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A B S T R A C T   

The article presents as a novelty a comparative study of the efficiency of different sustainable cooling systems in 
the re-drilling repair process of magnesium-based multi-material components for aeronautical and automotive 
sectors. The cooling systems compared are: dry machining, minimum quantity of lubricant with eco-fluid (MQL-Eco), 
cold compressed air (CCA) and cryogenic machining. Multi-materials used are magnesium-aluminium and 
magnesium-titanium combinations. The study uses descriptive statistics and ANOVA to conclude the significant 
factors and interactions. Conclusions highlight differences depending on the type of response variable chosen. 
The best results for the Mg-Al-Mg are obtained using MQL-Eco, and for Mg-Ti-Mg with cryogenic machining.   

1. Introduction 

Sustainable development and energy efficiency are currently key 
targets for the development of the technological and industrial areas. 
According to the reports of the Intergovernmental Panel on Climate 
Change (IPCC), humans have a clear influence on global warming. 
Emissions resulting from the use of fossil fuels are among the causes for 
the 40 % increase in carbon dioxide emissions compared to the pre- 
industrial era. In addition, the oceans have absorbed about 30 % of 
the carbon dioxide emitted, resulting in their acidification [1]. Climate 
warming due to human activities is currently calculated to increase by 
0.2 ◦C per decade and, to stabilise, global net CO2 emissions from human 
activities would need to reach net zero by 2050 [1,2]. Transport is 
estimated to be responsible for more than 30 % of CO2 emissions in the 
European Union (EU). As a result, the EU has committed to reducing 
transport emissions by 60 % by 2050 compared to 1990 levels [3]. On 
the other hand, progressive stricter legislation is foreseen on CO2 
emission limits in all sectors, particularly in the road [3], air [4] and 
maritime transport [5], aiming to achieve a reduction in emissions that 
will stabilize global warming at 1.5 ◦C above pre-industrial levels. In this 
context, major aircraft companies like Boeing [6] and Airbus [7] are 
undertaking significant efforts to move towards sustainability and 

emissions reduction. For example, each new generation of Boeing 
aircraft is up to 25 % more efficient than the previous one [8] and, in the 
case of Airbus, the A350 model is made of 53 % lightweight structural 
materials and is capable of saving up to 25 % fuel compared to the 
previous model, while the A220 family of aircraft is the most efficient in 
its class [9]. Over the next 20 years, more than 12,000 aircraft are ex-
pected to reach the end of their life. Therefore, the development of 
techniques and materials that enable their recycling or reuse is another 
key line of development towards sustainability. Since 2007, Airbus has 
recycled 117 aircraft, with 92 % of parts reused and 100 engines fully 
recycled [10]. In addition, energy efficiency and pollutant emissions are 
directly linked to the mass of automobiles [11] and aircraft [8,9] For this 
reason, an important research line aims at reducing the mass of transport 
vehicles by using lightweight structural materials and light metal alloys 
[12]. Important lightweight candidates to replace conventional mate-
rials employed for transport vehicles are high-strength steels [13,14], 
aluminium alloys [15,16], titanium alloys [17], magnesium alloys [18, 
19] and polymers [20,21]. In addition, these lightweight structural 
materials can be used combined or with other lightweight and strong 
materials to create multi-material structures. These hybrid structures 
provide better strength-to-mass ratios, while maintaining good wear and 
fatigue properties, and are one of the trending topics in studies related to 
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lightweight structural materials applied to the aeronautical, aerospace 
and automotive sectors [12]. 

Aluminium alloys are characterised by their lightweight, corrosion 
resistance, and good thermal and electrical conductivities [15]. For this 
reason, they are the lightweight structural materials that appear in most 
recent studies, either as individual materials or as multi-material com-
posites [12]. In addition, they are frequently used in the aeronautical, 
aerospace and automotive sectors [15,17,22]. The transport sector 
consumes 35–40 % of the aluminium alloys manufactured [23]. It is also 
frequently used in combination with other materials to form 
multi-material components such as aluminium and steel [24], fibre 
reinforced polymers (FRPs) [25], magnesium alloys [26] or titanium 
alloys [17]. 

Titanium alloys have very good structural properties thanks to their 
metallographic structure. Among them stand out their lightweight, high 
wear and corrosion resistance, and their capacity to maintain a good 
resistance at high temperatures. Therefore, titanium alloys are widely 
employed in industries such as aerospace, aeronautics, automotive and 
biomedical [27,28]. However, titanium alloys are considered to be 
materials very difficult to machine because of their low thermal con-
ductivity, low modulus of elasticity and high chemical affinity with tool 
materials. This causes excessive wear of the tool during machining, 
increasing its cost [20,29–32], and makes it frequent to study sustain-
able cooling techniques to achieve the surface roughness required by the 
sector in which they will be employed [30]. Machining processes that 
have better surface finishing produce higher compressive residual 
stresses from machining that are positive in terms of the fatigue strength 
of the component [33,34]. 

On the other hand, magnesium alloys are the lightest structural al-
loys on the planet. However, their formability is far below other light 
alloys, such as aluminium. This low formability is determined by their 
hexagonal metallographic structure [19,35]. For example, cracks and 
fissures appear in pure laminated polycrystalline magnesium when 
reducing the thickness by approximately 30%. Ideally, it is possible to 
develop new magnesium alloys, but so far, no super-conformable mag-
nesium alloy has been obtained at room temperature. However, recent 
studies indicate that if the grain size is reduced on a microscopic scale by 
severe plastic deformation, grain boundary slips can be activated to 
improve ductility [36–38]. This effect can be applied to other materials 
with hexagonal crystallographic structures. On the other hand, magne-
sium alloys generate low temperatures and forces during machining, and 
their chips are short. This fact results in a long tool life, which can be 
increased if sustainable lubrication/cooling techniques are applied 
during the machining process. Both magnesium [39] and aluminium 
[40] have good recyclability. Moreover, studies involving hybrid com-
ponents are identified as current trending research areas. Among them, 
the most studied combination of material types over the last few years is 
the metal + metal combination [12,22]. Based on the previous infor-
mation, it is concluded that the optimisation and understanding of 
sustainable machining processes applied to magnesium-based multi--
materials, such as Mg-Al-Mg and Mg-Ti-Mg, are topics of current scien-
tific interest, with a potential direct application in the aeronautical, 
aerospace and automotive sectors. 

On the other hand, within the field of multi-materials, one of the 
most studied topics is the problem of joining different materials. The 
main joints are mechanical, by drilling and subsequent bolting or 
riveting [11,20], chemical, using adhesives [41,42], and thermal, 
through different welding technologies [13,43]. 

Drilling is involved in 50 % of machining operations [44] and it is the 
most frequent machining process for mechanical assembly operations 
[17,31,45–47]. In the case of multi-material drilling, a single machining 
operation is a challenge because of the different characteristics of the 
individual materials. This often requires the use of compromises in 
cutting conditions and frequently leads to associated problems such as 
severe tool wear, increased cutting forces, poor hole quality or large 
burrs, aggravating difficulties at the materials interface [20,43]. In the 

case of titanium, chips in multi-material compounds can cause scratches 
at the materials interface and during chip evacuation. In addition, the 
number of holes drilled has an influence on the surface quality obtained 
because of the tool wear effect [20]. On the other hand, the holes drilled 
in aeronautical components to assemble the various parts are subject to 
cyclical stresses and this can lead to fatigue failures. The processes 
related to drilling are little studied regarding fatigue as they have not 
been considered critical so far. In addition, it is very difficult to inves-
tigate the surface texture of holes and the residual stress fields. Recently, 
some problems caused by increasing thermo-mechanical loads have 
been detected in some critical parts linked to the automotive or aero-
nautical sectors, such as crankshafts or turbines, and therefore they are 
attracting researchers’ attention [48]. Given the responsibility of the 
parts, they must be subjected to frequent maintenance checks and repair 
of potential cracks that could result in catastrophic failure of the part 
during service [17]. On the other hand, there is a constant drive to find 
new and innovative ways for industry to reduce its impact on the 
environment. Efforts are currently focused on: efficient resource con-
sumption and energy conservation, minimising the environmental ef-
fects of energy production, improving the waste management system, 
and improving the environmental impact of energy production [49,50]. 
Regarding this point, the choice of cooling strategy is an important issue 
concerning the sustainability of machining processes. This choice is of 
great importance as it affects the friction between tool and chip, the 
lubrication degree in the contact zone between the workpiece and the 
tool, the process temperature and the chip evacuation [17,51]. Lubri-
cants and cutting fluids (CFs) represent approximately 17% of the 
machining costs, and tool costs account for 4 % [28,48,52]. These fluids 
include in their composition chemical components that are harmful to 
the environment and human beings; in the case of humans, they can 
cause respiratory problems, asthma and cancer [28,49,53]. For this 
reason, the current trend in recent studies related to the optimisation of 
machining processes is the use of sustainable cooling/lubrication tech-
niques. This is the case of dry machining [17,26,28,33,35,54,55], 
cryogenic cooling [27,28,54,56], minimum quantity lubrication (MQL) 
[27,28,35,48,50,57–59], cold compressed air [60–62] and the use of 
sustainable cutting fluids based on vegetable oils such as sesame, co-
conut, sunflower, palm and others [28,32,63]. García-Martínez et al. 
[28] carried out in 2018 an interesting analysis of recent literature 
related to non-traditional lubrication techniques developed for turning, 
drilling and milling processes. The study includes scientific literature 
published from 2015 onwards. The paper concludes that cryogenic 
lubrication can improve the surface quality of machined parts; therefore, 
this technology is considered to have the potential to replace traditional 
flood lubrication. However, the conclusions on tool wear are not so 
clear, since, although in some works an improvement in tool life is re-
ported, in others there is an increase in wear tool and cutting forces 
related to the increase in Ti hardness at low temperatures. Therefore, 
MQL appears to many authors as a good compromise solution that re-
duces the amount of coolant and achieves the same or better surface 
roughness results than conventional cooling. In 2015, Carou et al. [57] 
conducted a review of representative studies on the use of the MQL 
system in the turning of the main materials involved in the aeronautical 
sector: nickel-based alloys, steels and light metals, including aluminium 
alloys, magnesium alloys and titanium alloys. 

Cryogenic machining (CM) a highly efficient machining technique 
that uses a cryogenic coolant to decrease the temperature at the chip- 
tool interface, reducing tool wear or changing the material character-
istics and thereby improving machining performance and product 
quality. Some of the interesting advantages are: reduced chip-tool 
interface temperature, reduced tool wear, higher production rates, 
higher product quality, energy savings, no wet chips, no contaminated 
parts or disposal costs, and the disadvantages are the additional equip-
ment costs and the high price of liquid nitrogen, which is not reusable 
[50]. In 2018, Suhaimi et al. [27] proposed a new tool design that allows 
cooling by an internal cryogenic nitrogen circuit. In this way, the 

D. Blanco et al.                                                                                                                                                                                                                                  



Tribology International 175 (2022) 107804

3

temperature of the workpiece to be machined is kept at its working 
standard, preventing hardening. In another article, Sun et al. [30] pre-
sent a study on machining forces, finishing surfaces and tool wear for 
Ti-5553 alloy. They employ cryogenic cooling and compare these results 
with flood and MQL cooling. In the experimental test conducted, 
machining forces are reduced by 30% when using cryogenic cooling 
compared to MQL; although MQL cooling achieves better finishing as it 
is more ductile at higher temperatures. On the other hand, surface 
roughness increases when the feed rate increases for the three types of 
cooling compared, cryogenic, MQL and flooding. In 2020, Gupta et al. 
[54] also carried out a comparative study of the most popular sustain-
able cooling systems for difficult-to-machine materials; dry machining, 
cryogenic cooling, and a combination of cryogenic cooling with MQL. 
The hybrid process provides cooling to the workpiece and tool and, at 
the same time, lubricates the cutting zone; protecting the machine from 
vibration and wear. The research team concludes that liquid nitrogen 
(LN2) + MQL hybrid cooling produces the best results of the three types 
of environmentally friendly cooling compared, reducing total machining 
cost up to 65.84 %, energy consumed 15.89 %, carbon emissions, cutting 
force values, surface roughness and cutting temperature [54,64]. On the 
other hand, there is also another research line that seeks to promote the 
use of sustainable cutting fluids based on biodegradable vegetable oils 
like sesame, coconut, sunflower or palm oil, just to mention the most 

relevant ones [28]. In 2016, Singaravel et al. published a study [63] on 
the application of vegetable oil-based dielectric fluids in machining by 
electrical discharge machining (EDM) and compared the surface 
roughness results obtained with those obtained using conventional 
dielectric fluids. For this purpose, the authors perform machining tests 
on Ti-6Al-4V specimens and use sunflower, colza and jatropha oils as 
biodegradable dielectric fluids and paraffin as conventional dielectric 
fluid for comparison. The study concludes that it is viable to use suc-
cessfully sustainable biodegradable oils. These oils have similar dielec-
tric properties and erosion mechanisms to conventional dielectric fluids, 
making them a promising option for sustainable manufacturing. 

On the other hand, models of classical statistical experiments that 
aim to determine the influence of the factors on the variable of interest 
by varying one factor per test consume a lot of time and economic re-
sources, and do not allow to know the interactions between factors. The 
application of design of experiments methodologies solves these draw-
backs and optimizes the information obtained from experimental tests. 
This methodology is based on models that use statistical techniques such 
as analysis of variance (ANOVA), which allow knowing the factors of 
influence, their percentage of influence and the interactions between 
factors [21,26,46,59,65]. The most widely employed equipment to 
analyse the surface quality in machining processes is the roughness 
profilometer, a device that performs a statistical analysis based on 
measurements taken by contact. The main elements that compose a 
roughness metre are the measuring head, which touches the surface of a 
part to measure roughness; the transducer, a device that obtains the 
physical information and transforms it into electrical signals or pulses; 
and a calculator, which performs the mathematical calculation of the 
lengths, heights and widths of the profile according to the parameter 
being evaluated to give the degree of roughness in microns [47]. Among 
the two-dimensional parameters most commonly used in machining 
processes are the arithmetical mean deviation, Ra, and the maximum peak 
to valley height of the profile, Rz [66,67]. Ra is the arithmetic mean value 
of the filtered roughness profile, calculated from the deviations from the 
centre line within the assessment length, and it the most popular 
parameter for a machining process and product quality control, Rz is the 
average peak-to-valley height; smoothes out major deviations that are 
not representative of the surface finish [68]. In the case of aeronautical 
applications, a frequently applied range to define surface roughness 
limits is 0.8 µm < Ra < 1.6 µm [69]. However, two-dimensional profile 
parameters have a strong dependence on the direction chosen for the 
measurement and therefore have important constraints. For this reason, 
there is a growing trend towards the use of measurement technologies 
that analyse areas rather than profiles. These technologies provide a 
better overview. However, they are not yet widely deployed in industrial 
process follow-up because of the current lack of experience in their use 
and the lack of existing references for the definition of manufacturing 
tolerances. Both technologies evaluate roughness by analysing partic-
ular geometry characteristics and processing the data obtained using 
statistical techniques. 

Among the parameters employed for area measurements is the 
arithmetic mean of the absolute values of the deviations of the surface from 
the median plane, Sa, and the height from the peak to the valley of the 
surface, Sz. For several reasons, the profile and area measurements do 
not have a direct correlation. It is worth highlighting the fact that the 
area information is more complete because it evaluates also the peaks 
and valleys of the sampling area; whereas a measurement taken 
following a profile does not consider these values. Furthermore, the 
filters applied when processing profile and area data are different [70, 
71]. From the previous information, it can also be concluded that the 
comparative study between conventional profile assessment technolo-
gies and the new areal assessment technologies is currently of scientific 
interest. This makes it possible to evaluate the relationship between the 
two types of measurement and provides a deeper surface characterisa-
tion. Furthermore, it is highly interesting to find manufacturing toler-
ances and references to enable, in the future, the use of these new 

Table 1 
Factors and levels.  

Factors Levels (code) Levels 
(values) 

Type 

Tool t1 Güring HSCO Qualitative 
Depth of cut, ap, (mm) d1 0.15 Quantitative 
Feed rate, f (mm/rev) f1 0.1 Quantitative 
Spindle speed N (rev/min) N1 

N2 
850 
1000 

Quantitative 

Cooling system, C Dry machining 
MQL + Eco 
Cold compressed air 
Cryogenic machining 

C1 
C2 
C3 
C4 

Qualitative 

Specimens, S Mg-Al-Mg 
Mg-Ti-Mg 

S1 
S2 

Qualitative 

Location regarding insert, 
LRI 

Mg1 / Al2 / Mg3 
Mg1 / Ti2 / Mg3 

LRI1 
LRI2 
LRI3 

Qualitative 

Location regarding 
specimen, LRS 

Drill hole at entry 
Drill hole at exit 

LRS1 
LRS2 

Qualitative 

Measurement zone Zone 1 (From 0–2 
mm) 
Zone 2 (From 2–6 
mm) 

Z1 
Z2 

Qualitative  

Table 2 
Experimental design carried out on S1 and S2 specimens.  

Test 1 2 3 4 5 6 7 8 

LRI / LRS LRI1 
LRS1 

LRI1 
LRS1 

LRI1 
LRS1 

LRI1 
LRS1 

LRI1 
RS1 

LRI1 
LRS1 

LRI1 
LRS1 

LRI1 
LRS1 

LRI1 
RS2 

LRI1 
LRS2 

LRI1 
LRS2 

LRI1 
LRS2 

LRI1 
LRS2 

LRI1 
RS2 

LRI1 
LRS2 

LRI1 
LRS2 

LRI2 
LRS1 

LRI2 
LRS1 

LRI2 
LRS1 

LRI2 
LRS1 

LRI2 
LRS1 

LRI2 
LRS1 

LRI2 
LRS1 

LRI2 
LRS1 

LRI2 
LRS2 

LRI2 
LRS2 

LRI2 
LRS2 

LRI2 
LRS2 

LRI2 
LRS2 

LRI2 
LRS2 

LRI2 
LRS2 

LRI2 
LRS2 

LRI3 
LRS1 

LRI3 
LRS1 

LRI3 
LRS1 

LRI3 
LRS1 

LRI3 
LRS1 

LRI3 
LRS1 

LRI3 
LRS1 

LRI3 
LRS1 

LRI3 
LRS2 

LRI3 
LRS2 

LRI3 
LRS2 

LRI3 
LRS2 

LRI3 
LRS2 

LRI3 
LRS2 

LRI3 
LRS2 

LRI3 
LRS2 

Cooling 
System, 
C 

C1 C1 C2 C2 C3 C3 C4 C4 

N (rev/ 
min) 

N1 N2 N1 N2 N1 N2 N1 N2  
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measurement technologies for process quality control. 
This work continues a previous research project in which the recent 

literature associated with multi-materials and structural lightweight 
materials has been reviewed [22,67,72], a suitable tool has been 
selected for the re-drilling of the most demanding multi-material 
Mg-Ti-Mg [35], the best process parameters for the re-drilling of 
Mg-Ti-Mg [17] and Mg-Al-Mg [73] specimens by dry machining and the 
use of Ra as a response variable have been investigated. Once the tool, 
the depth of cut and the feed rate have been set, based on the previous 
knowledge acquired, the novelty of this work is based on a comparative 
study of the efficiency of different sustainable cooling systems applied to 
the machining of 2 different multi-material specimens and an analysis 
using surface roughness characterisation techniques based on the anal-
ysis of a profile and an area. This analysis makes it possible to establish 
two different behaviour zones in the re-drilling process, zone 1, which 
includes the initial 2 mm of re-drilling, and zone 2, which includes the 
following 4 mm. The choice of the zones was made because of the 
constraints of the measuring equipment and the specimen design, i.e., 
based on the fact that we are interested in evaluating the surface quality 
of the entire drilling depth, the first 2 mm cannot be measured with a 

contact roughness tester because it is very close to the edge, so we 
choose a measurement using Alicona equipment, in addition the Alicona 
equipment cannot measure at greater depths because of the geometry of 
the hole, all this determines the definition of zone 1. Zone 2 is conducted 
at a depth from which the measurement by contact is safe as it is far 
enough from the edge, and it is measured by contact as it cannot be done 
with the Alicona equipment. In the future, it would be interesting to 
redesign the specimens in a way that they can be measured using the 
same technology along the depth. With the aforementioned consider-
ations in mind, it seems reasonable to establish follow-up protocols in 
the re-drilling repair processes in aeronautical multi-material parts that 
include both zones to guarantee compliance with the demanding surface 
tolerances required in this sector, optimising fatigue resistance and 
reducing the corrosion of repaired components. 

A comparative experimental test was conducted on two magnesium- 
based multi-material specimens, Mg-Al-Mg and Mg-Ti-Mg, to investigate 
the influence of sustainable cooling; cryogenic cooling, minimum quantity 
of lubricant with eco-fluid (MQL-Eco), cold compressed air (CCA) and dry 
machining on the repair process by re-drilling. The analysis was carried 
out considering the values obtained in both measurement zones, in zone 
1, using a measurement equipment based on an area that provides Sa, Sz, 
and the values of Ra and Rz associated with a specific profile and, in zone 
2, using a Mitutoyo profilometer based on the measurement on a profile 
that provides the values of Ra and Rz. The study shows the influence of 
the different sustainable cooling tested on the surface roughness values, 
the factors and interactions with significant influence and their degree of 
influence, through the analysis of variance for each specimen combi-
nation, measurement zone or depth and chosen response variable. It is 
worth highlighting the differences found in the analysis depending on 
the type of response variable, whether it is based on a profile or an area. 
According to the Ra assessment, it is possible in specimen 1, Mg-Al-Mg, 

Fig. 1. Factors and levels for LRI and LRS in specimens Mg-Al-Mg and Mg-Ti-Al: (a) location regarding insert, LRI in Mg-Al-Mg; (b) location regarding insert, LRI in 
Mg-Ti-Mg; (c) location regarding specimen, LRS for both specimens; (d) Zones 1 and 2 inside each hole and measurement equipment used. 

Table 3 
Videos of each re-drilling test conducted on the multi-material specimens ac-
cording to preset machining conditions and type of sustainable cooling.  

Test per specimen 1 2 3 4 5 6 7 8 

Cooling System, C C1 C1 C2 C2 C3 C3 C4 C4 
N (rev/min) N1 N2 N1 N2 N1 N2 N1 N2 
Mg-Al-Mg 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 
Mg-Ti-Mg 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8  
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to obtain all re-drilling values within the aeronautical specification [69]; 
using any of the sustainable cooling techniques tested. However, the 
process is more challenging in specimen 2, Mg-Ti-Mg, because titanium 
is a difficult material to machine and due to the difference in machin-
ability between titanium and magnesium. The best results are obtained 
by cryogenic cooling, but there are punctual measurements slightly 
exceeding the aeronautical maximum tolerance, therefore it is necessary 
to optimise the machining parameters and particularise them for this 

multi-material component. 
In addition, the article provides different tables that summarise and 

illustrate, separately and together, the factors and interactions and their 
degree of influence for each combination of specimen, measurement 
zone and response variable, and a comparison of the efficiency between 
the sustainable refrigeration systems tested. 

Fig. 2. Specimens: (a) Dimensions of specimens 1; (b) Dimensions of specimens 2; (c) Picture of specimen; (d) 3d representation of a specimen.  

Fig. 3. Machining centre, tool: (a) Machining centre; (b) Drill bit.  
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2. Methodology 

The methodology employed starts with pre-experimental planning in 
which the target and scope of the research are established. Multi- 
material components are very trendy compounds and, with them, the 
aim is to obtain better global properties of the resulting material. In 
aeronautics and the automotive industry, the lightweighting of parts 
through the use of lightweight alloys and multi-materials is a topic of 
interest [22,67,72]. 

Magnesium is the lightest structural metal alloy on the planet; 
however, it is worth combining it with other structural alloys that 

enhance its mechanical properties. In addition, it is important to mini-
mise the use of water-based cooling systems when forming because of 
the reactivity of water with magnesium to create flammable and 
potentially explosive hydrogen atmospheres [73,74]. On the other hand, 
it is also necessary that the sustainable process employed meets the 
stringent tolerances demanded by sectors such as aeronautics and the 
automotive industry. With this target in mind, the current study focuses 
on improving the understanding of the re-drilling repair process of 
magnesium-based multi-material parts using sustainable cooling tech-
nologies. To conduct the study, two different types of multi-material 
specimens were chosen; specimen 1, Mg-Al-Mg and specimen 2, 

Fig. 4. Sustainable cooling equipment: (a) MQL-Eco; (b) Cold Compressed Air; (c) Cryogenic machining.  

Fig. 5. Response variable measurement equipment: (a) General view of Mitutoyo roughness tester; (b) Mitutoyo roughness tester during the measurement of a drill; 
(c) General view of Alicona equipment; (d) Measurement made with Alicona equipment. 
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Mg-Ti-Mg. Aluminium is a material considered easy to machine while 
titanium is considered difficult to machine. Therefore, the choice of 
materials for the test specimens allows an analysis of the machining 
process in magnesium-based multi-materials of different machinability 
and the efficiency of different types of sustainable cooling. As a prepa-
ratory step, a tool was made for two purposes: on one hand, to have a 
good clamping of the specimens during machining and, secondly, to 
provide relief at the exit of the drilling. Zero is searched for in the 
specimen with a sensor, obtaining greater precision. The specimen re-
mains clamped in the tool in the same position from the start of the test, 
thus avoiding any deviation in the coordinates foreseen for drilling. The 
specimen machining programme was designed with the M 01 function 
(optional stop) after each drilling, in order to permit tool changes 
without altering the continuity of the machining programme. The 
different cooling systems are attached to the machining centre work-
table, directly acting on the specimen and tool during the entire process. 

Regarding the machining parameters, the depth of cut, ap, was chosen 
low, a single level with a value of 0.15 mm to simulate the actual con-
ditions of a re-drilling repair operation on aeronautical and automotive 
parts. Since this research work is part of a larger project on which pre-
vious research has already been carried out to determine the influence of 
some potentially significant factors, the following factors and levels 
have been set: one level for the tool, t, which is known to have a sig-
nificant influence on the process [35], one level for the feed per rev, f 

(mm/rev); two levels for the spindle speed, N (rev/min). 
For the main factor on which this research is focused, four levels of 

sustainable refrigeration were defined: dry machining, MQL-Eco (using 
eco-liquid refrigerant), cold compressed air, and cryogenic cooling. 

On the other hand, roughness measurements were taken in two 
zones, zone 1 being defined as the first 2 mm of re-drilling and zone 2 
defined as the next 4 mm. These measurement zones are referenced to 
the entrance and exit surface of the drill hole. The choice of the zones 
was made because of the constraints of the measuring equipment and 
the specimen design. 

In addition, in the re-drilling of a multi-layer multi-material com-
pound, the position of each layer and its material, and the position at 
which the surface roughness measurement is taken within the re-drilled 
hole, are also known as potential factors of influence. The two last fac-
tors are defined as location regarding insert, LRI, which considers the 
material of the re-drilled layer and its position regarding the multi- 
material, and location regarding specimen, LRS, which analyses the 
roughness as a function of the position within the same layer and the 
direction of re-drilling. A summary of the factors and levels tested is 
shown in Table 1. 

Surface roughness is analysed as a response variable. For this pur-
pose, two zones are defined depending on the measuring technology to 
be used. Zone 1 covers the first 2 mm with respect to the entrance and 
exit surfaces of the bore. Zone 2 covers the next 4 mm, i.e., from 2 mm to 
6 mm measured from the same surfaces. In zone 1, it is not possible to 
use a contact profile roughness tester because it is too close to the edge 
and errors are likely to occur. For this reason, it was decided to use 
optical measurements based on an area with an Alicona Infinitive Focus 
SL with 10x optics. In zone 2 it is not possible to measure with the 
Alicona equipment because it is not accessible with the design of the 
current multi-material specimens, so a Mitutoyo Surftest SJ 40 contact 
roughness tester is employed. The response variables based on surface 
roughness obtained from the measurements with the Alicona equipment 
in an area of 4 mm2 in zone 1 are the arithmetic mean of the absolute values 
of the deviations of the surface concerning the mean plane, Sa, and the height 
of the peak to valley height of the surface, Sz. In addition, and by defining a 
profile over that measured area, the arithmetical mean deviation, Ra, and 
the maximum peak to valley height of the profile, Rz, are obtained for that 
profile in zone 1. Alicona calculates these values considering the values 
measured on a 2 × 2 mm surface. The equipment obtains 4,000,000 
points of the analysed surface and assigns a height to each point. This 
way, a surface is obtained, on which the software subsequently calcu-
lates roughness, profile, the radius of curvature, etc. by using internal 
algorithms. In zone 2, the surface roughness is measured using a 
roughness tester with sensor within the next 4 mm, that is, at a re- 
drilling depth from 2 mm to 6 mm referenced from the entry and exit 
surface. This area is not accessible to the Alicona equipment, but it is 
possible to access it with a contact profilometer roughness tester. The 
values employed for the study, extracted directly using the equipment 
software, are the arithmetical mean deviation, Ra, and the maximum peak 
to valley height of the profile, Rz. For each measured zone, 6 measure-
ments are made for each drill hole and each response variable, obtaining 
48 measurements for each response variable and material represented in 
Table 2, 96 values per response variable, and 576 total values for the 6 
response variables. 

The levels of the LRI factor that examines the influence on the surface 
roughness of the plate positioning within the multi-material composite 
are: LRI1 (Mg1), LRI2 (Al2/Ti2), and LRI3 (Mg3). The levels of the LRS 
factor analysing surface roughness in relation to its positioning within 
each drill hole are: LRS1 (hole entrance) and LRS2 (hole exit). The LRI, 
LRS levels and measurement zones are shown in Fig. 1. 

The next stage corresponds to the execution of the experiment. This 
stage includes the definition of the protocols to be used during the test 
and the choice of the cutting parameters. In addition, parts to be tested 
and drilling tools are prepared, and machining centre and sustainable 
cooling equipment are set up. During the execution of the experiment, 

Table 4 
Materials, tools and equipment used in the research project.  

Materials and 
equipments 

Manufacturer / 
supplier 

Reference and relevant 
information 

Reference 

Specimen 1 Customised for 
experiment 

3 plates of 50 × 50 × 15 
Mechanical joint 
between plates by bolts 
Materials: Mg-Al-Mg 
Pre-drilling diameter: 
9 mm 

Chemical 
composition 
in 
. 
SeeFig. 2 

Specimen 2 Customised for 
experiment 

3 plates of 50x50x15 
Mechanical joint 
between plates by bolts 
Materials: Mg-Ti-Mg 
Pre-drilling diameter: 
10.5 mm 

Chemical 
composition 
in 
Table 5. See 
Fig. 2 

Drill bits Güring, Brookfield, 
USA. 

Navigator HSCO 
High performance twist 
drills 
Diameters 9.3 and 
10.8 mm 

Fig. 3b) 

Machining 
centre +

Tongtai Machine & 
Tool Co, Luzhu Dist, 
Kaohsiung City, 
Taiwan. 

Tongtai TMV510 Fig. 3a) 

Numerical 
control 

FANUC Iberia, 
Castelldefels, 
Barcelona, Spain. 

Fanuc series OI-MC Fig. 3a) 

MQL + Eco Accu-Lube (ITW). 
Georgia, USA. 

Accu-Lube with 
frequency generator. 
Eco-fluid developed by 
Leitat Technological 
Centre. (Experimental 
stage). 

Fig. 4a) 

Cold 
compressed 
air system 

Vortec, Cincinnati, 
Ohio, USA. 

Compressed air 
working temperature of 
8 ◦C 

Fig. 4b) 

Cryogenic 
equipment 

Air Liquid, Paris, 
France. 

Ranger 180 BP NL, 
Nitrogen temp. at 
nozzle outlet 
− 146.9 ◦C 

Fig. 4c) 

Roughness 
tester 

Mitutoyo America 
Corporation, 
Aurora, IL, USA 

Mitutoyo Surftest SJ 
401 

Fig. 5a) & b) 

Surface 
texture 

Alicona Infinitive 
Focus SL, Bruker 
Alicona 

Alicona Infinitive Focus 
SL, optics 10x 

Fig. 5c) & d)  
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each of the re-drilling trials was filmed on video so that the process could 
be visualised and analysed afterwards. These videos can be visualised 
using the links included in Table 3 if a browser and internet connection 
are available. In the future, a system to fix and stabilise the camera will 
be integrated avoiding vibrations so that the image will be sharper and 
improved. 

Once the machining is completed, the measurements are taken and 
the values of each of the response variables at the predefined measuring 
points are extracted. Subsequently, a statistical analysis of the data ob-
tained is performed individually for each combination of specimen, 
measurement zone and response. The analysis includes a study using 
descriptive statistics and analysis of variance for each combination. 
Through these analyses, the factors and interactions with an influence 
on surface roughness are identified and some conclusions and recom-
mendations are established regarding the re-drilling repair process of 
magnesium-based multi-material components, the sustainable cooling 
tested and the types of response variable employed.Fig. 2. 

3. Materials, tools, equipment and specimens 

The material, tools and equipment detailed in Table 4 were used to 
conduct the tests. 

A scheme of the test setup is shown in Fig. 6. Based on the specimens 
of the two magnesium-based multi-material compounds, and employing 
four types of sustainable cooling, re-drilling repair tests are carried out 
with a machining centre and drills, according to a pre-established plan. 
As a result, Ra, Rz, Sa and Sz surface roughness values are obtained in 
zone 1, and Ra and Rz in zone 2. These data are statistically analysed to 
enhance the knowledge of the process and to select the most suitable 
sustainable cooling for the process.Table 5. 

4. Results, analysis and discussion 

The sequence of the experiment and the values obtained for each 
response variable are shown in Table 6 and Table 7. The only response 
variable for which we have the reference of the usual tolerance limits 
used in aeronautics is Ra, being 0.8 µm < Ra < 1.6 µm [69]. On the 
other hand, surface roughness below the mentioned range does not 
cause mechanical failure of the component, although it can add extra 
cost by using longer machining times and higher quality tools than those 
necessary. Therefore, in an optimised process, the surface quality of all 
the measurements of the same redrilled hole would be within the indi-
cated range. However, values above the tolerance range do cause 
possible mechanical failures because of fatigue, and thus they are not 
acceptable in any case. 

In a preliminary analysis, the data is presented in the tables below 
and the values obtained are compared using the colour scales defined in 
Fig. 7, using green for the lowest roughness values and red for the 
highest roughness values. The colour scale is particularised for each 
table. The analysis permits the values obtained to be compared in a 
simple and very visual way using the colour scale and, in addition, the 

Fig. 6. Experimental setup.  

Table 5 
Chemical composition of the plates composing the multi-materials Mg-Al-Mg 
and Mg-Ti-Mg.  

UNS M11917 (AZ91D) UNS A92024 (AA2024 T351) UNS R56400 (Ti-6Al-4 V) 

Al 8.30–9.70 % Al 90.7–94.7 % Al 5.5–6.75 % 
Cu ≤ 0.03 % Cr ≤ 0.1 % C ≤ 0.08 % 
Fe ≤ 0.005 % Cu 3.8–4.9 % H ≤ 0.015 % 
Mg 90 % Fe ≤ 0.5 % Fe ≤ 0.4 % 
Mn ≥ 0.13 % Mg 1.2–1.8 % N ≤ 0.03 % 
Ni ≤ 0.002 % Mn 0.3–0.9 % O ≤ 0.2 % 
Si ≤ 0.1 % Si ≤ 0.5 % Ti 87.725–91 % 
Zn 0.35–1 % Ti ≤ 0.15 % Zn 3.5–4.5 %  

Zn ≤ 0.25 %   
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effect of the machining parameters on test and machining depth is 
quantified by the value shown in each cell. This analysis is carried out in 
individual tables per specimen, measuring zone and chosen response 
variable. 

Within each table, several colour scales are presented, the first one 
SC1, which compares the values obtained for the whole set of tests. In 
addition, to the right of each table the average values, the standard 
deviation, and the maximum and minimum values of each row are 
calculated using the particularised colour scales for each column from 
SC2 to SC6 to obtain a reference of average values per multi-material 
specimen, measurement zone and depth. And below the table are 
calculated the average value, the standard deviation, and the maximum 
and minimum values of each column with the particularised colour 
scales for each row from SC7 to SC11 to obtain a reference of values for 
each cooling condition and rev/min, measurement zone and type of 
multi-material specimen. 

According to the values shown in Table 8 and Table 9 and the initial 
comparison made by colour mapping according to the maximum and 
minimum roughness, it can be seen that there is not a good correlation 
between the surface quality assessments made by Ra and Sa in zone 1. 

The Ra value shaded in blue in test 1.7 was ignored as it is an outlier far 
higher than the rest of the test values. 

Furthermore, according to the results shown in Table 8 and Table 10, 
there is a good correspondence between the response variables Ra and 
Rz measured in zone 1. The value shaded in blue in test 1.7 was ignored 
as it is an outlier far higher than the rest of the test values. 

The comparison between Table 10 and Table 11 also shows a clear 
difference between the evaluations according to the response variables 
Rz and Sz. 

According to the values shown in Table 12 and Table 13, and to the 
visual comparison of both colour mapping as a function of the maximum 
and minimum roughness, it is observed a good correspondence for 
specimen 1 between the response variables Ra and Rz in zone 2. 
Furthermore, comparing the results in Table 8 and Table 12, it is 
observed that the best results of Ra, in both zones, are produced in MQL- 
Eco conditions. This result is confirmed in Table 10 and Table 13 for the 
evaluations using Rz. 

Preliminary conclusions for the second specimen are similar, the 
correlation between the surface quality assessments using Ra and Rz are 
good within the same zone as shown in Table 14 and Table 16. 

Table 6 
Mg-Al-Mg. Values obtained for specimen 1 regarding Ra, Rz, Sa and Sz in zone 1, and Ra and Rz in zone 2.       

Zone 1 Zone 2 

Test C N LRI LRS Ra (µm) Rz (µm) Sa (µm) Sz (µm) Ra (µm) Rz (µm) 
1.1 C1 N1 LRI1 LRS1 0.58 4.30 81.95 625.20 1.15 6.70 
1.1 C1 N1 LRI1 LRS2 0.49 2.97 95.92 724.50 0.73 4.80 
1.1 C1 N1 LRI2 LRS1 1.28 6.55 61.70 584.00 3.29 15.90 
1.1 C1 N1 LRI2 LRS2 0.62 3.80 43.30 451.00 0.48 3.80 
1.1 C1 N1 LRI3 LRS1 0.59 4.25 43.00 427.90 0.66 4.40 
1.1 C1 N1 LRI3 LRS2 0.66 4.36 81.80 778.40 0.86 4.70 
1.2 C1 N2 LRI1 LRS1 0.61 3.99 98.90 756.70 0.71 4.70 
1.2 C1 N2 LRI1 LRS2 0.58 3.47 70.90 598.30 1.11 6.70 
1.2 C1 N2 LRI2 LRS1 1.82 7.55 40.00 438.70 2.44 13.50 
1.2 C1 N2 LRI2 LRS2 0.97 5.26 26.90 326.30 1.04 6.50 
1.2 C1 N2 LRI3 LRS1 0.97 6.51 45.50 492.50 1.33 7.70 
1.2 C1 N2 LRI3 LRS2 0.89 5.78 109.70 883.70 0.93 6.00 
1.3 C2 N1 LRI1 LRS1 0.84 4.79 104.40 772.20 0.93 6.10 
1.3 C2 N1 LRI1 LRS2 0.49 3.13 85.58 724.40 0.20 1.90 
1.3 C2 N1 LRI2 LRS1 0.60 3.59 30.50 334.40 1.27 7.00 
1.3 C2 N1 LRI2 LRS2 0.59 3.70 21.40 259.20 1.29 7.40 
1.3 C2 N1 LRI3 LRS1 0.63 3.53 66.30 574.60 0.42 3.00 
1.3 C2 N1 LRI3 LRS2 0.46 2.84 59.40 570.00 0.40 2.80 
1.4 C2 N2 LRI1 LRS1 0.43 2.37 113.20 805.70 0.52 3.10 
1.4 C2 N2 LRI1 LRS2 0.72 4.00 61.50 536.00 0.67 4.30 
1.4 C2 N2 LRI2 LRS1 0.73 5.07 45.10 513.60 0.80 5.50 
1.4 C2 N2 LRI2 LRS2 0.98 5.90 27.70 377.00 1.14 6.70 
1.4 C2 N2 LRI3 LRS1 0.66 4.48 55.60 562.80 0.71 4.50 
1.4 C2 N2 LRI3 LRS2 0.40 2.70 78.60 682.60 0.51 3.10 
1.5 C3 N1 LRI1 LRS1 0.69 4.19 76.60 698.40 0.83 5.20 
1.5 C3 N1 LRI1 LRS2 0.76 4.67 93.40 705.60 0.51 3.80 
1.5 C3 N1 LRI2 LRS1 1.37 7.43 25.40 326.80 1.18 7.30 
1.5 C3 N1 LRI2 LRS2 1.95 13.20 32.00 401.40 2.43 13.40 
1.5 C3 N1 LRI3 LRS1 0.74 4.36 68.80 585.10 0.46 2.90 
1.5 C3 N1 LRI3 LRS2 1.03 5.60 78.90 816.70 1.00 5.40 
1.6 C3 N2 LRI1 LRS1 0.72 4.19 60.70 589.30 1.01 5.90 
1.6 C3 N2 LRI1 LRS2 0.57 3.43 52.90 516.30 0.84 5.50 
1.6 C3 N2 LRI2 LRS1 0.61 3.58 29.50 323.90 0.62 4.70 
1.6 C3 N2 LRI2 LRS2 1.10 5.61 9.00 168.80 2.14 11.00 
1.6 C3 N2 LRI3 LRS1 0.67 4.04 75.80 700.70 0.87 5.60 
1.6 C3 N2 LRI3 LRS2 0.76 4.14 63.10 668.90 1.91 12.50 
1.7 C4 N1 LRI1 LRS1 1.18 6.24 39.30 368.00 1.12 6.40 
1.7 C4 N1 LRI1 LRS2 0.68 4.41 33.80 468.00 1.02 5.90 
1.7 C4 N1 LRI2 LRS1 0.61 4.14 42.50 529.80 0.71 5.30 
1.7 C4 N1 LRI2 LRS2 1.86 8.88 75.30 594.50 1.87 11.10 
1.7 C4 N1 LRI3 LRS1 0.75 4.40 67.50 632.30 0.73 4.80 
1.7 C4 N1 LRI3 LRS2 10.97 135.29 95.60 602.80 0.41 3.30 
1.8 C4 N2 LRI1 LRS1 0.97 5.39 50.60 514.60 0.61 4.60 
1.8 C4 N2 LRI1 LRS2 0.61 4.41 69.60 581.70 0.44 2.70 
1.8 C4 N2 LRI2 LRS1 0.93 5.80 61.00 541.30 2.06 11.10 
1.8 C4 N2 LRI2 LRS2 1.02 5.15 62.20 566.40 2.27 12.10 
1.8 C4 N2 LRI3 LRS1 0.65 3.95 24.90 323.90 0.50 3.30 
1.8 C4 N2 LRI3 LRS2 0.67 4.12 128.40 922.10 0.55 3.50  
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Besides, there are differences between assessments using the same 
variable across different zones as shown in the analysis of Ra between 
zones 1 and 2 in tables Table 14 and Table 18, and in the analysis of Rz in 
tables Table 16 and Table 19, which is reasonable as it is not possible to 

position the profile that defines the measurement on the same line. The 
correlation of the assessment within zone 1 between profile and areal 
variables shows very significant differences between Ra and Sa as shown 
in Table 14 and Table 15, and between Rz and Sz as shown in Table 16 
and Table 17. 

. 

4.1. Mg-Al-Mg. Analysis of tests on specimen 1 

Zone 1.  

• Results ordered from highest to lowest roughness Sa and Sz measured 
within the first 2 mm of re-drilling were obtained using CCA 
< Cryogenic < MQL-Eco < Dry. Furthermore, a good correspon-
dence between the response variables Sa and Sz is observed as shown 
in Table 9 and Table 11.  

• Results ordered from highest to lowest Ra and Rz roughness 
measured within the first 2 mm of re-drilling were obtained using 
MQL-Eco < CCA < Dry < Cryogenic. Furthermore, a good 

Table 7 
Mg-Ti-Mg. Values obtained for specimen 2 regarding Ra, Rz, Sa and Sz in zone 1, and Ra and Rz in zone 2.       

Zone 1 Zone 2 

Test C N LRI LRS Ra (µm) Rz (µm) Sa (µm) Sz (µm) Ra (µm) Rz (µm)  

2.1 C1 N1 LRI1 LRS1  2.11  11.93  164.90  1456.00  1.96  14.70  
2.1 C1 N1 LRI1 LRS2  1.89  10.00  159.10  1358.00  1.98  12.70  
2.1 C1 N1 LRI2 LRS1  1.72  9.67  94.20  719.10  2.07  11.60  
2.1 C1 N1 LRI2 LRS2  2.01  9.50  92.00  811.70  3.38  18.90  
2.1 C1 N1 LRI3 LRS1  2.63  13.37  108.70  707.80  5.30  28.80  
2.1 C1 N1 LRI3 LRS2  1.87  11.04  181.10  1314.00  15.40  75.40  
2.2 C1 N2 LRI1 LRS1  0.74  5.23  44.90  479.60  1.60  14.70  
2.2 C1 N2 LRI1 LRS2  3.42  18.19  57.80  535.00  2.09  16.80  
2.2 C1 N2 LRI2 LRS1  9.02  48.41  103.10  957.60  9.83  72.30  
2.2 C1 N2 LRI2 LRS2  25.01  232.50  66.20  542.50  5.92  33.60  
2.2 C1 N2 LRI3 LRS1  1.37  7.67  80.80  671.10  2.80  19.50  
2.2 C1 N2 LRI3 LRS2  1.21  6.82  92.10  772.10  3.35  21.00  
2.3 C2 N1 LRI1 LRS1  0.58  3.63  47.50  471.30  1.29  16.50  
2.3 C2 N1 LRI1 LRS2  0.87  6.47  54.10  519.00  0.99  10.10  
2.3 C2 N1 LRI2 LRS1  0.74  5.23  93.40  703.00  3.16  22.40  
2.3 C2 N1 LRI2 LRS2  3.24  13.00  139.40  940.20  4.94  23.70  
2.3 C2 N1 LRI3 LRS1  13.62  107.09  72.30  747.90  6.65  42.30  
2.3 C2 N1 LRI3 LRS2  0.92  6.56  170.80  965.00  1.26  7.90  
2.4 C2 N2 LRI1 LRS1  0.82  5.28  36.70  498.70  2.81  19.10  
2.4 C2 N2 LRI1 LRS2  0.73  5.56  60.10  579.60  2.64  19.30  
2.4 C2 N2 LRI2 LRS1  1.27  7.54  31.00  374.40  5.04  26.10  
2.4 C2 N2 LRI2 LRS2  1.45  8.56  52.40  655.80  4.14  25.10  
2.4 C2 N2 LRI3 LRS1  2.12  11.86  88.20  785.90  1.71  14.00  
2.4 C2 N2 LRI3 LRS2  1.22  8.79  91.00  750.90  2.60  20.50  
2.5 C3 N1 LRI1 LRS1  0.80  4.73  88.90  707.50  0.99  5.40  
2.5 C3 N1 LRI1 LRS2  0.70  4.16  106.60  781.90  0.65  6.00  
2.5 C3 N1 LRI2 LRS1  2.29  11.44  61.60  597.70  2.98  16.40  
2.5 C3 N1 LRI2 LRS2  13.52  139.82  69.20  603.20  2.81  20.80  
2.5 C3 N1 LRI3 LRS1  24.85  179.82  232.80  1416.00  9.06  43.50  
2.5 C3 N1 LRI3 LRS2  1.54  7.81  106.90  790.50  1.89  12.50  
2.6 C3 N2 LRI1 LRS1  0.70  5.07  80.10  624.60  0.58  4.50  
2.6 C3 N2 LRI1 LRS2  0.74  4.79  28.20  338.90  0.22  1.50  
2.6 C3 N2 LRI2 LRS1  0.93  6.42  31.90  406.50  4.11  25.30  
2.6 C3 N2 LRI2 LRS2  4.24  21.99  156.10  1055.00  8.82  44.90  
2.6 C3 N2 LRI3 LRS1  5.06  37.53  206.20  903.70  7.58  43.10  
2.6 C3 N2 LRI3 LRS2  4.53  30.31  135.50  854.90  2.76  16.90  
2.7 C4 N1 LRI1 LRS1  1.19  8.03  56.60  597.40  1.05  5.50  
2.7 C4 N1 LRI1 LRS2  1.36  8.03  144.80  928.50  0.71  4.60  
2.7 C4 N1 LRI2 LRS1  0.89  6.42  48.20  525.30  1.13  7.00  
2.7 C4 N1 LRI2 LRS2  0.88  6.39  136.10  1180.00  2.26  12.50  
2.7 C4 N1 LRI3 LRS1  1.31  6.94  112.30  639.00  1.41  7.70  
2.7 C4 N1 LRI3 LRS2  0.62  3.77  360.20  1576.00  2.01  9.80  
2.8 C4 N2 LRI1 LRS1  0.80  4.84  72.10  615.50  0.36  2.80  
2.8 C4 N2 LRI1 LRS2  0.65  4.11  61.00  586.80  0.30  1.60  
2.8 C4 N2 LRI2 LRS1  1.27  7.37  30.30  401.60  4.97  29.80  
2.8 C4 N2 LRI2 LRS2  4.96  31.38  225.60  1550.00  15.45  90.80  
2.8 C4 N2 LRI3 LRS1  3.61  16.37  155.40  1031.00  0.96  6.60  
2.8 C4 N2 LRI3 LRS2  0.97  5.23  90.50  738.90  1.04  8.40  

Fig. 7. Definition of the colour scales applied for the preliminary analysis.  
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correspondence between the response variables Ra and Rz is 
observed as shown in Table 8 and Table 10.  

• Tests 1.1, 1.3, 1.4, 1.6, 1.8 in Table 8 show that all Ra roughness 
values are within the required aeronautical specification.  

• The correspondence between the area-based variables Sa and Sz and 
the profile-based variables Ra and Rz measured within the same zone 
1 is not good as observed from the values shown in Table 8 and 
Table 9, and Table 10 and Table 11 respectively. 

Zone 2  
• Results ordered from highest to lowest roughness Ra and Rz 

measured within the next 4 mm of re-drilling were obtained using 
MQL < Cryogenic < CCA < Dry as shown in Table 12 and Table 13.  

• In tests 1.3 y 1.4 shown in Table 12, it is observed that all the 
measurements performed on specimen 1, Mg-Al-Mg, where MQL-Eco 
cooling is used, have Ra roughness values within the specification 
required in aeronautics.  

• In addition, the cryogenic cooling conditions employed in the 1.7 tests 
also give good results. Although some values are above the maximum 
tolerance limit on the aluminium central plate, the results are very 
close to the limit, which means that the required tolerance could be 

achieved by optimising the process parameters. Also, if the average 
value of all the roughness measurements in the re-drilling are 
considered as the machining reference, the average value is within 
the range of the manufacturing tolerances required in aeronautics. 

General  
• The average of all Ra measurements obtained in both zones for 

specimen 1 is 0.93 µm.  
• Assessments employing Ra and Rz as response variable in zones 1 and 

2 show a good correspondence of results between them within each 
zone and between different zones. According to these variables, the 
best results are obtained using MQL-Eco sustainable cooling. One 
part of the difference between zones is because the same measure-
ment profile is not used since a different device is used in each zone 
and therefore, the definition of the measurement profile is different. 
In addition, there may be process differences depending on the re- 
drilling depth, and these are subsequently analysed through ANOVA.  

• According to the profile-based data, Ra and Rz, the best compatible 
machining conditions for zones 1 and 2 were found for MQL-Eco 
cooling, with all values within the aeronautical tolerance and an 
average Ra value close to 0.7 µm. 

Table 8 
Values obtained for specimen 1 Mg-Al-Mg regarding Ra (µm) in zone 1.  

Table 9 
Values obtained for specimen 1 Mg-Al-Mg regarding Sa (µm) in zone 1.  
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• The highest surface roughness values were obtained by dry 
machining in zone 2 and specifically on the aluminium central plate 
with an Ra value of 3.29 µm  

• The areal-based assessments Sa and Sz have a good match between 
their results, but a very low correlation with the profile-based results 
Ra and Rz. For example, the case of CCA test conditions 1.6 at high 
rev/min. The test result for these conditions shows the lowest surface 
roughness measured as Sa in zone 1 and the second highest surface 
roughness measured as Ra in zone 2, as observed comparing the re-
sults in Table 9 with the values in Table 12.  

• The average roughness measured as Ra and Rz depending on the LRI 
factor for both areas give similar results to previous tests measured 
with a contact roughness profilometer LRI1 <LRI3 <LRI2.  

• However, the result measured in zone 1 using the response variables 
Sa and Sz by Alicona equipment is entirely different. In this case, the 
opposite result is obtained, with the lowest roughness values in the 
central plate, Ti, as shown in the tables above.  

• In addition, Fig. 8 shows pictures of the tool exit from the videos 
filmed during the machining tests. In the dry re-drilling tests 1.1 and 
1.2 the highest surface roughness results are obtained, showing in 

the videos a small amount of smoke during drilling. For the 
remaining machining operations 1.3, 1.4, 1.5, 1.6, 1.7, 1.8 no sig-
nificant differences were observed in the visual assessment.  

• A visual inspection of the drill bit shows no deterioration of any of 
the tools employed during the tests on specimen 1 as observed in 
Fig. 10. 

Fig. 9 presents the obtained values of Ra for each redrilled hole as a 
function of depth for specimen 1 Mg-Al-Mg. 

Fig. 10 shows the final condition of the tool used in test 1.6 for re- 
drilling specimen 1. This test has the highest Sz measured after re- 
drilling with 68.27 µm. 

Statistical analysis of specimen 1 data. 
As observed in Fig. 11 and Fig. 12, the values of Ra and Rz have a 

normal distribution for zones 1 and 2, while the values of Sa and Sz do 
not have a normal distribution, so a logarithmic transformation is per-
formed and the resulting values do show a normal distribution. 

Fig. 13 and Fig. 14 confirm the preliminary conclusions made by the 
roughness colour mapping, showing how the surface roughness 
measured in zones 1 and 2 by Ra and Rz obtains the lowest roughness 

Table 10 
Values obtained for specimen 1 Mg-Al-Mg regarding Rz (µm) in zone 1.  

Table 11 
Values obtained for specimen 1 Mg-Al-Mg regarding Sz (µm) in zone 1.  
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results when MQL-Eco cooling is used. A large dispersion of values is also 
observed in the aluminium central plate, especially in dry machining; 
confirming the greater difficulty of machining aluminium compared to 
magnesium, and the more severe process conditions of dry machining. 
The surface roughness values of zones 1 and 2 measured as Ra and Rz are 
higher for LRI2 than for LRI1 and LRI3 in all refrigeration. These results 
are in line with previous tests. However, the conclusions for the values 
measured as Sa are different, since the central aluminium plate obtains 
the lowest roughness results for all the refrigeration except the cryogenic 
one. 

No statistically significant factors or interactions are found for Ra 
and Rz in zone 1 as shown in Table 20 and Table 21 with all significance 
values above 0.05. 

Table 22 presents the analysis of variance conducted on the data 
obtained for Ra in zone 2 for specimen 1 Mg-Al-Mg. The analysis of 
variance concludes a significant influence of the factors C, LRI and the 
interactions of C * LRS, and C*LRI * LRS according to the percentages of 
influence indicated in Table 23. 

Table 24 presents the analysis of variance performed on the data 
obtained from Ra in zone 2 for specimen 1 Mg-Al-Mg. The analysis of 

variance concludes a significant influence of the factors C, LRI. and the 
interactions of C * LRS, and C*LRI * LRS according to the percentages of 
influence indicated in Table 25. 

The statistically significant factors in zone 2 are the same for the 
variables Ra and Rz, and the percentages of influence are similar. 

Table 26 shows the analysis of variance carried out on the data ob-
tained for LnSa in zone 1 for specimen 1 Mg-Al-Mg. The analysis of 
variance concludes a significant influence of the LRI factor and the in-
teractions of LRI*C, LRI * LRS and C*LRS according to the percentages 
indicated in Table 27. 

Table 28 shows the analysis of variance performed on the data ob-
tained for LnSz in zone 1 for specimen 1 Mg-Al-Mg. The analysis of 
variance concludes a significant influence of the LRI factor and the in-
teractions of LRI*C and LRI * LRS according to the percentages indicated 
in Table 29. 

Table 30 summarises for specimen 1 Mg-Al-Mg the statistically sig-
nificant factors and interactions identified and their percentage of in-
fluence. The table shows important differences in the significant factors 
and interactions of the process depending on the area analysed and the 
type of response variable chosen. In general, the LRI factor can be 

Table 12 
Values obtained for specimen 1, Mg-Al-Mg regarding Ra (µm) in zone 2.  

Table 13 
Values obtained for specimen 1. Mg-Al-Mg regarding Rz (µm) in zone 2.  
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considered the most influential factor, although it has no influence on 
the initial 2 mm of re-drilling. 

Table 31 shows the most interesting regressions between the vari-
ables of zone 1; Ra, Rz, Sa, Sz, LnSa and LnSz, and the variables of zone 2; 
Ra and Rz. The correlation between variables of the same type and zone 
has a very high degree of explanation and significance, and the corre-
lation decreases for variables of different zones and same type, such as 
Ra in zone 1 and Ra in zone 2, that are measured with two different 
devices, the Alicona in zone 1 and the Mitutoyo in zone 2, and in two 
different profiles, as the line of measurement cannot be positioned on 
the same profile. However, the degree of explanation remains high with 
R-Sq(adj) of 50.7 %. Similarly, the relationship between zone 1 Rz and 
zone 2 Rz is also high. It is interesting to highlight that the correlation 
between the Ra values of zone 1 and Ra of zone 2 is much stronger than 
between the Sa values of zone 1 and Ra of zone 1, even though these 
values are obtained from the same measurement. 

4.2. Mg-Ti-Mg. Analysis of tests on specimen 2 

Zone 1.  

• Results ordered from highest to lowest roughness Sa and Sz measured 
in the first 2 mm of re-drilling were obtained using MQL-Eco < Dry 
< CCA < Cryogenic, as shown in Table 14 and Table 16.  

• Best results concerning average surface roughness in zone 1, 
measured as Sa and Sz, were obtained in test 2.4 using MQL-Eco 
cooling and 1000 rev/min.  

• Highest values of surface roughness in zone 1, measured as Sa and Sz, 
were obtained by cryogenic cooling at low rev/min in test 2.7.  

• Results ordered from highest to lowest roughness Ra and Rz 
measured in the first 2 mm of re-drilling were obtained using Cry-
ogenic< MQL-Eco < Dry < CCA, as shown in Table 14 and Table 16.  

• Test 2.4 shows good results when compared to the rest of the tests in 
zone 1. However, in zone 2 this test has 5 out of 6 roughness mea-
surements above the maximum aeronautical tolerance of 1.8 µm.  

• Highest values of surface roughness in zone 1, measured as Ra and Rz, 
were obtained by CCA cooling at low rev/min in test 2.5, followed by 
dry machining at 1000 rev/min in test 2.2, both with values close to 4 
times the maximum limit of the aeronautical tolerance used as a 
reference. 

Table 14 
Values obtained for specimen 2 Mg-Ti-Mg regarding Ra (µm) in zone 1.  

Table 15 
Values obtained for specimen 2 Mg-Ti-Mg regarding Sa (µm) in zone 1.  
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• As in specimen 1, in specimen 2 the correlation between the areal- 
based variables, Sa and Sz, and the profile-based variables, Ra and 
Rz, measured within the same zone is not good, as shown in the 
comparison of Table 15 and Table 17 with Table 14 and Table 16.  

• In test 2.7 in Table 14, it is observed that all the Ra roughness values 
are within the required aeronautical specification. Furthermore, in 
test 2.4, only one of the values is out of tolerance, but close enough to 
optimise the process parameters to obtain all values in tolerance, for 
example, by lowering the spindle speed. 

Zone 2  
• Results ranked from highest to lowest roughness Ra and Rz measured 

within the next 4 mm of re-drilling were obtained using Cry-
ogenic<MQL-Eco < CCA <Dry, as shown in Table 18 and Table 19.  

• Best average roughness results Ra and Rz in zone 2 were obtained in 
test 2.7 using cryogenic cooling and 850 rev/min as shown in Table 18 
and Table 19. In addition, in this test the average drill hole value is 
Ra = 1.43 µm, lower than the upper limit of the tolerance frequently 
used in aeronautics. However, it has two point measurements outside 
the tolerance range, although close to the upper limit in the exit area 

of the titanium plate LRI2 / LRS2 of 2.26 µm and in the exit of the 
second magnesium plate LRI3 / LRS2 of 2.01 µm.  

• This same test has the lowest roughness values measured as Ra in 
zone 1, and therefore they can be considered the best manufacturing 
conditions tested. However, it is necessary to analyse further why the 
worst roughness results measured as Sa are obtained in this same test 
2.7.  

• Test 2.8 is also conducted under cryogenically cooled conditions, but 
shows very high Ra values (15.45 µm) in zone 2 of the titanium plate 
at the exit of the drill hole.  

• Worst results concerning surface roughness in zone 2, measured as Ra 
and Rz, were obtained in dry machining in tests 2.1 and 2.2. How-
ever, in zone 1, it was produced by cryogenic cooling, especially at low 
speeds in test 2.7. 

General  
• The average of all Ra measurements in both zones for specimen 2 is 

3.40 µm.  
• In the same way as with specimen 1, there is a good correlation 

between the measured values for Ra and Rz between zones 1 and 2, 
but a clear difference between the results obtained within zone 1 

Table 16 
Values obtained for specimen 2 Mg-Ti-Mg regarding Rz (µm) in zone 1.  

Table 17 
Values obtained for specimen 2 Mg-Ti-Mg regarding Sz (µm) in zone 1.  
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between areal-based measurements, Sa and Sz, and profile-based 
measurements, Ra and Rz, as can be seen in Table 14, Table 15, 
Table 16, Table 17, Table 18 and Table 19.  

• None of the conditions tested allows a machining strategy using 
sustainable cooling to obtain all the Ra dimensions of a re-drilling 
within the tolerance required in aeronautics in both areas of the 
drill hole.  

• Test 2.7, conducted by cryogenic cooling, shows the best Ra surface 
roughness results, very close to the aeronautical tolerance, and is the 
only test on specimen 2 with an average Ra roughness within the 
aeronautical tolerance.  

• Fig. 15 shows images of the tool exit filmed in the follow-up videos of 
the tests. Videos 2.1, 2.2, 2.3, 2.4, 2.5, 2.6 and 2.8 reveal very high 
tool temperature at the exit of the drill, deflagrations during 
machining, smoke and variation of the chip geometry during the 
process. These conditions are indicative of a poor final roughness 
result. The zone of high tool temperature is not the complete bit 
height or the lower zone, but the zone in contact with the LRI2 in-
termediate plate, about 15–20 mm from the end of the bit. Test 2.7, 
performed with cryogenic cooling and at lower rev/min, shows a 

lower and more homogeneous tool temperature, short and homo-
geneous chips, and no deflagration. This test obtains all Ra mea-
surements in zone 1 within tolerance and, in zone 2, values very close 
to the tolerance range, with average roughness less than half of the 
rest of the tests. However, in zone 1, this hole has the highest average 
Sa values, mainly due to an outlier point measurement at the exit of 
the second magnesium plate LRI3/LRS2 (Sa = 360.2 µm). 

• On subsequent visual inspection, the drill bit appears very deterio-
rated in all tests on specimen 2, except in test 2.7 where the best Ra 
roughness results were obtained in zones 1 and 2, and the worst Sa 
results were obtained in zone 1.  

• The evaluation by Ra and Rz in zones 1 and 2 shows an average 
roughness depending on LRI similar to previous tests, i.e., 
LRI1 <LRI3 <LRI2.  

• However, the results are completely different in the evaluations 
conducted in zone 1 using Sa and Sz. In this zone, LRI1 <LRI2 <LRI3 
are obtained, i.e., increasingly higher values with increasing depth. 

Fig. 16 presents the evolution graphs of the roughness Ra as a 
function of the re-drilling depth for the different tests carried out on 

Table 18 
Values obtained for specimen 2 Mg-Ti-Mg regarding Ra (µm) in zone 2.  

Table 19 
Values obtained for specimen 2 Mg-Ti-Mg regarding Rz (µm) in zone 2.  
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Fig. 8. Mg-Al-Mg. Tool exits of machining tests: (a) test 1.1; (b) test 1.2; (c) test 1.3; (d) test 1.4; (e) test 1.5; (f) test 1.6; (g) test 1.7; (h) test 1.8.  
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specimen 2. Fig. 17 shows the final state of the tools used in tests 2.5 and 
2.7 These are the tests with the highest and lowest average Sz measured 
on both tool edges. 

Statistical analysis of specimen 2 data. 
Contrary to specimen 1, Ra, Rz values in zones 1 and 2 and Sa and Sz 

values in zone 1 follow normal distributions, so it is not necessary to 
carry out prior transformations before analysing the variance of the 
data. 

Fig. 19 and Fig. 20 confirm the preliminary conclusions. It can be 
observed how the surface roughness measured as Ra and Rz in both 

Fig. 9. Graph of the surface roughness trend as a function of the re-drilling depth measured as Ra for specimen 1. Mg-Al-Mg: (a) test 1.1; (b) test 1.2; (c) test 1.3; (d) 
test 1.4; (e) test 1.5; (f) test 1.6; (g) test 1.7; (h) test 1.8. 
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zones obtains the best values for the cryogenic cooling conditions. 
Furthermore, as in the results obtained for specimen 1, similar trends are 
observed within the values of the same zone between the variables Ra 
and Rz, and with small differences between Sa and Sz within zone 1. 
Also, the results are very different when comparing roughness values 
profile-based, Ra and Rz, with areal-based, Sa and Sz, even when both 

values come from the same measurement and equipment. The results for 
the Ti central plates show a greater dispersion, a product of the more 
demanding machining process of titanium. 

As shown in Table 32 and Table 33, none of the analysed factors 
appears as statistically significant according to the ANOVA analysis and, 
in both cases, the LRI*LRS interaction appears as significant (p ≤ 0.05), 
so 100% of the influence related to the analysed factors is related to this 
interaction. 

The analysis of variance of the surface roughness in zone 2 measured 
as Ra for the Mg-Ti-Mg specimen shown in Table 34 concludes the ex-
istence of a significant influence of the LRI factor and the LRI * N 
interaction according to the percentages indicated in Table 35. 

Similarly, the analysis of variance of the surface roughness in zone 2 
measured as Rz for the Mg-Ti-Mg specimen shown in Table 36 concludes 
the existence of a significant influence of the LRI factor and the LRI * N 
interaction according to the percentages indicated in Table 37. 

The analysis of variance of the surface roughness in zone 1 measured 
as Sa for the Mg-Ti-Mg specimen shown in Table 38 concludes the ex-
istence of significant influence of the factors LRI and N according to the 
percentages indicated in Table 39. 

Finally, the analysis of variance of the surface roughness in zone 1 
measured as Sz for the Mg-Ti-Mg specimen shown in Table 40 concludes 
that only the N factor is statistically significant on the Sz response var-
iable in zone 1. 

Table 41 summarises, for specimen 1, Mg-Al-Mg, the significant 
factors and interactions identified and their percentage of influence. The 
table shows important differences between the significant factors and 
interactions of the process depending on the zone studied and the type of 
response variable chosen. 

Table 42 shows the most interesting linear regressions between the 
variables of zone 1: Ra, Rz, Sa, Sz, and the variables of zone 2: Ra and Rz. 
Similar to the results obtained with specimen 1, in specimen 2 a good 
correlation is observed between variables of the same type, i.e., between 
Rx, and between Sx, within the same zone, i.e., within zone 1 or zone 2. 
However, the degree of explanation of the linear regressions for the 
same variable and different zones, e.g., Ra in zone 1 and zone 2, is lower, 
although still statistically significant. Therefore, it is concluded that, 
although there is a relationship between the dependent and independent 
variable, other factors not included have a significant influence on the 
process. Finally, it is also remarkable that the values of Ra and Sa, and 
those of Rz and Sz taken in zone 1 from the same measurement taken 
with the Alicona equipment do not show a significant correlation and, 
nevertheless, significant correlations are shown between the Ra and Rz 
values taken by two different equipment in two different zones, the 
Alicona in zone 1 and the Mitutoyo in zone 2. 

As a summary, and compiling the information from the previous 

Fig. 10. Mg-Al-Mg. Condition of the tool after test 1.6 of highest Sz: (a) Conventional picture; (b) Visualization using Alicona Infinitive Focus SL, optics 10x.  

Fig. 11. Mg-Al-Mg. Plot of the probability distribution of Ra and Rz values in 
zones 1 and 2. 

Fig. 12. Mg-Al-Mg. Probability plot of the values distribution for Sa and Sz, and 
the log-transform of these values, LnSa, LnSz. 
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sections, Table 43 presents a synthesis of the surface roughness results 
for each combination of specimen, measurement zone and response 
variable analysed, showing the results according to sustainable cooling 
from the lowest to the highest roughness. 

In addition, Table 44 summarises the significant factors and in-
teractions identified as a function of the multi-material specimen, the 
zone and the response variable analysed. 

4.3. Discussion 

Sustainable manufacturing addresses economic, social and environ-
mental aspects. Environmentally friendly machining seeks to minimise 
the consumption of cutting fluid, cutting tools and energy [49]. The 
main objective of this study is to investigate the influence on the 
re-drilling repair process of sustainable cooling; cryogenic, minimum 
amount of lubricant with eco-fluid, cold compressed air and dry. 

The most extreme approach is the total removal of cutting fluids and 
thus the associated problems. However, emerging workpiece materials 
used especially in the aerospace industry, such as nickel, titanium or Co- 
Cr alloys, are extremely difficult to machine [56]. During the tests 
conducted on specimen 2, Mg-Ti-Mg, the Ra surface roughness values 
obtained by dry machining and CCA are the highest, and always higher 
than the values obtained by cryogenic and MQL-Eco machining, and the 
values obtained by cryogenic machining are the lowest. This is in line with 
the interesting review done in 2018 by García-Martínez et al. [28], in 
which authors conclude that cryogenic machining improves the surface 

quality of machined titanium alloy parts, although they find controversy 
in the studies reviewed about the possible improvement of the tool life, 
since if on the one hand the part and tool are cooled, on the other hand 
the machining forces are increased because of the increase in hardness of 
the titanium alloy at low temperatures. 

For this reason, they find a good compromise solution using MQL, 
which reduces the amount of coolant and achieves the same, or better, 
surface roughness results than conventional refrigeration. In the current 
study, MQL-Eco remains a good solution, obtaining the second lowest Ra 
values in zone 1 and zone 2, behind cryogenic refrigeration for specimen 
2, and the best results in specimen1. On the other hand, other authors 
report an influence of the number of holes on the final roughness [20], 
but this could not be analysed in the current research since only 1 drill 
per condition was established and a new drill bit was used for each drill. 
According to Dixit et al., there is sufficient literature showing that the 
MQL system provides better performance than dry machining. In many 
cases, it provides better performance than the conventional coolant 
system [53]. In the set of trials on the 2 samples, MQL obtains the best 
global results, obtaining the best results in the sample 1, Mg-Al-Mg, and 
the second best in the sample 2, Mg-Ti-Mg, although the cryogenic option 
is recommended for this second sample, as it obtains values close to 
those required in the aeronautical sector. In dry machining and MQL tests 
on AA1050 aluminium specimens, Davim et al. concluded that with an 
appropriate choice of cutting parameters, it is possible to obtain 
machining results similar to the conditions of good lubrication using 
MQL, in addition tool wear is reduced and the quality of the machined 

Fig. 13. Mg-Al-Mg. Interval plots: (a) Ra from zone 1; (b) Rz from zone 1; (c) Ra from zone 2 and (d) Rz from zone 2; (e) Ln Sa from zone 1; (f) LnSz from zone 1.  
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Fig. 14. Mg-Al-Mg. Box and whiskers graph: (a) Ra from zone 1; (b) Rz from zone 1; (c) Ra from zone 2 and (d) Rz from zone 2; (e) Ln Sa from zone 1; (f) LnSz from 
zone 1. 

Table 20 
Mg-Al-Mg. Outcome of the last iteration for the ANOVA over Ra in zone 1.  

Tests of between-subjects effects   

Dependent variable: Z1_Ra   

Source Sum of squares df Mean square F Sig. 

Corrected Model 40,210a  15  3  1  0.263 
Intercept 50.96  1.00  50.96  24.55  0.00 
C 8.62  3.00  2.88  1.39  0.27 
LRS 2.17  1.00  2.17  1.04  0.32 
N 2.70  1.00  2.70  1.30  0.26 
C * LRS 7.80  3.00  2.60  1.25  0.31 
C * N 8.35  3.00  2.78  1.34  0.28 
LRS * N 2.61  1.00  2.61  1.26  0.27 
C * LRS * N 7.96  3.00  2.65  1.28  0.30 
Error 66.43  32.00  2.08     
Total 157.61  48.00       
Corrected Total 106.64  47.00       

a R Squared = 0.377 (Adjusted R Squared = 0.085) 

Table 21 
Mg-Al-Mg. Outcome of the last iteration for the ANOVA over Rz in zone 1.  

Tests of between-subjects effects   

Dependent variable: Z1_Rz   

Source Sum of Squares df Mean Square F Sig. 
Corrected Model 5695,519a 15 380 1 0.40 
Intercept 2723 1 2723 8 0.01 
C 1166 3 389 1 0.36 
LRS 364 1 364 1 0.31 
N 407 1 407 1 0.29 
C * LRS 1107 3 369 1 0.38 
C * N 1123 3 374 1 0.37 
LRS * N 397 1 397 1 0.29 
C * LRS * N 1132 3 377 1 0.37 
Error 11,126 32 348   
Total 19,544 48    
Corrected Total 16,821 47     

a R Squared = 0.339 (Adjusted R Squared = 0.029) 
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surface is improved [53]. 
On the other hand, there are interesting findings from researchers 

that deserve to be collected in this section, although the research is not 
explicitly focused on the scope of the current study. In 2016, Kyratsis 

et al. [46] analysed the relationship between the input variables of tool 
diameter, cutting speed and feed rate, and the response variables thrust 
force and torque when drilling a 150 mm × 150 mm × 10 mm Al7075 
plate. The authors found influence of the tool diameter and the feed rate 
on thrust force and torque. Another aspect analysed by researchers is the 
vibration during the machining process, Carou et al. observed during the 
intermittent turning of magnesium alloy UNS M11917 that the 

Table 22 
Mg-Al-Mg. Outcome of the last iteration for the ANOVA over Ra in zone 2.  

Tests of between-subjects effects   

Dependent variable: Z2_Ra   

Source Type III Sum of 
Squares 

df Mean 
Square 

F Sig. 

Corrected 
Model 

16.71a 23 0.73 5.17 0.00 

Intercept 51.42 1 51.42 366.01 0.00 
C 1.66 3 0.55 3.94 0.02 
LRI 6.73 2 3.36 23.94 0.00 
LRS 0.00 1 0.00 0.01 0.95 
C * LRI 0.64 6 0.11 0.76 0.61 
C * LRS 2.95 3 0.98 7.00 0.00 
LRI * LRS 0.17 2 0.09 0.60 0.56 
C * LRI * LRS 4.56 6 0.76 5.41 0.00 
Error 3.37 24 0.14   
Total 71.50 48    
Corrected Total 20.08 47       

a R Squared = 0.83 (Adjusted R Squared = 0.67) 

Table 23 
Mg-Al-Mg. Ra-Zone 2 percentage of variability of the statistically significant ef-
fects obtained from ANOVA.  

Source Sum of squares Variability percentage 

C  1.66  10.5 % 
LRI  6.73  42.3 % 
C * LRS  2.95  18.6 % 
C * LRI * LRS  4.56  28.7 % 
Total  15.89  100 %  

Table 24 
Mg-Al-Mg. Outcome of the last iteration for the ANOVA over Rz in zone 2.  

Tests of between-subjects effects 

Dependent variable: Z2_Rz 

Source Sum of squares df Mean square F Sig. 
Corrected Model 407–920a 23 17.736 4.807 0 
Intercept 1851 1 1851.33 501.80 0.00 
LRI 173 2 86.41 23.42 0.00 
LRS 0 1 0.00 0.00 0.98 
C 47 3 15.54 4.21 0.02 
LRI * LRS 5 2 2.48 0.67 0.52 
LRI * C 18 6 3.08 0.84 0.56 
LRS * C 70 3 23.19 6.29 0.00 
LRI * LRS * C 95 6 15.91 4.31 0.00 
Error 89 24 3.69   
Total 2348 48    
Corrected Total 496 47    

a R Squared = 0.822 (Adjusted R Squared = 0.651) 

Table 25 
Mg-Al-Mg. Rz-Zone 2 percentage of variability of the statistically significant ef-
fects obtained from ANOVA.  

Source Sum of squares Variability percentage 

LRI  173  45% 
C  47  12% 
LRS * C  70  18% 
LRI * LRS * C  95  25% 
Total  384  100%  

Table 26 
Mg-Al-Mg. Outcome of the last iteration for the ANOVA over LnSa in zone 1.  

Tests of between-subjects effects 

Dependent variable: Z1_LnSa 

Source Sum of squares df Mean square F Sig. 
Corrected Model 10,427a 23 0 4 0.00 
Intercept 771.12 1.00 771.12 7423.12 0.00 
LRI 4.69 2.00 2.35 22.60 0.00 
C 0.42 3.00 0.14 1.33 0.29 
LRS 0.02 1.00 0.02 0.20 0.66 
LRI * C 2.92 6.00 0.49 4.68 0.00 
LRI * LRS 1.11 2.00 0.55 5.34 0.01 
C * LRS 0.89 3.00 0.30 2.84 0.06 
LRI * C * LRS 0.39 6.00 0.06 0.62 0.71 
Error 2.49 24.00 0.10   
Total 784.04 48.00    
Corrected Total 12.92 47.00    

a. R Squared = 0.807 (Adjusted R Squared =0.622) 

Table 27 
Mg-Al-Mg. LnSa - Zone 1 percentage of variability of the statistically significant 
effects obtained from ANOVA.  

Source Sum of squares Variability percentage 

LRI  4.69  49 % 
LRI * C  2.92  30 % 
LRI * LRS  1.11  12 % 
C * LRS  0.89  9 % 
Total  9.61  100 %  

Table 28 
Mg-Al-Mg. Outcome of the last iteration for the ANOVA over LnSz in zone 1.  

Tests of between-subjects effects 

Dependent variable: Z1_LnSz     

Source Sum of squares df Mean square F Sig. 
Corrected Model 4275a 23 0 4 0.00 
Intercept 1892.54 1.00 1892.54 36,629.82 0.00 
LRI 1.98 2.00 0.99 19.18 0.00 
C 0.10 3.00 0.03 0.63 0.60 
LRS 0.02 1.00 0.02 0.39 0.54 
LRI * C 1.26 6.00 0.21 4.06 0.01 
LRI * LRS 0.56 2.00 0.28 5.38 0.01 
C * LRS 0.27 3.00 0.09 1.71 0.19 
LRI * C * LRS 0.10 6.00 0.02 0.31 0.92 
Error 1.24 24.00 0.05   
Total 1898.06 48.00    
Corrected Total 5.51 47.00    

a. R Squared = 0.775 (Adjusted R Squared =0.560) 

Table 29 
Mg-Al-Mg. LnSz - Zone 1 percentage of variability of the statistically significant 
effects obtained from ANOVA.  

Source Sum of squares Variability percentage 

LRI  1.98  52 % 
LRI * C  1.26  33 % 
LRI * LRS  0.56  15 % 
Total  3.79  100 %  
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measured vibration signal depends on the MQL flow rate and the feed 
rate. Moreover, the influence of the MQL system is greater when 
machining at the lower feed rate. However, this relationship is very 
different depending on the coolant used. While in dry conditions the 
higher the vibrations, the higher the surface roughness, the opposite is 
observed under MQL cooling. [58]. The reasons for the efficiency of MQL 
are not clear, although Lopez de Lacalle et al. [75] suggested that the air 
flow with oil droplets acts in three different ways; removing the heat 
generated during cutting, reducing the friction between chip and tool 
and removing the chip from the working zone. 

Additionally, air is a natural resource and is available everywhere. 
The only processes required in the air-cooling system are compressing, 
drying and discharging the air at a given pressure. In most factories, 
compressed air is already available to perform different duties. In 
addition, some authors report that the performance of gas coolants, 
including cold compressed air, can outperform liquid coolant in some 
cases [60]. For example, Sarma et al. conducted a detailed comparison 
of dry and CCA turning in 2009 by conducting an experimental study on 
cast iron and steel parts and testing different tools, concluding that CCA 
always provides better machining performance than dry machining [61]. 
The results of the present work confirm that in the case of the 
multi-material specimen including aluminium, all the results with CCA 
are better than with dry machining; however, the rest of the cooling 
systems, MQL-Eco and cryogenic, have obtained lower roughness results. 

Moreover, in the case of the titanium specimen, the results in zone 1, the 
initial 2 mm of drilling, the result with CCA is worse than with dry 
machining. Another important factor on the roughness generation in 
cutting operations is the way of chip formation [68]. In fact, a chip 
collection was planned in the trial planning, but it was difficult for some 
of the tests such as cryogenic cooling and CCA, so this chip collection and 
analysis is postponed for a future trial, especially considering the in-
terest of chip recycling for processes that do not contaminate the chips 
[55]. 

Furthermore, the geometry of the cutting tool has a direct impact on 
the tool life. This is because the geometry determines the magnitude and 
direction of the cutting force and its components, the sliding speed at the 
tool-chip interface, the distribution of the thermal energy released 
during machining, the temperature distribution in the cutting area, etc. 
[76]. For the present work, and based on the previous experience of the 
authors [17,35,77], a HSCO DIN 340 twist drill with 2 cutting edges and 
h8 diameter tolerance was selected. 

Regarding the response variables employed, profile peaks rarely 
include the area peaks corresponding to the measured area, and simi-
larly for profile valleys. The probability of passing over the actual 
highest or lowest points during the contact measurement is extremely 
low, and a profile that includes both is practically impossible to achieve. 
Another difference in values results from the properties of the filters 
used for processing roughness and surface profiles. As area filters work 
in two perpendicular directions, it is not possible to consider as equiv-
alent the profile and area filtering results, even if the same type of filter 
and the same section are used [71]. This could provide a first interpre-
tation to values such as those observed in sample 1. When using data 
from the same measurement with the Alicona equipment, if Sa and Sz 
data are analysed, cryogenic machining obtains the second-best results, 
and if Ra and Rz from zone 1 are analysed, the worst results are obtained 
for cryogenic machining. However, this explanation seems to be 
counter-intuitive as it seems reasonable that when all points of a surface 
are considered instead of just one profile to obtain the roughness, a 
higher value is obtained. The difference cannot correspond to a posi-
tioning error during the measurement since both values, Sa and Ra, are 
extracted from the analysis by the equipment’s internal algorithms on 
the same data set belonging to the same measurement. It would be 
interesting to conduct further trials to better understand the difference 
between these measures. 

5. Conclusions 

A comparative experimental test was conducted on two magnesium- 
based multi-material specimens, Mg-Al-Mg and Mg-Ti-Mg. The main 
objective of the study is to investigate the influence of sustainable 
cryogenic, MQL-Eco, cold compressed air and dry cooling on the re-drilling 
repair process in magnesium-based multi-materials. The selected 
response variable is the surface roughness measured as Ra, Rz, Sa and Sz 
in zone 1, i.e., in the first 2 mm of re-drilling with respect to the entrance 
and exit surfaces of the hole and measured as Ra and Rz in zone 2, i.e., in 
the next 4 mm of re-drilling with respect to the same surfaces. 

For each multi-material specimen, an analysis of the results was 
carried out using different complementary analysis techniques; colour 
range mapping according to the maximum and minimum roughness, 
analysis using descriptive statistics and analysis of variance to identify 
the factors, their significant interactions and their degree of influence. In 
addition, a selection of linear regressions between response variables 
was performed to better understand their relationship and degree of 
correlation. 

A visual inspection of the drill bits used shows a greater degradation 
of the drill bits employed with the second specimen because of the 
greater difficulty in machining titanium. 

According to the evaluation of Ra in specimen 1, Mg-Al-Mg, it is 
possible to obtain all re-drilling values within the aeronautical specifi-
cation using any of the sustainable cooling techniques tested. The 

Table 30 
Mg-Al-Mg. Percentages of statistically significant influences of factors and in-
teractions for zones 1 and 2 on response variables Ra, Rz, LnSa y LnSz.   

Ra Rz LnSa LnSz  

Zone 1 Zone 2 Zone 1 Zone 2 Zone 1 Zone 1 

LRI – 42 % – 45 % 49 % 52 % 
C – 10 % – 12 % – – 
LRI * C – – – – 30 % 33 % 
C * LRS – 19 % – 18 % 9 % – 
LRI * LRS – – – – 12 % 15 % 
C * LRI * LRS – 29 % – 25 % – –  

Table 31 
Mg-Al-Mg. Regression according to several independent variables, including R- 
Sq(adj) and P information as a function of the chosen regression relationship.  

Dependent 
variable 

Independent 
variable 

Regression equation R-Sq 
(adj) 

P 

Z2_Ra (µm) Z2_Rz (µm) Z2_Ra (µm) = - 
0.1989 + 0.1987 Z2_Rz 
(µm)  

97.60 %  0.000 

Z1_LnSa (µm) Z1_LnSz (µm) Z1_Ln (Sa) = - 
5.313 + 1.485 Z1_Ln (Sz)  

93.80 %  0.000 

Z1_Sa (µm) Z1_Sz (µm) Sa = - 24.21 + 0.1532 
Z1_Sz  

89.50 %  0.000 

Z1_Ra (µm) Z1_Rz (µm) Z1_Ra (µm) = - 
0.05500 + 0.1815 Z1_Rz 
(µm)  

86.60 %  0.000 

Z2_Ra (µm) Z1_Ra (µm) Z2_Ra (µm) = - 
0.0402 + 1.330 Z1_Ra 
(µm)  

50.70 %  0.000 

Z2_Rz (µm) Z1_Rz (µm) Z2_Rz (µm) 
= 0.569 + 1.185 Z1_Rz 
(µm)  

42.50 %  0.000 

Z2_Ra (µm) Z1_Sa (µm) Z2_Ra (µm) 
= 1.494–0.007426 Z1_Sa  

7.60 %  0.033 

Z1_Ra (µm) Z1_Sa (µm) Z1_Ra (µm) 
= 1.047–0.003735 Z1_Sa  

6.10 %  0.052 

Z1_Ra (µm) Z1_Ln (Sa) Z1_Ra (µm) 
= 1.572–0.1883 Z1_Ln 
(Sa)  

5.70 %  0.058 

Z1_Rz (µm) Z1_Sz (µm) Z1_Rz (µm) 
= 6.353–0.002747 Z1_Sz  

4.50 %  0.082 

Z1_Rz (µm) Z1_LnSz (µm) Z1_Rz (µm) 
= 12.65–1.249 Z1_Ln (Sz)  

3.50 %  0.108  
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Fig. 15. Mg-Ti-Mg. Tool exits of machining tests; (a) test 2.1; (b) test 2.2; (c) test 2.3; (d) test 2.4; (e) test 2.5; (f) test 2.6; (g) test 2.7; (h) test 2.8.  
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Fig. 16. Graph of the surface roughness trend as a function of the re-drilling depth measured as Ra for specimen 2, Mg-Ti-Mg: (a) test 2.1; (b) test 2.2; (c) test 2.3; (d) 
test 2.4; (e) test 2.5; (f) test 2.6; (g) test 2.7; (h) test 2.8. 
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average of all Ra measurements in both zones for specimen 1 is 0.93 µm. 
However, the process is much more at the limit in specimen 2, Mg-Ti-Mg, 
because of the difficulty of machining titanium, and the average of all Ra 
measurements in both zones for specimen 2 is 3.40 µm. In addition, the 
difference in machinability between titanium and magnesium in spec-
imen 2 is greater than between aluminium and magnesium in specimen 
1. In the second specimen, none of the tests have all the re-drilling 
measurements within the tolerance range in both areas. The best 

results are obtained by cryogenic cooling, but they have punctual values 
slightly higher than the aeronautical upper tolerance, so it is necessary 
to optimise the machining parameters and particularise them for this 
multi-material component. 

The results of the current study confirm previous literature analysed 
regarding the case of the multi-material specimen that includes 
aluminium, since all the results using CCA are better than by dry 
machining. However, it cannot be defined as the best sustainable option 
to use, since the rest of the cooling systems, MQL-Eco and cryogenic, 
obtained lower roughness results. Furthermore, in the case of the tita-
nium specimen, in zone 1, the results obtained using CCA are worse than 
those obtained by dry machining. Furthermore, it is also confirmed in 
relation to the literature analysed that the use of the MQL system can 
contribute to improve the results of tool life or surface roughness 
regarding dry or wet machining, since the preliminary findings of tool 
inspection indicate that there is significantly less wear on the tools used 
in aluminium machining than in titanium machining, and that better 
results are obtained with MQL-Eco cooling on aluminium, and with 
cryogenic cooling on titanium. In the set of tests on the 2 specimens, 
MQL obtains the best global results, obtaining the best results in the Mg- 
Al-Mg specimen, and the second best in the Mg-Ti-Mg specimen, 
although in this second specimen the cryogenic option is recommended 
as it obtains values close to those required in the aeronautical sector. 

The assessments, based on Ra and Rz, show a good correspondence of 
results within the same zone and between zones; despite the fact that 
between zones the measurements are made using two different devices 
and do not follow the same profile because an identical positioning of 
the measurement profile is not possible. The evaluations employing Sa 
and Sz have a good correspondence between their results within the 

Fig. 17. Mg-Al-Mg. Condition of the tool after test 2.5 and 2.7: (a) Conventional picture after test 2.5 with highest Sz; (b) Visualization using Alicona Infinitive Focus 
SL, optics 10x after test 2.5with highest Sz; (c) Conventional picture after test 2.7 with lowest Sz; (d) Visualization using Alicona Infinitive Focus SL, optics 10x after 
test 2.7 with lowest Sz. 

Fig. 18. Mg-Ti-Mg. Probability plot of the distribution of values of the variables 
Ra and Rz in zones 1 and 2, and of Sa and Sz in zone 1. 
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same zone 1, but a very low correspondence with the results of Ra and Rz 
within the same zone 1, despite being evaluations carried out using the 
data collected in the same measurement with the Alicona equipment. 

The statistically significant factors and interactions and their per-
centage of influence are different depending on: the multi-material 
specimen, the re-drilling zone and the response variable analysed; 
therefore, it is necessary to consider this when optimising the process. 

Specimen 1 / Mg-Al-Mg. 
General. 
The best machining conditions according to Ra, compatible for zones 

1 and 2 were achieved using MQL-Eco cooling, with all values within the 
aeronautical reference tolerance and an average Ra value close to 
0.7 µm. The highest surface roughness values were obtained by dry 
machining in zone 2 and the aluminium central plate with a Ra value of 
3.29 µm. 

The average roughness measured as Ra and Rz as a function of the 
LRI factor for both zones shows similar results to previous tests 
measured with a contact profilometer roughness tester, LRI1 <L-
RI3 <LRI2. However, the result measured in zone 1 using the response 
variables Sa and Sz is completely different, obtaining the lowest 

roughness values in the central Al plate. 
Zone 1. 
If the cooling technologies employed in the tests are ranked ac-

cording to the results of the surface roughness obtained, in terms of Ra, 
from the lowest to the highest values, they appear in the following order: 
MQL-Eco < CCA < Dry < Cryogenic. The best results in terms of Sa are 
CCA < Cryogenic < MQL-Eco < Dry. 

All Ra roughness values for tests 1.1, 1.3, 1.4, 1.6 and 1.8 are within 
the aeronautical tolerance. The correlation between areal-based vari-
ables Sa and Sz and profile-based variables Ra and Rz measured within 
the same area is not good, even though they are evaluations made on the 
basis of the same measurement over an area. 

Zone 2. 
If the cooling technologies employed in the tests are ranked ac-

cording to the results of the surface roughness obtained, in terms of Ra, 
from the lowest to the highest values, they appear in the following order: 
MQL-Eco < Cryogenic < CCA < Dry. 

The measurements conducted on specimen 1 using MQL-Eco cooling 
obtained all the Ra roughness values within the required aeronautical 
specification. In addition, the cryogenic cooling conditions used in test 

Fig. 19. Mg-Ti-Mg. Interval plots: (a) Ra from zone 1; (b) Rz from zone 1; (c) Ra from zone 2 (d) Rz from zone 2; (e) Sa from zone 1; (f) Sz from zone 1.  
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Fig. 20. Mg-Ti-Mg. Box and whiskers graph: (a) Ra from zone 1; (b) Rz from zone 1; (c) Ra from zone 2 (d) Rz from zone 2; (e) Sa from zone 1;(f) Sz from zone 1.  

Table 32 
Mg-Ti-Mg. Outcome of the last iteration for the ANOVA over Ra in zone 1.  

Tests of between-subjects effects 

Dependent variable: Z1_Ra 

Source Sum of squares df Mean square F Sig. 

Corrected Model 735.971a  23  32.00  1  0.30 
Intercept 526.62  1.00  526.62  20.45  0.00 
C 98.40  3.00  32.80  1.27  0.31 
LRI 115.29  2.00  57.64  2.24  0.13 
LRS 0.07  1.00  0.07  0.00  0.96 
C * LRI 205.15  6.00  34.19  1.33  0.28 
C * LRS 43.28  3.00  14.43  0.56  0.65 
LRI * LRS 195.38  2.00  97.69  3.79  0.04 
C * LRI * LRS 78.40  6.00  13.07  0.51  0.80 
Error 617.93  24.00  25.75     
Total 1880.52  48.00       
Corrected Total 1353.90  47.00        

a . R Squared = 0.544 (Adjusted R Squared = 0.106) 

Table 33 
Mg-Ti-Mg. Outcome of the last iteration for the ANOVA over Rz in zone 1.  

Tests of between-subjects effects 

Dependent variable: Z1_Rz 

Source Sum of squares df Mean square F Sig. 

Corrected Model 51,558.291a  23 2241.66  1  0.39 
Intercept 26,917.06  1.00 26,917.06  13.47  0.00 
C 6542.72  3.00 2180.91  1.09  0.37 
LRI 7118.08  2.00 3559.04  1.78  0.19 
LRS 110.69  1.00 110.69  0.06  0.82 
C * LRI 13,296.40  6.00 2216.07  1.11  0.39 
C * LRS 3769.99  3.00 1256.66  0.63  0.60 
LRI * LRS 13,665.02  2.00 6832.51  3.42  0.05 
C * LRI * LRS 7055.40  6.00 1175.90  0.59  0.74 
Error 47,949.35  24.00 1997.89     
Total 126,424.70  48.00      
Corrected Total 99,507.64  47.00       

a . R Squared = 0.518 (Adjusted R Squared = 0.056) 
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1.7 also show positive results. 
Specimen 2 / Mg-Ti-Mg. 
General. 
Similar to specimen 1, there is a good correspondence between the 

Ra and Rz values for zone 1, and also between zones 1 and 2. However, 
there is a clear difference between the areal-based measurements, Sa 
and Sz, and the profile-based measurements Ra and Rz, within the same 
zone 1; both types of values were calculated from the same surface 

measurement. On the other hand, for the second Mg-Ti-Mg specimen, 
none of the tested conditions allows defining a machining strategy using 
sustainable cooling that obtains all Ra measurements in both areas of the 
re-drilling within the aeronautical tolerance. 

Test 2.7 by cryogenic cooling shows, in line with existing literature, 
the best results of surface roughness Ra, very close to the aeronautical 
tolerance, and the only test on specimen 2 with an average roughness Ra 

Table 34 
Mg-Ti-Mg. Outcome of the last iteration for the ANOVA over Ra in zone 2.  

Tests of between-subjects effects 

Dependent variable: Z2_Ra 

Source Sum of squares df Mean square F Sig. 

Corrected Model 377.759a  23  16.42  2  0.03 
Intercept 581.09  1.00  581.09  77.01  0.00 
C 26.41  3.00  8.80  1.17  0.34 
LRI 125.06  2.00  62.53  8.29  0.00 
N 5.57  1.00  5.57  0.74  0.40 
C * LRI 54.45  6.00  9.07  1.20  0.34 
C * N 16.40  3.00  5.47  0.72  0.55 
LRI * N 98.93  2.00  49.47  6.56  0.01 
C * LRI * N 50.94  6.00  8.49  1.13  0.38 
Error 181.10  24.00  7.55     
Total 1139.95  48.00       
Corrected Total 558.85  47.00       

a. R Squared = 0.676 (Adjusted R Squared = 0.365) 

Table 35 
Mg-Ti-Mg. Ra percentage of variability of the statistically significant effects ob-
tained from ANOVA for zone 2.  

Source Sum of squares Variability percentage 

LRI  125.06  56% 
LRI * N  98.9304875  44% 
Total  223.99    

Table 36 
Mg-Ti-Mg. Outcome of the last iteration for the ANOVA over Rz in zone 2.  

Tests of between-subjects effects 

Dependent variable: Z2_Rz 

Source Sum of squares df Mean square F Sig. 

Corrected Model 11,449.253a  23 497.79  2  0.03 
Intercept 21,458.79  1.00 21,458.79  95.16  0.00 
C 1007.88  3.00 335.96  1.49  0.24 
LRI 3455.93  2.00 1727.96  7.66  0.00 
N 417.13  1.00 417.13  1.85  0.19 
C * LRI 1594.07  6.00 265.68  1.18  0.35 
C * N 406.21  3.00 135.40  0.60  0.62 
LRI * N 2841.91  2.00 1420.95  6.30  0.01 
C * LRI * N 1726.13  6.00 287.69  1.28  0.31 
Error 5411.99  24.00 225.50     
Total 38,320.03  48.00      
Corrected Total 16,861.24  47.00       

a. R Squared = 0.679 (Adjusted R Squared =0.371) 

Table 37 
Mg-Ti-Mg. Rz percentage of variability of the statistically significant effects ob-
tained from ANOVA for zone 2.  

Source Sum of squares Variability percentage 

LRI 3455.93  55% 
LRI * N 2841.91  45% 
Total 6297.83    

Table 38 
Mg-Ti-Mg. Outcome of the last iteration for the ANOVA over Sa in zone 1.  

Tests of between-subjects effects 

Dependent variable: Z1_Sa 

Source Sum of squares df Mean square F Sig. 
Corrected Model 85,035.032a 11 7730.46 3 0.02 
Intercept 516,446.78 1.00 516,446.78 171.81 0.00 
LRI 37,515.29 2 18,757.65 6.24 0.00 
N 14,162.50 1 14,162.51 4.71 0.04 
LRS 10,054.34 1.00 10,054.34 3.34 0.08 
LRI * N 5298.37 2.00 2649.18 0.88 0.42 
LRI * LRS 4463.97 2.00 2231.98 0.74 0.48 
N * LRS 3057.62 1.00 3057.62 1.02 0.32 
LRI * N * LRS 10,482.95 2.00 5241.47 1.74 0.19 
Error 108,211.14 36.00 3005.87   
Total 709,692.95 48.00    
Corrected Total 193,246.17 47.00    

a. R Squared = 0.440 (Adjusted R Squared = 0.269) 

Table 39 
Mg-Ti-Mg. Sa percentage of variability of the statistically significant effects ob-
tained from ANOVA for zone 1.  

Source Sum of squares Variability percentage 

LRI 37,515.29  73 % 
N 14,162.51  27 % 
Total 51,677.80    

Table 40 
Mg-Ti-Mg. Outcome of the last iteration for the ANOVA over Sz in zone 1.  

Tests of between-subjects effects 

Dependent variable: Z1_Sz 

Source Sum of squares df Mean square F Sig. 
Corrected Model 1,671,086.52a 11 151,916.96 2 0.08 
Intercept 29,714,918.24 1.00 29,714,918.24 366.17 0.00 
LRI 431,901.38 2.00 215,950.69 2.66 0.08 
LRS 283,699.50 1.00 283,699.50 3.50 0.07 
N 393,385.45 1 393,385.44 4.85 0.03 
LRI * LRS 204,441.92 2.00 102,220.96 1.26 0.30 
LRI * N 187,354.46 2.00 93,677.23 1.15 0.33 
LRS * N 33,591.50 1.00 33,591.50 0.41 0.52 
LRI * LRS * N 136,712.33 2.00 68,356.16 0.84 0.44 
Error 2,921,384.50 36.00 81,149.57   
Total 34,307,389.26 48.00    
Corrected Total 4,592,471.02 47.00    

a. R Squared = 0.364 (Adjusted R Squared = 0.170) 

Table 41 
Mg-Ti-Mg. Percentages of influence on response variables for significant factors 
and interactions in zones 1 and 2 Ra, Rz, Sa y Sz.   

Ra Rz Sa Sz  

Zone 1 Zone 2 Zone 1 Zone 2 Zone 1 Zone 1 

LRI    56 %    55 %  73 %   
N          27 %  100 % 
LRI * LRS  100 %    100 %       
LRI * N    44 %    45 %      
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within the aeronautical tolerance. The evaluation by Ra and Rz in zones 
1 and 2 shows an average roughness depending on LRI similar to pre-
vious tests, i.e., LRI1 <LRI3 <LRI2. However, the results are 
completely different in the evaluations carried out in zone 1 using Sa and 
Sz. In this zone, LRI1 <LRI2 <LRI3 are obtained, i.e., higher and higher 
values with increasing depth. 

On further visual inspection, the drill bit appears badly degraded in 
all tests on specimen 2, except for test 2.7. Worst surface roughness 
results depend on the chosen response variable and were produced using 
dry machining for Ra and Rz, and cryogenic cooling for Sa and Sz. 

Zone 1. 
If the cooling technologies applied during the tests are ranked 

according to the results of the surface roughness obtained, in terms of 
Ra, from the lowest to the highest values, they appear in the following 
order: Cryogenic< MQL-Eco < Dry < CCA. The best results in terms of 
Sa are obtained with MQL-Eco < Dry < CCA < Cryogenic. 

Test 2.4 achieves good results in zone 1, but negative results 
considering zones 1 and 2. The highest values of surface roughness in 
zone 1, measured as Ra and Rz, are obtained in test 2.5 using CCA cooling 
at 850 rev/min, followed by test 2.2 using dry machining at 1000 rev/ 
min; both with values close to 4 times the maximum limit of the aero-
nautical tolerance used as a reference. 

Zona 2. 
If the cooling systems applied in the tests are ranked considering the 

results of the surface roughness obtained, in terms of Ra, from the lowest 
to the highest values, they appear in the following order: Cryogenic 
< MQL-Eco < CCA < Dry. The best average roughness results Ra and 
Rz were obtained in test 2.7 using cryogenic cooling and 850 rev/min. 
Furthermore, in this test the average hole roughness value is 
Ra = 1.43 µm, which is lower than the upper limit of the tolerance often 
used in aeronautics. However, it has punctual measurements in the exit 
area of the titanium plate LRI2 / LRS2 of 2.26 µm and in the exit of the 
second magnesium plate LRI3/LRS2 of 2.01 µm. However, this same 
test, evaluated according to the Sa values, shows the worst surface 
roughness results. On the other hand, test 2.8, also performed under 
cryogenic cooling conditions, shows a significantly higher average value 
(3.85 µm) caused by the highest point value found in the tests, this value 
was taken at the exit of the titanium plate (15.45 µm). 

Among the lines of work proposed to continue progressing in this 
research is the study of the influence of the sustainable cooling analysed 
on re-drilling burrs and on the tool degradation. In addition, the design 
of new specimens that allow the complete measurement of surface 
roughness to be carried out using a single measuring device and, in this 
way, further study the use of aerial-based response variables and their 
relationship with profile-based variables. 
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