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Abstract: The reduction of consumption and pollutant emissions is a top priority for the transport
sector. One working line is the substitution of conventional structural materials with lightweight
materials such as metallic alloys of aluminium, titanium, and/or magnesium. For this reason, and
considering that the number of related articles is lower than the existing number of other structural
lightweight materials, it is considered very convenient and helpful to carry out a systematic analysis
of their latest trends through Open Access literature. A methodology adapted from the PRISMA
statement is applied, in order to guarantee unbiasedness and quality in selecting literature and
research. The final selection is made up of the 40 most cited research papers from 2015–2020, with an
average of 20.6 citations per article. Turning and drilling are the most trending machining processes,
and there is particular interest in the study of sustainable cooling, such as dry machining, cryogenic
cooling, and MQL. In addition, another trending topic is multi-materials and joining dissimilar
materials with guarantees. Additive manufacturing has also been identified as an increasingly
trending theme, appearing in 18% of the selected studies. This work is complemented with summary
tables of the most cited Open Access articles on sustainable machining and cooling, multi-materials
or hybrid components, and additive manufacturing.

Keywords: lightweight; magnesium; aluminium; titanium; multi-material; aerospace; automotive;
sustainable; trends

1. Introduction

Transport is responsible for more than 30% of CO2 emissions in the European Union
(EU); 72% comes from road transport, 13.6% from maritime industry, 13.4% from civil
aviation, and 1% from rail transport and others. The EU has committed to reducing
emissions from transport by 60% by 2050, compared to 1990 levels [1].

Regarding road transport, new cars sold in 2017 emitted on average 118.5 g CO2/km,
i.e., an increase compared to 2016 of 0.4 g CO2/km. On the other hand, the mass of vehicles
strongly influences their consumption and pollutant emissions. The average mass of new
cars sold in 2017 in the EU was 1390 kg. The mass of an average diesel car sold in 2017
was 20 kg lower than in 2016 [2]. On the other hand, CO2 emissions from heavy-duty
vehicles, such as trucks, buses and coaches, represent about 6% of total EU emissions
and 25% of road transport emissions, and are expected to increase by 9% between 2010
and 2030 [3]. Concerning legislation, the average CO2 emissions of new passenger cars
registered in the EU must decrease by 15% by 2025 and by 30% by 2030, compared to 2021
data. These requirements imply an increase in the manufacturing cost of a new car of about
EUR 1000 per year by 2030. However, this cost is much lower than the fuel savings over
the lifetime of the vehicle. Most cars today are powered by combustion engines, and it is
expected that at least 80% of the new car fleet in 2030 will still use a combustion engine [4].
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As for the aviation sector, the worldwide aviation industry produces about 2% of all
human-generated carbon dioxide emissions [4,5]. On the other hand, the EU air transport
sector directly employs between 1.41 and 2.02 million people and supports between 4.83 and
5.54 million jobs globally, contributing directly to the gross domestic product (GDP) with
EUR 110,000 million. Its global impact, tourism included, reaches EUR 510,000 million [6].
In 2001, the Advisory Council for Aviation Research and Innovation in Europe (ACARE)
was created, and among its most important objectives are the reduction of CO2 emissions by
75% compared to 2000 data, and the design of aeroplanes to optimise their recycling [7]. In
the design of fuselages and cabin interiors, it is essential to promote lightweight structural
materials. Their use will require new design and manufacturing methods, with multifunc-
tional materials and structures to save weight and reduce manufacturing costs, seeking
high recyclability and reusability [8]. With these requirements, the aircraft industry is
making significant efforts towards sustainability. For example, each new generation of
Boeing aircraft is between 15% to 25% more efficient than the previous one [9]. Regarding
Airbus, the A350 model is made of 53% lightweight and composite materials, and saves
25% of fuel compared to the previous model, and the A220 family of aircraft is the most
efficient in its class [5]. New production methods, such as 3D printing, help to produce
lighter parts with significantly less waste, and help to reduce consumption. Together with
Tarmac Aerosave, Airbus reuses or recycles up to 92% of its aircraft. Emissions of volatile
organic compound (VOC) were reduced by 60% from 2006 to 2017. These innovative
solutions aided Airbus in reducing greenhouse gas emissions up to 14% between 2006 and
2017 [5,10]. On the other hand, the Intergovernmental Panel on Climate Change (IPCC)
is the United Nations body charged with assessing the science related to climate change.
In October 2018, the IPCC published a special report on the impacts of global warming
of 1.5 ◦C above pre-industrial levels to support the Paris Agreement process. This report
estimated that climate warming due to human activities is increasing by 0.2 ◦C per decade.
To stabilise, global net CO2 emissions from human activities would need to reach net zero
by 2050 [10,11]. For this reason, in 2019, all airlines worldwide with international routes
started to officially track and communicate their emissions, following the guidelines de-
fined by the Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA),
approved by the International Civil Aviation Organization (ICAO) of the United Nations in
2016 [5,9].

Maritime transport is responsible for approximately 940 million tons of CO2 emissions
annually, accounting for around 2.5% of worldwide greenhouse gas emissions (GHG).
If no new measures are implemented, it is estimated to increase from 50% to 250% by
2050. The International Maritime Organization (IMO) has set targets to reduce annual
GHG emissions from shipping by at least 50% by 2050, compared to 2008 levels [12]. The
IMO has established guidelines for the consumption of each type of ship according to
its cargo capacity, and newly built ships will have to adapt to these regulations, which
will become progressively more stringent over time. For example, by 2025, all new ships
must be 30% more efficient than those manufactured in 2014 [13]. By transferring Airbus’
expertise in aeronautics to shipping, AirSeas is expected to enable ship owners to reduce
fuel consumption and CO2 emissions by 20% [5].

On the other hand, it is inevitable to mention the effect that the COVID-19 pandemic
has caused on transportation-related sectors. In the aviation sector, compared to 2019, the
year 2020 experienced a reduction of 2.7 billion passengers and losses of USD 371 billion,
and forecasts indicate that in 2021 there will be a reduction of between 1.9 and 2.4 billion
passengers, and losses between USD 282 and 343 billion. [14]. In the automotive sector,
production losses in the EU due to COVID-19 amounted to 4,024,036 motor vehicles from
January 1 to September 30, 2020. This quantity represented 22.3% of total EU production in
2019. The jobs of at least 1,138,536 Europeans working directly in automotive manufacturing
were affected by factory closures as a result of the pandemic, and the impact on the
automotive supply chain, in general, has been even more critical [15].



Metals 2022, 12, 9 3 of 21

As previously stated, the need to reduce energy consumption, and therefore pollutant
emissions, is one of the critical targets for transport-related sectors, such as the aeronautical,
automotive, or maritime industries. An important research line is focused on reducing the
mass of vehicles and ships through components made of light metal alloys. Within this
range of alloys, aluminium, titanium, and magnesium alloys stand out for their excellent
weight/strength ratio. Moreover, these alloys can be combined with one other or with other
light and resistant materials to create hybrid structures, offering the combined advantage
of low weight and high strength while maintaining good wear and fatigue characteris-
tics [16–18], although it is estimated that the maximum reduction in environmental impact
by reducing vehicle mass is limited to 7% [19].

Aluminium alloys are characterised by their light weight, corrosion resistance, and
good thermal and electrical conductivity. Their mechanical properties at room temperature,
such as tensile strength, yield strength, and modulus of elasticity, are moderate, and their
fatigue strength is acceptable. They are materials that are widely used in lightweight
structural parts for the automotive and aerospace industries [16,20], and the transportation
industry is responsible for 35–40% of their total consumption [21]. They are frequently
applied through aluminium matrix composites (AMMs); these multi-materials have supe-
rior corrosion, wear, electrical, temperature, and elastic modulus properties compared to
conventional alloys, and good cost/strength ratios, which make them good candidates for
aerospace, automotive, chemical, and transportation applications, where, for example, in
the case of the transportation industry, their use is forecast to double by the year 2025 [22,23].
In addition, they are also frequently used associated in multi-material composites with
steels [24], FRPs [25], magnesium [17], and titanium [16].

Concerning magnesium alloys, magnesium is a metal with many advantages of use.
It is very abundant, representing 2.7% of the earth’s crust, and it can be produced from
seawater with a purity of 98.8%. Its density is 66% that of aluminium and 25% that of steel,
making it an ideal candidate to replace them. Magnesium is the lightest structural alloy
on the planet, but its use is limited by its low formability. In machining processes, the
forces and temperatures in the cutting zone are low. In addition, its chips are short, and
tool life is long, so it is considered an easy material to machine and a good candidate for
machining through sustainable cooling/lubrication. However, it is a material that presents
some drawbacks, such as the risk of ignition from 450 ◦C and the risk of explosion when it
is in powder form. It generates flammable and potentially explosive hydrogen atmospheres
when reacting with water, so it is of interest to reduce the use of water-based coolants [18].
There is a lot of literature associated with its use in companies in the automotive sector, and
it is currently used by automotive companies such as Volkswagen, General Motors, Ford,
Toyota, and BMW to manufacture some of their components [26].

Regarding titanium alloys, they are characterised by light weight, high wear and
corrosion resistance, and a great ability to maintain high strength at high temperatures;
however, their low thermal conductivity and high reactivity make them tend to produce
premature tool wear, so they are considered a difficult material to machine [27,28]. It is
estimated that Ti6Al4V alloy represents 50% of the global production of titanium metal,
and 80% of this corresponds to the aerospace and medical industries [28,29]. Titanium is
a material with a clear interest in being recycled, reused, and manufactured in near-final
forms because of its environmental impact when using primary material [30,31].

On the other hand, in studies performed on existing studies, not all publications,
papers, or research articles provided similar reliability, methodological quality and in-
terest [32]. For this reason, a methodology adapted from the PRISMA statement to the
field of engineering was established. The objective is to limit possible biases in selecting
and analysing scientific literature to provide the most relevant and representative articles,
with a contrasted quality, and transparent and uniform inclusion criteria. The resulting
selection comprises the 40 most cited research papers over the period 2015–2020, with an
average of 20.6 citations per article, according to information from the WoS search engine
on 7 December 2021.
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Among the selection criteria adopted for the search were: Open Access literature,
because it is a trend in academic evaluation [33,34] that seeks to democratise access to
knowledge and educational materials [35–38]; English-language publications, because it
is the language employed in more than 90% of articles in science [39] and has the highest
number of citations [40]; use of the Web of Science (WoS) repository, as it is the world’s
leading search platform for scientific citations and analytical information [41] and overlaps
94% of the citations included in Scopus in the engineering domain [42], and the average
number of citations per year has been included as it is widely used and accepted as a
bibliometric indicator [42–44].

The following conclusions can be drawn from the analysis: machining is included in
40% of the studies, and turning is the most trending topic found in 38% of the machining
studies, followed by drilling in 31%. In addition, 75% of the selected machining studies
include sustainable cooling, 63% dry machining, and 19% cryogenic cooling and MQL.
Moreover, studies on the replacement of conventional fluids by biodegradable oils are
emerging. On the other hand, studies that include multi-material components are also
growing in number. Within this group, the joining of dissimilar materials with 46%, and
the machining of multi-material composites with 38% of the multi-material articles, are
identified as topics of special interest. Multi-material combination of metal–metal, with 62%,
appears in the most extensive number of studies on multi-materials, followed by AMMs,
found in 31%. Finally, additive manufacturing is another topic identified as a subject of
current interest, appearing in 18% of the selected studies. The work is complemented by
tables summarizing the main topics covered and the most cited articles on sustainable
machining and re-cooling, multi-materials and additive manufacturing.

2. Methodology for Article Selection and Analysis

The methodology followed for the review and analysis of the literature published
during 2015–2020 on lightweight aluminium, titanium, and magnesium alloys with poten-
tial application to the aeronautical and automotive fields, involving machining processes
and/or innovative manufacturing processes, is described below. This methodology was
established beforehand and applies to the selection and information analysis stages. The
main objective is to minimise the probability of bias in the study. First, quality, inclusion
and exclusion criteria are predefined. Then, keywords and resulting Boolean equations
are defined. A search engine is predefined, and a search is performed by applying the
Boolean equations and the predefined inclusion criteria. Afterwards, the application of the
methodology carries out an initial preselection and an individual review of each preselected
study, to ensure compliance with the inclusion criteria that make it possible to arrive at a
final selection. In the case that a larger number of articles than necessary was obtained for
the study, the papers with the highest average number of citations per published year are
selected. Finally, the desired information is extracted through closed questions, and the
information contained in the studies is analysed to answer the questions that gave rise to
the research. The flow chart in Figure 1 shows the applied methodology graphically.

The purpose is to obtain a selection of relevant, comparable articles chosen based on
pre-established criteria, and thus minimise the risk of bias in their choice or analysis by
establishing protocols for all the decisions to make over the process. The Web of Science
(WoS) database was defined as the search engine. This database is provided by Clarivate
Analytics and allows for tracking more than 1700 million references cited in more than
159 million records [45].
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Figure 1. Stages of the applied methodology.

WoS is the world’s leading search platform for scientific citations and analytical
information. It is used as a research tool, supports a wide range of scientific papers from
different disciplines, and allows the analysis of large-scale datasets. Therefore, it has been
extensively employed in academic studies published over the last 20 years [41–43]. The
choice of English as the language of publication is based on the fact that in international
journals more than 90% of the articles in the natural sciences are written in English, so
many authors believe that it is necessary to publish in English, or even only in English [39].
Furthermore, articles published in non-English languages have fewer citations [40,42], so
including articles in non-English languages may lead to heterogeneity in the selection, and
the aim is to obtain a representative selection based on homogeneous selection criteria, so
that we can analyse current trends. As a publication format, only Open Access publications
are chosen. According to the declaration from the Budapest Open Access initiative in 2002,
“Removing access barriers to this literature will accelerate research, enrich education, share
the learning of the rich with the poor and the poor with the rich, make this literature as
useful as it can be, and lay the foundation for uniting humanity in a common intellectual
conversation and quest for knowledge.” [37,38]. According to the Director of the Harvard
Open Access Project, “open access is the convergence of tradition and a new technology,
which makes a public good possible” [36]. The open access movement seeks to democratise
access to knowledge and educational materials, and is integrated in important institutions
such as Harvard or MIT, where the OpenCourseWare project allows access to a major
part of MIT’s course materials in open access [35]. In addition, universities such as the
Dutch University of Utrecht are beginning to stop using the impact factor as a parameter
for recruitment and promotion decisions, and their professors will be evaluated for their
commitment to open science [33]. Furthermore, a study on the impact of open access on
the number of citations in academic publications in civil engineering shows that papers
from top-ranked journals (first quartile and second quartile) obtained more citations than
non-OA articles, according to data from the WOS and Scopus databases [34]. Although
it is interesting to include in the literature selection a weighting of the importance of the
knowledge transmitted by the articles, no reproducible method has been found so far.
Therefore, the number of citations, a widely accepted criterion, was used as a bibliometric
indicator [42–44]. At this point, it is important to emphasise that this is an open access
literature review that seeks to identify the most recent trends through the systematic
analysis of representative publications, with proven acceptance by the scientific community,
peer-reviewed, and published in recognised journals and conferences, and it does not
intend in any case to be a ranking of the best publications. Finally, although there is great
interest in nanomaterials based on titanium [46], aluminium [47], or magnesium [48], they
were excluded from the search to avoid noise in the results, because the authors’ study
focuses on the macroscopic level.
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The Boolean Equation (1) indicates the search strategy. The definition of the search
aims to select representative and quality literature published on magnesium, aluminium,
and/or titanium light alloys, with studies of individual materials and those of hybrid or
multi-material materials being of interest, whenever the materials included are lightweight
structural materials. In addition, the latest trends in machining processes are explored,
particularly those related to the aeronautical or automotive industries, and all this is defined
under a pronounced sustainability-oriented perspective. Other inclusion criteria required
for the final selection are publication in Open Access, in journals with an impact factor of
Q1, Q2, or proceedings of renowned conferences, and the use of the English language.

TS = ((aeronaut* OR aircraft OR aerosp* OR air transport OR aviation OR automobile* OR vehicle* OR
automotive*) AND (hybrid compo* OR hybrid materia* OR hybrid structur* OR multi-materia* OR
multimateria* OR lightweight* OR light-weight * OR light allo* OR light materia* OR structural
materia*) AND (drilling OR turning OR cutting OR machinability OR machining) AND (magnesium
OR aluminium OR titanium) AND (sustainabili* OR carbon dioxide OR carbon emission* OR energy
efficiency OR fossil fuel OR fuel consumption OR fuel saving OR global warming OR sustainable
OR green OR energy-efficiency OR environment*) NOT (nano*))

(1)

By applying the methodology, the final selection of the 40 articles ranking the highest
average number of citations per year of publication during the period 2015–2020 was
reached. Finally, a literature selection with an average of 20.6 citations/article and a total
of 825 citations was obtained. For the number of total citations and for the calculation
of the averages per year of publication for each article, the data provided by WoS on
the date of the last search on 7 December 2021 were used. An initial pre-selection and
the final selection of articles were made based on the data provided by WoS at the last
search. The calculation of average citations by year of publication was made, considering
for each article the difference in years between the year of publication and the year 2020,
both included.

Once the pre-selected articles had been reviewed and the final selection was obtained,
a simple database was prepared in Excel in which the relevant information extracted from
each article was stored—mainly the title, authors, scientific journal with its classification
by percentile or congress, year of publication, Digital Object Identifier (DOI), and total
and average number of citations per year of publication. In addition, univocal questions
were defined to be asked to each article to obtain a complete picture of the interests
and trends of the topics and materials investigated. Subsequently, during the review of
the studies, the information extracted through closed questions was stored in the file.
Table 1 shows the main characteristics and the inclusion criteria required for the selected
bibliography, and Table 2 summarises the metrics of the publications where the selected
studies were published.

Table 1. Selection criteria and main characteristics of aluminium, magnesium or titanium literature.

Criteria Features

Publication period 6 years/2015–2020/40 articles most cited/20.6 citation per article
Date of last search 7 December 2021

Type of studies Articles: Q1-Q2 scientific journals and conference proceedings
Search strategy Boolean Equation (1)
Search engine Web of Science (WoS)

Language English
Type of publication Open Access



Metals 2022, 12, 9 7 of 21

Table 2. Main data associated with the quality of the scientific journals in which the selected articles
were published.

Articles Selected N◦ %

Total number 40 100%
Proceedings Paper 13 32.5%

Q1 13 32.5%
Q2 14 35%

3. Literature Analysis

Considering that a study can involve more than one material in its research, aluminium
alloys are the alloys that appear in more studies, participating in 58% of the studies,
followed by titanium alloys in 43%, and finally, magnesium alloys in 30%. In addition,
other materials used to form multi-materials also appear, such as high-strength steels [24],
FRPs [25], or technical ceramics such as silicon carbide in AMMs [23]. Table 3 summarises
the selected literature for this study, including the average citation by year of publication
for each paper, type of publication, year of publication, country of origin based on the first
author, and the topics covered.

Table 3. General summary of the literature selection, including topics covered.

Ref. Average
Citation

Publication
Type Year Machining Fatigue Sustainable

Cooling
Multi-

Material 3*AM Origin

[49] 45.5 Q1 2019 China
[50] 27.0 Q1 2020 X X China
[21] 24.0 Q1 2020 X Australia
[29] 22.8 *PP 2015 X Germany
[51] 20.0 Q2 2019 X Italy
[20] 18.2 *PP 2016 X 5*SAf
[52] 11.3 Q1 2017 X X 2*UK
[53] 11.0 Q1 2017 X China
[19] 9.5 Q1 2015 2*UK
[54] 9.0 Q2 2020 2*UK
[55] 8.0 *PP 2018 X Israel
[56] 6.6 Q1 2016 X Germany
[57] 6.3 Q2 2018 2*UK
[58] 6.0 Q2 2020 USA
[28] 4.7 Q2 2018 X X Spain
[59] 4.0 Q1 2020 X Slovakia
[60] 3.7 *PP 2018 X X USA
[26] 3.3 Q2 2018 2*UK
[61] 3.0 Q2 2020 Spain
[18] 2.8 *PP 2017 X X Spain
[27] 2.7 *PP 2018 X X Malaysia
[62] 2.5 Q1 2015 South Korea
[17] 2.3 Q2 2018 X X X Spain
[24] 2.2 *PP 2016 X Germany
[22] 2.0 Q2 2017 X Germany
[25] 2.0 *PP 2017 X X Italy
[63] 2.0 *PP 2017 Malaysia
[64] 2.0 Q1 2016 X X India
[65] 2.0 Q2 2019 X Spain
[66] 2.0 Q2 2020 X Spain
[31] 2.0 Q1 2020 France
[23] 1.8 Q1 2017 X X Spain
[23] 1.7 Q2 2018 X X X Spain
[67] 1.7 Q1 2015 X 4*SA
[68] 1.3 *PP 2017 X USA
[69] 0.8 Q2 2015 X Poland
[70] 0.8 *PP 2017 Spain
[71] 0.7 Q2 2018 X X Spain
[30] 0.7 *PP 2015 Germany
[71] 0.7 Q1 2018 Spain
[72] 0.3 *PP 2018 X X 5*SAf

*PP Proceedings paper; 2*UK United Kingdom; 3*AM Additive Manufacturing; 4*SA Saudi Arabia; 5*SAf
South Africa.
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3.1. Machining and Sustainable Cooling/Lubrication

40% of the selected studies involve a machining process in their research, with turning
being the most analysed process with 38%, followed by drilling with 31% of the machining
studies. The costs of lubricants, coolants, and cutting fluids (CFs) are estimated at 17% of
total machining costs, and cutting tool costs at 4%. Cutting fluids contain harmful chemicals
to the environment and can cause worker illnesses such as respiratory problems, asthma,
and cancer [28]. Therefore, 75% of the selected machining articles focus their research on
the analysis of sustainable cooling/lubrication techniques, with dry machining appearing
in 65%% [16–18,28,50,71], and cryogenic cooling [29,30,51] and Minimum Quantity Lu-
brication (MQL) [18,29,30] in 18% of the machining studies. There are also research lines
oriented to develop processes utilising sustainable cutting or machining fluids based on
vegetable oils such as sesame, coconut, sunflower, palm, and others [28,64].

In 2018, Garcia-Martinez et al. [28] conducted an analysis of the literature published
since 2015 on non-traditional lubrication techniques applied to turning, drilling, and milling
processes. The study analyses MQL, cryogenic lubrication, minimum quantity cooling
lubrication (MQCL), high-pressure cooling (HPC), and laser-beam-assisted machining
(LBM) processes. Although dry machining is also considered a sustainable solution, the
authors did not include it in the review because of the difficulty of using this process in
machining titanium alloys due to their low thermal conductivity, low elastic modulus,
and high chemical affinity with machining tool insert materials. The study concludes
that cryogenic lubrication improves the surface quality of the machined parts, so 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 reported, in others, more significant wear appears due to
the increase in Ti hardness at low temperatures. Therefore, MQL seems, for many of the
authors, as a good compromise solution that reduces the amount of coolant and achieves
the same or better surface roughness results than conventional cooling. Another innovative
technology analysed is laser-beam-assisted machining (LAM), which aims to preheat the
part and facilitate cutting. However, it is currently difficult to correctly control the process
parameters, resulting in rapid tool wear. The most commonly used response variables in
studies to develop sustainable cooling lubrication technologies are cutting forces, surface
roughness, and tool wear.

Cryogenic cooling is often suggested to solve problems associated with titanium
machining, mainly affecting tool life, and caused by its low thermal conductivity and
high chemical affinity. However, one of its drawbacks is the difficulty in machining parts
exposed to the extremely low temperatures of cryogenic machining, producing a hardening
of the workpiece and a subsequent increase in cutting forces. In 2018, Suhaimi et al. [27]
proposed a new tool design that allows for the cooling of the tool by an internal circuit
through cryogenic cooling, and keeps the part machined at standard working temperature
to avoid hardening. The design integrates an internal cooling circuit in the tool that utilises
nitrogen as a cryogenic fluid. The performance of indirect cryogenic cooling was compared
with good results of those obtained by other cooling technologies: flood cooling, MQL, and
the conventional cryogenic cooling method.

In 2020, Gupta et al. also carried out a comparative study of the trendiest sustainable
cooling systems for difficult-to-machine materials: dry machining, cryogenic cooling, and
the combination of cryogenic cooling with MQL. Their efficiency is analysed through
several parameters; temperature, thrust force, surface roughness, and tool wear. The hybrid
process provides cooling for the workpiece and the tool, and at the same time, lubricates
the cutting zone, protecting the machine from vibration and wear. The research team
concludes that the hybrid liquid nitrogen (LN2) + MQL coolant produces the best results of
the three types of environmentally friendly coolant compared, reducing total machining
costs by up to 65.84%, energy consumption by 15.89%, carbon emissions, cutting force
values, surface roughness, and cutting temperature [50,73]. Figure 2 shows the different
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sustainable machining technologies in the form of a ring graph: dry machining, MQL,
cryogenic, high-pressure coolants, and biodegradable oils.
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Concerning the machining processes of single materials contained in the selection, they
are diverse, including articles on drilling [18], turning [71], milling [68], electro discharge
machining (EDM) [64], or abrasive water jet cutting (AWJC) [23].

In the drilling process, drill manufacturers do not usually define the best process
conditions for all possible materials to be machined; this is the case for magnesium alloys.
For this reason, and as the first step in a more extensive and in-depth study on the machining
of magnesium alloys, Berzosa et al. [18] researched which tool shows the best conditions for
machining magnesium parts and is compatible with the stringent tolerances required for
machining in the aeronautical industry. In this study, a Design of Experiments (DoE) test
was initially designed following Taguchi guidelines. The factors identified as potentially
influential were the drill bit tip angle, cutting speed, feed rate, and type of cooling. The
values obtained were analysed using the analysis of variance method (ANOVA), and a
roughness prediction model was developed, although the correlation of the regression
indicated the existence of influential parameters not included in the model. The conclusions
revealed cutting speed as the most significant factor. For high cutting speeds, better Ra
results were obtained for 118◦ drills, while for low cutting speeds, better results were
obtained for 135◦ drills.

As for the turning process in single materials, macro-geometric deviations are essential
for the function and reliability of the aeronautical parts. In this sense, in 2019 and 2020
Martín Béjar et al. [65,66] studied the turning parameters’ influence over parallelism,
straightness, eccentricity, roundness, concentricity, and cylindricity in high-slenderness
components. They compared the results with the previous test performed with more
rigid pieces, concluding that feed rate is the parameter with more influence on most of
the deviations, while the cutting speed has less influence. The parts with greater rigidity
showed less sensitivity to the test with different cutting parameters. Previously, in 2018,
Gomez-Parra et al. [71] had analysed the influence of corrosion on turning processes in
aluminium alloys. In the study, the effect of the machining on the ultimate tensile strength
(UTS) of specimens subjected to marine corrosion was analysed. The study indicated that
machining improves the tensile strength of the samples, as machining generates residual
compressive forces responsible for the improvement. Furthermore, it was observed that the
higher the residual compressive force generated, the higher the UTS, and in addition, the
UTS increases with increasing feed rate. These results are consistent with those presented
in 2017 by Bermudo et al. [70] in a comparable test on a dry-turned aluminium alloy.
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Mitchell et al. in 2020 [58] also carried out a study on corrosion, but in this case,
analysing the influence of roughness on corrosion in magnesium alloys in marine envi-
ronments. The researchers concluded that corrosion is a significant parameter, and that
corrosion increases with the roughness of the part in magnesium alloys.

On the other hand, in the search to lighten the mass of the structures, lightweight and
resistant designs are sometimes designed, but they complicate the machining processes.
This is the case with the aluminium sandwich panel with a honeycomb structure, a structure
widely used in aerospace and aeronautical components thanks to its lightness and high
strength. This type of panel consists of two outer aluminium sheets and an inner aluminium
core in the form of a honeycomb. This distribution provides high strength, but it is difficult
to machine due to the variable cutting conditions in the core, so machining often requires
significant post-processing. In 2017, Yip-Hoy et al. [68] performed an experimental milling
test with this type of sandwich panel, aiming to better understand this type of machining
and optimise the process. The results showed the difficulty of the process, concluding the
existence of high vibrations in the first part of the machining on the top sheet and the upper
area of the honeycomb structure, and pointing out the need for further tests to optimise
this process.

On the other hand, there is also a research line that promotes sustainable cutting fluids
based on biodegradable vegetable oils such as sesame oil, coconut oil, sunflower oil, palm
oil, etc. In 2016, Singaravel et al. published a study [64] on vegetable oil-based dielectric
fluids in EDM machining and compared the surface roughness results with those obtained
using conventional dielectric fluids. For this purpose, the authors performed machining
tests on Ti6Al4V specimens and used sunflower, colza, and jatropha oils as biodegradable
dielectric fluids, and paraffin as a conventional dielectric fluid for comparison. The study
concluded that sustainable biodegradable oils can be successfully used. They have similar
dielectric properties and erosion mechanisms to conventional dielectric fluids, making them
a good option for sustainable manufacturing. Table 4 presents a summary of the five most
cited selected articles on machining and sustainable cooling technologies, including the
average number of citations per year of publication, type of publication, year of publication,
material machined, machining process involved, type of cryogenic cooling involved, and
country of origin of publication based on the nationality of the first researcher.

Table 4. Top 5 articles on sustainable machining and cooling processes.

Ref. Average
Citation

Publication
Type Year Material(s) Process Key Topics Origin

[50] 27.0 Q1 2020 Ti Turning Cryogenic/Dry China
[28] 4.7 Q2 2018 Ti 3*SoA Cryogenic/Dry/4*MQL Spain
[61] 3.0 Q2 2020 Mg/Ti/Mg Drilling Dry Spain
[18] 2.8 5*PP 2017 Mg Drilling Dry/4*MQL Spain
[64] 2.7 Q1 2018 Ti *EDM Biodegradable oil India

*EDM Electrical discharge machining; 2*AWJM Abrasive water jet cutting; 3*SoA State of art; 4*MQL Minimum
quantity lubrication; 5*PP Proceedings paper.

3.2. Multi-Materials

Another topic with a marked trend is the study of multi-material components, found in
33% of the selected studies. As important sub-topics, the joining of dissimilar materials with
46%, and the machining of multi-material compounds with 38% of the studies dedicated
to multi-materials, are worth highlighting. In addition, the multi-material combination
participating in most studies is the metal–metal combination, included in 62% of the papers
that include multi-materials, followed by AMMs, present in 31%. The automotive industry
has long been trying to implement new ways to reduce the weight of car bodies. It is
becoming increasingly common to find car bodies made of multi-materials consisting of
aluminium and steel joined together. Currently, the mechanical performance of multi-
material joining is limited, and it is often necessary to develop or adapt technologies that
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were not previously used in the automotive sector. For this reason, in 2019 Gullino et al. [51]
carried out a state-of-the-art review of the available welding technologies for joining
dissimilar materials, based both on the fusion of base materials and on solid-joining
technologies, focusing the analysis on technologies applicable to the joining of steels and
wrought aluminium alloys. Among the fusion technologies, the review includes: resistance
spot welding (RWS), in which a hybrid process combines resistance spot welding and
adhesive joining to seal and prevent corrosion, and laser beam welding (LBW), in which
laser technology is used to create a weld joint that minimises the heat-affected zone. Arc
Welding is a conventional welding process that uses electricity to melt the metal and join the
materials together. In principle, this technology is less effective than laser welding because
it provides more heat and produces a negative intermetallic layer at the joint between the
aluminium and steel.

Regarding solid-joining technologies, the following technologies are included: explo-
sion welding and transition joints (EWTS), in which an explosion is applied, there is no
external heating, and welding is achieved mainly due to high collision velocity; magnetic
pulse welding (MPW), which is a similar method to the previous one but where the material
is accelerated by a magnetic field; roll bonding (RB), a technique that uses high pressures to
fabricate a bimetallic sheet; friction stir welding (FSW), a process that utilises a rotating tool
to generate frictional heat and plastic deformation, and where welding is achieved by a
combination of heat and pressure; friction bit joining (FBJ), a process that uses a consumable
drill bit as a joining material between aluminium and sheet steel in the automotive industry;
and ultrasonic spot welding (USW), a process that relies on a translational movement
between metal sheets, creating local deformation and generating sufficient heat for joining.
Figure 3a shows an example of a steel-titanium-aluminium hybrid composite formed by
blast welding in 2019 [51].
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Lahdo et al. [24] also conducted a study aimed at the optimisation of laser welding
applied to the joining of aluminium and high-strength steel parts. The study was addressed
to the maritime transport sector, in which the reduction of consumption and pollutant
emissions by the decrease in mass is also a primary objective. The quality of the welded
joint depended on the intermetallic phases formed, and joints with a tensile strength of
10 kN were achieved in the experimental test. From the analysis of the test data, it was
stated that laser weld penetration and width increase with the increase in energy per unit
length, and that weld bead width has a significant influence on the shear strength. The
failures found in the test specimens studied were mainly located in the weld metal of the
steel zone.
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FSW welding is a solid-state process that uses a lower temperature compared to fusion
welding processes. This makes FSW an excellent candidate to use for joining materials of a
dissimilar nature, as it avoids the formation of intermetallic compounds. Particularly for
magnesium and aluminium joining, both are materials of high potential for the aeronautical
and automotive industries, so the study of reliable joining is essential in developing their
combined use. Baghdadi et al. [63] conducted an experimental test in 2017 to investigate the
properties of the FSW weld joint between aluminium and magnesium alloys, and examine
the effect of tool offset on the strength of the joint (see Figure 4). In the study, the authors
referred to welding efficiency as the ratio between the tensile strength of welded specimens
in the investigation and the UTS of the magnesium alloy. The efficiency achieved by the
welding varied from 29% to 68%. Finally, it was concluded that the rotational speed and
offset of the tool significantly influence the resulting UTS.
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Another type of joint frequently used in the automotive and aeronautical industries
is a mechanical joint using screws or rivets; for that purpose, the machining of the parts
is critical, and in the case of multi-material parts, the availability of machining processes
adapted to multi-material combinations allows for the optimisation of time and cost of
manufacture and repair.

Spot welding is another of the most commonly used methods for joining aluminium
and steel parts in the automotive industry. For this reason, Nikolic et al. [59] carried out an
experimental analysis of the influential parameters on the lifetime of components joined
using this technology, concluding that the lifetime at fatigue of the welded joint increases
with the increase in the thickness of any of the individual plates, with the increase in the
diameter of the welding point, and decreases with the increase of the applied load. In
addition, the crack propagation behaviour was analysed, and it was concluded that the
crack practically does not propagate until the number of load cycles reaches 30,000, at which
point the crack length starts to increase linearly up to about 40,000 cycles, after which the
crack growth becomes unstable. The lifetime is always longer in mono-material composites,
as there are no additional residual stresses and they have the same coefficient of expansion.
Continuing the theme of fatigue life of alloys, especially in the region of very high cycle
fatigue (VHCF), in 2016 Heinz et al. [56] performed very high cycle fatigue tests (VHCF)
using 20 kHz ultrasound on titanium alloy specimens, finding a significant decrease of
the tolerable stress amplitude and a change of the failure type from surface to subsurface
at more than 107 cycles. In addition, SEM analyses showed irreversible microstructural
changes and subsurface volume defects in the samples tested up to 1010 cycles (grain
refinement, twinning, and microcracking). Moreover, Yang et al. in 2017 analysed the effect
of stress ratio on the very high cycle fatigue behaviour of a titanium turbine blade alloy by
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ultrasonic fatigue experiments. Based on fracture mechanics, the fatigue failure process
was divided into four stages: crack initiation, slow propagation, fast propagation, and final
fatigue failure, where less than 3% of the total fatigue life was in the initiation stage, and
more than 95% belonged to the crack growth stage [53].

On the other hand, the bores drilled in aircraft components to assemble the different
parts are exposed as well to cyclic stresses, leading to fatigue failures. Furthermore, given
the responsibility of the pieces, they must be checked frequently for maintenance and repair
of possible cracks that could cause a catastrophic part failure in service. For this reason,
Rubio et al. [16] in 2018 carried out a study of the optimum drilling process parameters
of multi-materials formed by magnesium and titanium by dry machining. Figure 3b
presents the multi-material specimen designed for the test. Magnesium presents an ignition
temperature below its melting temperature that makes it easily ignitable, and titanium
possesses a low thermal conductivity and high reactivity that tends to produce cracks
in the cutting tools. Another added difficulty was that the operation was carried out in
a single step, drilling materials of a dissimilar nature in a single step, which required
compromise parameters intermediate to those that are ideal for each material. The study
conducted a DoE following the Taguchi method. The parameters of potential influence
were defined as feed rate, cutting speed, bit layer, positioning of the plate relative to the
stacked composite, and position of the measurement relative to the plate. An ANOVA
was used to examine the results. The study concluded that the most influential factor is
the plate position regarding the stack. The research concluded that dry redrilling repair
operations can be carried out successfully and within the standard tolerances required for
machining in the aeronautical sector. In 2018, Rubio et al. [17] complemented this work with
an experimental turning test on a multi-material made up of magnesium and aluminium
alloys. In this case, the surface quality obtained after machining was strongly influenced
by the feed rate, and low values were the most advantageous to achieve low roughness.
Furthermore, different combinations of cutting parameters were identified that efficiently
perform these operations, optimising the machining times and the surface quality obtained.
As part of the same study, in 2020, Blanco et al. [61] carried out a comparative re-drilling
test on magnesium-based multi-material components for the repair of aeronautical parts
by re-drilling. The study concluded the existence of a directional effect dependent on the
cooling/lubrication employed and the type of multi-material composite.

Regarding innovative trends, it is also interesting to mention a proposal for integrating
sensors in lightweight structures to obtain smart structures that provide information about
their status [22], or the integration of new technologies in production lines, such as collabo-
rative robots, to optimise the process. With this in mind, in 2017, Cirillo et al. [25] proposed
the use of collaborative robots (COBOTs) to make the drilling process more efficient and
reduce the number of human operations that do not add value. Drilling is one of the most
frequent and critical operations. It is currently performed by experienced operators to
minimise potential defects, especially in high-value-added components such as CFRP and
aluminium or titanium multi-materials in the aeronautical sector. A critical point in the
process is to achieve the tolerances that allow a correct final assembly. The aeronautical
industry needs to drill thousands of holes per aircraft. For this reason, the parts of different
materials that make up multi-materials are often placed in their relative assembly position,
and the drilling is carried out in a single operation. This procedure saves time and also
allows for perfect alignment and relative positioning of the holes. The proposed process
performs the multi-material drilling operation in a single step and uses low-cost standard
robots and off-the-shelf components to minimise the cost of deployment. Furthermore, it is
designed to be user-friendly for operators familiar with the drilling process, but not with
the programming and control of robotic systems.
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On the other hand, primary aluminium has a high environmental impact caused by
its high energy consumption, CO2 emissions, and waste generation compared to secondary
aluminium processing. While it is true that aluminium is a material with good recyclability,
the growth of aluminium multi-materials and the joining of dissimilar materials makes it
increasingly challenging to obtain high-purity recycled aluminium. In 2020, Soo et al. [21]
carried out an experimental trial in a large recycling facility in Belgium. The goal was to
evaluate several joining techniques of multi-material parts on the quality of the recycled
material. The paper concluded that the joints that most affect the quality are the mechanical
joints such as bolts and rivets.

An interesting case is that of the aluminium metal matrix composites reported in
36.1% of the multi-material studies. AMMs have an excellent mass/strength ratio, good
ductility, high strength and elastic modulus, low coefficient of expansion, excellent wear
and corrosion resistance, high creep temperature, and good fatigue behaviour. For these
reasons, AMMs are used in the automotive and aerospace industries in applications such as
robots, high-speed machinery, high-speed rotating shafts, automotive engines, and brake
parts. The ceramic particles must be homogeneously distributed within the metal matrix to
reinforce the structure. The degree of reinforcement depends on the amount, distribution,
and size and shape of particles. The most commonly used particles in aeronautical structural
applications are SiC and B4C [20].

In addition, parts manufactured by the casting process have a complex structure, and
in the case of AMMs include a strong reinforcement phase dispersed in the lightweight
metal matrix. The properties of the compound material are determined by the homogeneity
of the reinforcement phase, i.e., its distribution, quantity, size and shape, and porosity.
Detecting defects at an early stage is essential to avoid problems arising from the use of
defective structures, and for this reason, quality controls are carried out continuously. The
technologies currently used for early defect detection are non-destructive testing such as
computerised tomography, X-ray diffraction, or acoustic emission. However, there are also
studies for the development of new detection systems, such as using the coherence function
to verify the internal structure in cast composites [69].

In 2015, Hassan et al. reported an interesting test of a sintered magnesium-nickel
multi-material. In the experiment, a good dispersion of the nickel reinforcements in the mag-
nesium matrix was obtained, and the hardness and tensile strength of the multi-material
were significantly improved without affecting the yield strength. However, the ductility
deteriorated and the fracture mode changed from pseudo-ductile to brittle, conditioned by
the reinforcement particle when the multi-material was under tensile loading [67].

On the other hand, conventional machining of AMM is very complex due to the
extremely abrasive conditions of the material leading to short tool lifetimes. For this
reason, Ares et al. conducted a study in 2017 on the use of abrasive water jet cutting
(AWJM) technology in the machining of Al-SiC. In the study, an experimental test was
carried out using the AWJM process, and the parameters with the greatest influence on the
machining surface quality and on the taper angle obtained from the machining process
were investigated. The analysis of the data obtained was performed using an ANOVA,
and it concluded that it is more advantageous to employ low feed rates, medium-high
pressure levels, and intermediate abrasion rates for the AWJM to obtain a good compromise
between the results of surface roughness and taper angle [23]. presents a summary of the
five most cited selected articles on multi-materials or hybrid components, including the
average number of citations per year of publication, type of publication, year of publication,
the multi-material investigated, the process investigated, the main topic, and the origin
of the publication considering the nationality of the first researcher. Table 5 presents a
summary of the five most cited selected articles on multi-materials or hybrid components,
including the average number of citations per year of publication, type of publication, year
of publication, multimaterial, main topic, and country of origin of publication based on the
nationality of the first researcher.
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Table 5. Top 5 articles on multi-materials or hybrid components.

Ref. Average
Citation

Publication
Type Year Material(s) Process Origin

[21] 24.0 Q1 2020 Al/St Recycling Australia
[51] 20.0 Q2 2019 Al/St Welding Italy
[20] 18.2 5*PP 2016 *AMMs 2*SoA South Africa
[59] 4.0 Q1 2020 Al/St Welding Slovakia
[60] 3.7 5*PP 2018 Al/Mg/Ti 3*AM USA

*AMMs Aluminium metal matrix; 2*SoA State of Art; 3*AM Additive manufacturing; 4*JDM Joining dissimilar
materials; 5*PP Proceedings paper.

3.3. Additive Manufacturing

Additive manufacturing is a topic of increasing interest and appears in 18% of the
selected studies. Additive manufacturing refers to manufacturing processes in which parts
are built layer-by-layer directly from a 3D model.

The use of an additive manufacturing process reduces waste materials and manu-
facturing times, increases added value by obtaining parts with a shape close to the final
form [52], and allows for the production of much more complex shapes and interior cavities
such as cooling circuits [54], therefore optimising manufacturing times, the ratio of final
material to initial material used, the mechanical strength of the component, functionali-
ties, and the energy used in the forming process of the piece. However, the technology
currently has associated disadvantages to solve such as porosity, anisotropy, or low fatigue
strength [55,60] that limit its use, especially in critical parts, so many studies focus now on
the development of different additive manufacturing technologies.

In 2018, Dimitrov et al. [72] compared relevant manufacturing techniques applicable to
the manufacture of titanium parts. The study aimed to increase knowledge about titanium
processing so that South Africa can move from being a supplier to participating in the
entire value chain of the material, especially in the higher value-added stages. Machining
of titanium parts is complex. The material is considered challenging and time-consuming
to machine; for example, it is ten times slower than machining aluminium, so the study
aims for near net shape manufacturing. Based on this study, powder metallurgy (PM)
shows from 2000 parts per year higher economic efficiency than metal injection moulding
(MIM), additive manufacturing (AM), and traditional machining, and the price is strongly
influenced by the cost and quality of the titanium powder. MIM suits complex-shaped parts
of more than 10,000 units per year and smaller than 5 cm in size. Additive manufacturing
(AM) focuses on individual pieces with complex shapes. On the other hand, forging
has a lower material loss compared to machining, and increased strength, but it has the
disadvantage of lower-dimensional accuracy. The single point incremental forming (SPIF)
process is mainly used for rapid prototyping and biomedical products, but its geometric
accuracy is poor, and its residual stress is high. The most commonly used response variables
in titanium studies are surface roughness and residual stress condition. Machining with
a better finish produces a higher compressive residual stress, which can be positive in
terms of fatigue. The study includes a practical case—the manufacturing comparison of
a blade through different processes: complete machining, pre-form plus machining, and
additive manufacturing plus machining. The analysis of the experimental test concluded
that the machining process provides excellent flexibility, but has a low material usage ratio,
so it is only recommended in the case of small production batches. Combining forming
and machining reduces the price by increasing the number of units produced and has
a low flexibility and tool life, so it only suits medium-high demands. Finally, additive
manufacturing offers high flexibility and good material usage, but the disadvantages are
high residual stress and the high cost of titanium powder.
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On the other hand, one of the most researched techniques is selective laser melting
(SLM), a laser additive manufacturing technology that uses lasers to synthesise raw mate-
rial powder and allows topologically optimising designs for aeronautical and aerospace
structural applications. Uhlmann et al. [29] conducted a study in 2015 on the characteristics
and mechanical properties of titanium parts manufactured using SLM. The analysis in-
cluded a comparative analysis regarding parts manufactured by casting, including density,
micro-hardness, surface roughness, strength, and fatigue behaviour. The layer thickness
significantly influenced the final result, so the study set a layer thickness of 50 microns.
The obtained pieces were post-treated by heat treatment and hot isostatic pressing (HIP),
which increased the surface quality, closing the micro-cracks and reducing the surface
stresses. In the post-test of the samples, a relative density of 98.15% and a micro-hardness
of 89%, related to the literature average density, were obtained. Computed tomography
analysis revealed a porosity in samples without HIP post-treatment of 3.05% (relative
density of 96.95%), and with post-treatment of 0.81% (relative density of 99.15%), with a
pore volume reduction of more than 160%. The Rz roughness was maintained in the range
of 103–150 microns [29].

Another of the most studied technologies is wire arc additive manufacturing (WAAM),
which employs a fusion welding electrode [52]. The process has many difficulties in achiev-
ing the required mechanical properties and dimensional tolerances because of the difficulty
in controlling and tracking the process. For this reason, Xu et al. [57] developed a prototype
sensor in 2018 that obtains an accurate voltage and current signal. The equipment monitors
current/voltage, workpiece surface, and ambient oxygen level during the additive process,
improving the quality obtained. Another lesser-known additive technology that enables
the repair of multi-material parts is cold spray (CS) technology. In 2018, Widener et al. [60]
showed the potential of using this technology to repair pieces to promote the reuse of
components, rather than manufacture new parts after wearing. CS technology is a type
of additive manufacturing that uses kinetic energy rather than thermal energy to create
a coating on a wide range of base materials. The coating is created by spraying metal
powders at supersonic speeds of Mach 1–3. The low gas temperature at the nozzle exit
compared to melt technologies, between 100 and 400 ◦C, results in low substrate heating.
Low temperatures and short durations reduce the risk of grain growth, and phase trans-
formation and the heat-affected zone (HAZ) are minimal. On the other hand, although
additive manufacturing is one of the trendiest processes today, the process is still far from
being fully developed. One of the most relevant problems that researchers face is residual
porosity, which affects the mechanical properties and fatigue strength of parts manufac-
tured by additive manufacturing. In 2018, Popov et al. [55] investigated the efficiency
of HIP post-treatment to decrease the porosity of Ti components fabricated by additive
manufacturing using electron-beam melting (EBM). This treatment applies simultaneously
high pressure and high temperature in an inert gas atmosphere. The study examined the
microstructure and fatigue strength of EBM-fabricated and HIP-treated specimens, and the
results clearly demonstrated an enhancement of the mechanical properties where the HIP
process was applied, clearly improving the fatigue strength, as can be seen in Figure 5. In
untreated parts, cracks initiate more frequently in surface defects, whereas, in treated parts,
crack initiation is usually in the interior of the part volume. Table 6 presents a summary of
the five most cited selected articles on additive manufacturing, including average number
of citations per year of publication, type of publication, year of publication, material used,
additive manufacturing process included, the main topic, and origin of the publication
based on the nationality of the first researcher.
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Figure 5. High-cycle fatigue test results obtained on specimens before and after HIP treatment,
reproduced from [56], with permission from Elsevier, 2021.

Table 6. Top 5 articles on additive manufacturing.

Ref. Average
Citation

Publication
Type Year Material(s) Process Key Topics Origin

[29] 22.8 5*PP 2015 Ti 2*SLM 3*HIP Germany
[52] 11.3 Q1 2017 Al/Ti/St 4*WAAM Process design United Kingdom
[54] 9.0 Q2 2020 Al/Ti/St 2*SLM Tools United Kingdom
[71] 8.0 5*PP 2018 Ti 5*EBM 3*HIP Israel
[57] 6.3 Q2 2018 Ti 4*WAAM Monitoring United Kingdom

*TC Technology comparison; 2*SLM Selective laser melting; 3*HIP hot isostatic pressure treatment; 4*WAAM Wire
Arc Additive Manufacturing; 5*EBM Electron beam melting; 5*PP Proceedings paper.

4. Conclusions

Transport-related industries, such as aeronautics and the automotive industry, have
established the reduction of consumption and pollutant emissions as a top priority, pushed
by increasingly restrictive environmental legislation and a society that is more demanding
and aware of the need for sustainability. In this context, one line of work is the replacement
of conventional structural materials with lightweight materials that meet the stringent
requirements demanded and, at the same time, contribute to reducing the consumption of
vehicles and aircraft. Among these materials are metallic alloys of aluminium, titanium, and
magnesium, which have excellent weight-to-strength ratios and can be used individually,
in combination with one another or with other lightweight structural elements. For this
reason, the authors considered it interesting to carry out a state-of-the-art review on these
materials to know the trend on materials studied, combinations used, current sustainable
processes applied, and machining processes and sustainable cooling/lubrication involved.

In addition, a methodology adapted from the PRISMA statement was established.
The aim is to minimise potential biases in the selection and analysis of the literature. This
methodology ensures the availability of relevant and representative articles, with contrasted
quality, and clear and homogeneous inclusion criteria.

The main criteria chosen were publications in Open Access, in English, using Web
of Science as the search engine. As a bibliometric indicator for the selection, the average
number of citations per year of publication was adopted. In addition, the search was
carried out using predefined Boolean equations based on keywords. The criteria aim to



Metals 2022, 12, 9 18 of 21

review the open-access literature to identify the most recent trends by using representative
publications, with proven acceptance by the scientific community, that are peer-reviewed,
and are published in recognised journals and conferences. It is important to emphasise that
the purpose is not to make a ranking of the best publications but to study the trend. As a
next step, a future review employing similar criteria, but including both Open Access and
non-Open Access, is considered to be of interest, in order to analyse differences and deepen
the study. The final selection consists of the 40 most cited related research papers during
the period 2015–2020, with an average of 20.6 citations per article, according to information
from the WoS search engine on 7 December 2021.

Machining appears in 40% of the studies, including turning with 38% and drilling with
31% of the machining studies, the most trending topics present. On the other hand, 75% of
the selected machining studies include sustainable cooling, 63% for dry machining, and 19%
for cryogenic cooling and MQL. In addition, studies on the replacement of conventional
fluids with biodegradable oils are emerging. Studies involving multi-material components
are also abundant. Within this group, the joining of dissimilar materials and the machining
of multi-material parts are identified as topics of interest, including 46% of the studies
addressing multi-materials. The multi-material combination involved in most studies is
the metal–metal combination, included in 62% of the studies involving multi-materials,
followed by AMMs, which are present in 31%.

Finally, additive manufacturing is another subject identified as increasing in interest
and appears in 18% of the selected studies. The work is supported by tables summarising
the main topics covered, and summarising the most cited articles on sustainable machining
and cooling, multi-materials or hybrid components and additive manufacturing.
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