with the
lower one (637 rpm), especially for MQL, owing to the improved chip segmentation and
reduced contact time per revolution.

The interaction between the feed rate and the cooling method (f x R) is also significant,
although the detrimental effect of a high feed rate is partially mitigated when MQL is used
due to its superior lubricating ability.

The ANOVA confirms that the feed rate is the dominant parameter, followed by the
cooling /lubrication method and the spindle speed.

The response surface model shows that the optimal region of Ra for aeronautic applica-
tions (0.8 um < Ra < 1.6 um) is achieved at any feed rate and either a very low or very high
spindle speed under MQL-Eco conditions and at a low (<50 mm/min) feed rate for any
spindle speed value or at a higher spindle speed at any feed rate under CCA conditions.

These findings are consistent with prior studies on Inconel 625 drilling [17-21], rein-
forcing the notion that lubrication efficiency plays a more decisive role than cutting speed
in controlling surface quality when sustainable cooling techniques are applied.

3.2.3. Tool Wear and Surface Integrity Correlation

Although this work does not include quantitative measurements of tool wear, the
evolution of Ra and Rz provides indirect information about the surface integrity.

The increase in both parameters, Ra and Rz, with the feed rate, especially under CCA,
indicates more aggressive cutting and likely greater tool deterioration.

Under MQL, the smaller variation in Ra and Rz suggests more stable cutting conditions,
consistent with the reduced friction and temperature at the tool-chip interface.

Thus, although no wear values were measured, the roughness trends imply that
surface integrity was better preserved under MQL-Eco than under CCA.

3.3. Novelty and Contribution of the Study

The innovative nature of this experimental study lies in its integrative approach
to the machining performance, sustainability, and structural reliability of aeronautical
components. While previous studies have separately examined the effects of drilling
parameters on hole quality [4,11,22] or the benefits of sustainable cooling methods in
machining [6,12], few studies have systematically addressed the combined influence of
feed rate, spindle speed, and environmentally friendly cooling strategies when drilling
nickel-based alloys. Nickel-based alloys and Inconel 625, in particular, represent a critical
challenge in aerospace applications due to their low machinability despite their excellent
mechanical and chemical properties [9,10].

A significant advancement of this experimental study is the comparative evaluation of
minimum quantity lubrication with an eco-friendly fluid (MQL-Eco) and cold compressed
air (CCA) for drilling rivet holes in Inconel 625. Using an analysis of variance (ANOVA)
and response surface methodology (RSM), this study not only identifies the speed*coolant
interaction as the dominant factor influencing surface roughness but also develops pre-
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dictive relationships between Ra and Rz under sustainable cooling conditions. This dual
approach, both statistical and experimental, offers a more comprehensive understanding
than traditional parametric analyses, which typically limit their scope to Ra values or
tool wear.

Furthermore, while the previous literature has established the role of surface roughness
in fatigue crack initiation [28-31] and corrosion resistance [32-35], the present experimental
study demonstrates that sustainable cooling technologies can consistently achieve surface
roughness values within aeronautical standards (0.8-1.6 pm). This finding links the gap
between environmental responsibility and stringent industry requirements, demonstrating
that sustainable practices can be adopted without compromising structural reliability.

In general, this experimental study contributes both methodologically and practically
relevant insights: methodologically, by integrating an experimental design with statistical
optimization tools, and practically, by providing the aerospace industry with viable ways to
adopt greener manufacturing technologies that meet critical surface integrity requirements.

4. Conclusions and Future Research

This experimental study aimed to analyze the influence of sustainable drilling strate-
gies for rivet hole formation in nickel-based alloys for aeronautical applications. In par-
ticular, besides the cutting conditions, the effect of the sustainable cooling/lubrication
technologies employed was examined. In this case, minimum quantity lubrication was
compared with an eco-fluid (MQL-Eco) and cold compressed air (CCA). The optimization
of the cutting conditions and the degradation of the drill bit after a single use were studied
using surface roughness (Ra and Rz) as a response variable. The results highlight that
the interaction between the spindle speed and the coolant and the individual coolant and
spindle speed factors were statistically significant in the ANOVA.

The spindle speed * coolant interaction was the main cause of variability in both
roughness variables.

The coolant factor was the second most significant cause of variability in both rough-
ness variables, with the MQL method showing the best results.

The spindle speed factor was statistically significant in the variability of Ra, but it was
not statistically significant in the variability of Rz. In particular, the spindle speed showed
nonlinear behavior, with the worst surface finish appearing at an intermediate speed
(716 rpm) and the best at either low or high speeds, indicating that thermal and dynamic
effects interact with lubrication efficiency.

The feed rate factor was not statistically significant in the variability of any sur-
face roughness variable analyzed. However, although the main effect of feed rate was
not statistically significant within the studied range, the experimental data revealed
a clear tendency for both Ra and Rz to increase when the feed rate was raised from
50 to 100 mm /min, particularly under CCA conditions. This suggests that the mechanical
load per revolution amplifies roughness when the lubrication is insufficient.

Minimum quantity lubrication with an eco-friendly fluid (MQL-Eco) consistently
produced lower and more stable surface roughness values than cold compressed air (CCA).
The mean roughness decreased from Ra = 1.95 pym and Rz = 11.99 um under CCA to
Ra = 1.61 pm and Rz = 9.64 pm under MQL, corresponding to average reductions of
approximately 17% and 20%, respectively.

On the other hand, the visual inspection of the tools confirmed that higher roughness
values were associated with greater edge wear, while MQL reduced wear progression
and maintained surface integrity. Overall, the results confirm that MQL-Eco provides a
technically and environmentally viable solution for drilling Inconel 625, achieving surface
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quality within the aeronautical range requirement (0.8 um < Ra < 1.6 pm) while minimizing
variability and tool degradation.

Additionally, this study showed that the roughness Ra alone is not the most efficient
way to understand the behavior of a machined area with respect to fatigue and corrosion
resistance. Studying the roughness Rz is more relevant due to its relationship with the
largest peaks and troughs.

Future research should expand the scope of the present work by integrating additional
aspects of surface integrity beyond roughness. While this study focused on Ra and Rz
as key indicators, burr formation is also recognized as a critical factor in hole quality
for the aerospace industry; however, its size and morphology were not quantified here.
Similarly, roundness and cylindricity are fundamental geometric tolerances that affect
hole performance, but they were not experimentally measured in this experimental study.
In parallel, recent work on laser drilling of Inconel 625 showed that, due to the heat
generated on the surface during the manufacturing process, local hardness variations
can reach up to 30% depending on the process conditions, although a direct relationship
with surface roughness was not established. Based on this knowledge, future studies
should combine measurements of burr, roundness, cylindricity, hardness distribution, and
tool wear with roughness analysis to achieve a more comprehensive evaluation of rivet
hole integrity in nickel-based alloys and to better correlate machining conditions with
in-service performance.
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