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Abstract: Composite materials such as Fiber Metal Laminates (FMLs) have attracted the interest
of the aerospace and automotive industries due to their high strength to weight ratio, but to use
them as structures it is necessary to master the manufacturing and wiring techniques of these
materials. Therefore, this paper aims to address and summarize the drilling and milling processes
in FMLs based on a literature review of papers published from 2000 to 2023. Parameters used
in multi-material manufacturing and machining such as drilling and milling, tool geometry, tool
coating, lubricants and coolants published by researchers were analyzed, compared and discussed.
Machining process parameters related to sustainability were also analyzed. A SWOT analysis was
carried out and discussed to identify opportunities for improvement in the machining process.
There are opportunities to develop the surface treatment of aluminum alloys, such as testing other
combinations than those already used, testing non-traditional surface treatments and manufacturing
modes, and developing sustainable techniques during the FML manufacturing process. In the area of
tooling, the opportunities are mainly related to coatings for tools and changing machining parameters
to achieve an optimum finished part. Finally, to improve the sustainability of the process, it is
necessary to test coated drills under cryogenic conditions to reduce the use of lubricants during the
machining process.

Keywords: fiber metal laminate; drilling; milling; coolant; tool wear; tool geometry; sustainability

1. Introduction

Composite materials have been gaining visibility for the last few decades due to
their advanced properties in comparison to the other material families, specifically in the
aeronautic industry, but also with a growing interest in the automobile industry. This
tendency began after the Second World War with innovations for military applications,
where these materials brought a significant weight reduction in structural design and
presented excellent fatigue properties and corrosion resistance as well [1,2].

Fiber-reinforced polymers (FRPs) are heterogeneous composite materials which com-
bine lightweight, stiff and brittle reinforcing fibers, such as aramid, glass and carbon
(known, respectively, as AFRPs, GFRPs and CFRPs) bound together by a polymeric ma-
trix (thermoplastic or thermoset) [2]. The fibers, the reinforcing phase, contribute to the
improvement of the mechanical properties of the laminated composite, whereas the matrix
transfers the load to the inner fibers and at the same time it protects them from external
damage and provides the composite material with its high fracture toughness [3].

In spite of this, there was a need to improve even further the properties of these materi-
als so they could sustain the harsher conditions existent in aircraft, a requisite satisfied with
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the appearance of the fiber-metal laminates (FMLs) [4]. These are, by definition, hybrid
structures which combine alternate phases of FRPs in the form of plies with thin sheets
of a metal alloy, usually aluminum (FRP/Al) or titanium (FRP/Ti) [5,6]. An example of a
FML with the fibers incorporated in epoxy resin is observable in Figure 1, which presents a
three/two lay-up, since three metal layers alternate with two reinforcement ones.
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Figure 1. Fiber metal laminate configuration (adapted from [7]).

Nowadays, several types of FMLs exist, depending on the chosen metal to use or even
the polymer, based on the intended application for the new material. For example, if these
are composed of elastomer interlayers, their designation becomes FMEL, for fiber-metal-
elastomer laminates [8]. On the other hand, considering just the metal counterpart, the
most common FMLs are the CARALL (Carbon Reinforced Aluminum Laminate), GLARE
(Glass Reinforced Aluminum Laminate) and ARALL (Aramid Reinforced Aluminum
Laminate) [9–12]. Apart from the metal and reinforcement constituents, as well as the
lay-up configuration in which the metal layers can be outside or inside the multi-material,
the direction of the laminate must also be considered, namely, if it is a unidirectional hybrid
laminate or a cross ply (woven), as shown in Figure 2.
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Through this union, FMLs combine the durability and easiness of fabrication associ-
ated with metal alloys with the outstanding specific properties and excellent fracture and
fatigue resistance of high-performance composite materials [14,15]. Furthermore, metals
lack fatigue strength and corrosion resistance, whereas composites have a low bearing
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strength and impact strength, in addition to their problem of reparability [16]. Hence, the
combination of both materials overcomes the existing negative issues individually. The
result is a high-strength, lightweight material with improved thermal, mechanical and
tribological properties [17].

Regarding the manufacturing of multi-materials, this is a difficult process, due to the
different properties of the materials to be joined and relatively weak adhesion between
them [18–21]. Surface treatments can also be executed to enhance the adhesion at the
metal-composite interface [22–25]. An adequate surface treatment of the metallic layer is
indispensable to guarantee a good mechanical and adhesive bond between the composite
laminates and metal surfaces. This treatment can be mechanical, through an abrasion to
produce a macro-roughened surface and to remove undesirable oxide layers; chemical,
with the immersion of the substrate in an acid solution; or electrochemical, with a coupling
agent or dry surface, such as plasma-sprayed coating or ion-beam-enhanced deposition [1].
After the treatment, metal sheets may also be annealed, in order to relieve mechanical and
thermal stresses, another step to facilitate the adhesion [26].

Several methods can be employed to achieve the intended configuration, with the
most prominent being the fusion, chemical bonding (bond dual materials using structural
adhesive) [27–29], physical and mechanical bonding, such as screwing or riveting (SPR) [21]
and friction-based joining processes [30]. Figure 3 presents some of the processing methods
used in the fabrication of Carbon Fiber Reinforced Metal Matrix Composites (CF/MMCs).
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Figure 3. Processing methods for fabrication of CF/MMCs (adapted from [17]).

The shown techniques can be of diverse natures. In the solid-state processing, the
composites are formed as a result of bonding between the metallic matrix and carbon
fiber due to mutual diffusion occurring between the two in solid states at high tempera-
ture/pressure. The liquid-based metallurgy methods include processes such as casting and
gravity or vacuum infiltration. This technique has as benefits short processing times, high
fiber contents and low cost; however, the carbon fibers are likely to separate and float on the
surface due to the significant density differences. Finally, the deposition processing consists
of depositing the matrix on the fibers through various methods, followed by consolidation
of the final product [17].

Alternatively, other fabrication methods also exist, such as forming techniques [31,32],
where the cured fiber and resin matrix layers are deformed elastically, and the metal layers
are deformed plastically by deep drawing, with a combination of optimized inner glass
fiber patches and non-cured FMLs [33,34] or vacuum infusion, where there is no need of an
autoclave or press [35,36].

In the case of CFRP/Al and CFRP/Ti stacks, firstly, the metal surfaces are treated for
an optimal adhesion between the alloy and epoxy resin. After that, they are cured in a hot
press, in order to achieve their final configuration, with the adhesive impregnated fibers
prepregs successfully joined with the metallic layers [1].
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The multi-material is of the utmost importance to the construction of aircraft due to its
enhanced properties, surpassing the other families of materials in specific applications [37].
The CFRP composites are applied in the fabrication of major structural members of aircraft,
such as floor beams, frame panels and a significant portion of the tail sections [38]. More-
over, 25% of the Airbus A380 airframe consists of composites, from which 22% are carbon-
or glass-fiber-reinforced plastics and 3% are GLARE [39]. The application of GLARE in
the upper fuselage shell of the Airbus A380 resulted in 15–30% weight savings over alu-
minum panels alone with significant improvement in fatigue properties [40]. Considering
the Boeing Commercial Airplanes, 30% of the Boeing 767’s outer structure is made from
composites, and the Boeing B-787 contains almost 57% of its primary structure built only
from composite materials, which confers it its wide range of flexibility. In the same way,
the blades used in the cooler section of compressor and fan cases, usually employed in
aero engines, are manufactured from CFRP, which reduced the assembly total weight by
180 kg and operational costs by 20% [41,42]. Furthermore, CARALL is also used in heli-
copter struts to absorb shocks, as well as plane seats. This FML shows an extreme fatigue
fracture development resistance and outstanding pressure intensity and energy absorp-
tion [43]. Its high stiffness and strength with good impact properties also give CARALL
laminates a great advantage for space applications [1].

Not only does the aeronautic industry benefit from the use of these materials, but the
automobile sector is also adopting the same practice [44,45]. The reasons behind this are
mostly the reduction in fuel consumption and the CO2 emissions of future car generations.
The combination of high-strength steel alloys and CFRP prepregs in an FML is a promising
approach to producing lightweight car structures with a high stiffness-to-weight ratio [33].
In an automotive chassis, for example, it is beneficial to use CFRP where the chassis needs
to be light and stiff aluminum where the deformation needs to be controlled [46]. Due to
the high damping and good vibration resistance of FRP, metal-FRP hybrid components
can also be used to improve the noise, vibration, and harshness (NVH) performance of
automotive parts, which enhances the driving experience [47].

Based on a literature survey between 2000 and 2023, the main contribution of this
manuscript is to provide information in a structured way about composites and manufac-
turing and machining operations of various materials, mainly in the field of drilling, and
how the process can be performed in a sustainable way. The major novelty brought by this
study is to group this information to perform a SWOT study, performing the critical analysis
of the results already existing in the literature to prospect opportunities for improvements
in the manufacturing of FML, in the machining process making it as sustainable as possible.
Thus, in a structured and organized manner, it is intended to facilitate reader access and
guide to what can still be studied in depth to contribute to creating a robust database on
the topic in question.

2. Methodology
2.1. Literature Review

To develop this review, scientific databases such as Clivarate/Web of Science and
Scopus were searched for selected papers related to FML and their production steps. In
both scientific databases, the advanced search by title, abstract and keywords was used. The
chosen search range was between 2000 and 2023. The selection of publications started with
the first level of keywords used: Fiber Metal Laminates (FML), process, fabrication, and
machining. The following keywords were associated with topics related to manufacturing
steps and material characterization, such as CFRP/Al stacks, CFRP/Ti stacks, cooling,
damage, defects, drilling, milling, surface treatment, tools, microscopy, tomography and
their comparison.

Using the Web of Science search tools, the publication selection started with the com-
bination of the keywords FML and process (6504 papers found), FML and manufacturing
(3014 papers found), FML and fabrication (2439 papers found) and FML and machining
(856 papers found). The number of papers decreases when a specific keyword is used. If
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the keyword FML is changed to “CFRP/Al stacks and machining”, the number of papers
decreases drastically to 37. Using the Scopus search tools, the combination of the keywords
CFRP/Al stacks and processing or CFRP/Al stacks and machining yielded 4445 papers and
3104 papers, respectively, indicating that this research platform has more specific papers
related to the topic discussed here. As mentioned above, the number of papers decreases
when a specific keyword is used. In this case, when the keyword “CFRP/Al stacks” is
changed to “FML and machinability”, the number of papers decreases drastically to 24.
The diagram presents the route followed to reach the best literature information about the
FML machining process (Figure 4).
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Using the keyword “FML and machining”, the first three publishers with more publi-
cations on the subject are Elsevier, Springer Nature and Sage, and using the keyword “FML
and process”, the first three publishers with more publications on the subject are Elsevier,
Springer Nature, and Wiley, as can be seen in Figure 5a,b.

Another relevant piece of information extracted from the database was related to
the countries that most published on the subject of FML machining, and it can be seen in
Figure 6 that China leads the publications, followed by the USA and India, with Brazil
being in the 13th position.

The literature review is divided into three main sections: (i) multi-material, (ii) ma-
chining tools and (iii) process sustainability. The first section discusses the multi-material
manufacturing process, focusing on CRFP/Al stacks and CRFP/Ti stacks, followed by
the main machining processes: drilling and milling, addressing the most used coatings
and substrates for use in multi-material drilling/milling processes. The same section will
also cover process parameters and the main lubrication methods used in multi-material
machining. Finally, the main process failures according to quality levels and acceptance
criteria will be presented, as well as how to analyze these process failures. The second
section examines the types of tools used in the machining processes in terms of geometry,
the presence or absence of coatings, and the tool wear. Finally, in the third section, the
importance of studying the sustainability of the process is presented regarding the recycling
or reuse of the chips produced for the different thermoplastic and thermosetting composite
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materials, and regarding the products used for cooling during the machining process,
considering the gains in operational efficiency.
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2.2. SWOT Analysis

The SWOT analysis reinforces the vision of the strategic context, helping in the knowl-
edge of characteristics on the theme that may not be apparent, in addition to also helping
to understand its importance in the market. It is one of the tools that allows a broad view
of the theme under study, considering the internal analysis of the process (Strengths and
Weaknesses), which can be controlled, and the external analysis (Opportunities and Threats)
are elements that cannot be controlled, but their understanding is essential to create the
strategic plan of the process [48,49]. The SWOT analysis is carried out to identify where the
multi-material machining process turns the threats into opportunities.

The information to carry out the SWOT analysis was extracted from the biblio-
graphic review of the multi-material machining process and corresponding critical analysis.
From the information collected, a list of strengths and weaknesses, opportunities, and
threats was created by comparing the different sources of information. After compil-
ing the lists, the most relevant items were prioritized, for an effective analysis of about
3 to 5 items per category that were highlighted as relevant. The items were crossed to
check the relationships between them and were rated from 0 to 3, where 0 is no rela-
tionship, 1 is a weak relationship, 2 is a moderate relationship and 3 is a strong relation-
ship. Based on the SWOT matrix, improvement actions will be established for the topic,
identifying opportunities, weaknesses, sustainability and threats to the multi-material
machining process.

3. Multi-Material Machining Processes
3.1. Multi-Material Process Preparation

The manufacturing process for FMLs is similar to that for polymer composites, using
an autoclave process. To produce an FML, six steps must be followed: (i) sheet metal
surface preparation, (ii) material deposition: prepreg and metal layers, (iii) mold cleaning
and vacuum bag preparation, (iv) curing process, (v) stretching process, and (vi) inspection,
usually imaging techniques, and mechanical testing [1].

All these steps must be carefully followed to obtain an FML with excellent mechanical
quality, which depends on the correct choice and execution of the material preparation
methods. A weak interfacial interaction between the prepreg and the metal can lead
to a delamination process in composite structures, which is a major defect. The correct
choice of surface treatment is then required to improve the bonding energy between the
materials [47].

Adhesive bonding processes such as chemical, coupling agent, dry, electrochemical
and mechanical surface treatments can be used as single or combined methods to produce
an FML. All these surface treatments change the surface topography and increase the
surface roughness, as well as the interaction between the metal and the bonding site.

Some surface treatments were used as a single method. Kwon et al. [21] used a single
method, sanding, a mechanical surface treatment, using three types of sandpaper and
different sanding times. They concluded that longer sanding times increased surface
energy and improved mechanical adhesion between metal and composite. Drozdziel-
Jurkiewicz et al. [22] investigated some aluminum and titanium surface treatments using
mechanical, chemical and electrochemical methods to achieve high adhesion at the metal-
composite interface. These surface treatments improve the interfacial fracture toughness
of the FML, increase the bond strength and provide high adhesion at the FML interface.
The study showed that chromic acid anodization is still the most effective in improving
the expected bond strength. In their studies, Thirukumaran et al. [20] used the first step,
mechanical abrasion, to create a roughened surface at the macro level and remove an
unwanted oxide layer. They then tested the chemical process, also known as acid etching,
using two chemical solutions: potassium dichromate and ferric sulfate. The treatment with
ferrous sulfate, which contains SO4

2e ions, had a better performance, promoting pitting,
which increased the roughness and favored good adhesion between the substrate surfaces,
as indicated by the higher tensile strength values.
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Laser and plasma techniques are also used for the surface treatment of aluminum
sheets to produce FML. Dieckhof et al. [50] treated AA2024 and AA5028 sheets and found
that both techniques allowed the formation of a structured anodic oxide layer, which
improved corrosion protection and interfacial adhesion. Park et al. [51] prepared the metal
surface by mechanical abrasion, followed by phosphoric acid anodization and alkaline acid
etching techniques. They also observed that the rough substrates were essential to improve
the bond strength of the metal sheet-prepreg interface. In addition, they understood that
selecting different autoclave pressures can influence the quality of the FML, reducing the
void content and avoiding premature failure of the FML. Furthermore, Cheng et al. [52]
optimized the production of pores on an aluminum substrate. They chemically treated
the metal surfaces with three different electrolytes, all containing SO4

2e ions combined
with oxalic acid and/or ferrous sulfate. To improve the interfacial adhesion between the
composite and the metal sheet, they also used CNTs for interfacial bridging and final bond
strength. They concluded that a rougher substrate surface potentially helps to improve
wetting, contact area, and mechanical occlusion of the bonded joint.

Analyzing the surface treatment process in aluminum alloy found in the literature, the
combination of mechanical and electrochemical methods is the best used to reach excellent
surface preparation. All the papers analyzed showed that a good surface preparation favors
an adequate roughness of the sheet metal surface, contributing to an optimal mechanical
interlock and excellent interfacial adhesion, thus guaranteeing an FML of sufficient quality
so that it can be machined without suffering delamination processes.

3.2. Numerical Simulation Applied to FML Machining

The numerical simulation technique is an economical option used during the devel-
opment of a product or process. In the numerical simulation, the cost of equipment and
man-hours is lower compared to the equipment used in lubrication processes, finishing,
and the qualification of the finished product, as it includes the cost of acquisition, main-
tenance, and man-hours per machine. In this way, numerical simulation helps to reduce
costs if it is carried out before experimental tests, reducing the number of tests, and making
the choice of parameters more reliable. In addition, numerical simulation can be used to
help understand the mechanism of the machining process by predicting cutting forces and
temperature effects.

In the aeronautical field, the FML machining process requires a proper design of the
processing parameters to avoid the occurrence of various problems and to minimize defects
dependent on the process temperature variation, which can be detrimental to the integrity
of the parts. These aspects become more critical in dry machining, such as matrix burning,
fiber extraction and delamination.

In their work, Parodo et al. [53] monitor the temperature measured on the tool and
the workpiece during dry drilling of Al/GFRP (GLARE) and Al/CFRP (CARALL). The
influence of cutting speed on the temperature trends was analyzed. In addition, a numerical
model was developed to analyze the process of temperature evolution during drilling.
The numerical simulation also indicated that the temperature fields are dictated by the
thermal properties of the carbon and glass fibers: temperature profiles within the CARALL
were found to be smoother than those observed in GLARE. Giasin et al. [40] studied the
machinability of GLARE laminate by experimental techniques and analytical simulation.
The chosen parameters were the effect of feed rate and spindle speed on the cutting forces
and hole quality. A 3D FE model was also developed to help understand the mechanism
of drilling GLARE. To evaluate the numerical model’s efficiency, the collected thrust force
and torque data were compared, and it was shown that the FE drilling model can predict
the cutting forces within acceptable levels. It was the first contribution to the simulation
of the drilling process of FMLs. Zitoune et al. [54] investigated the effect of machining
parameters and tool geometry on cutting forces, hole quality, and CFRP/Al interface using
experimental and numerical simulation. From the experimental study, it was found that
the tool-enhanced geometry induced less thrust force compared to the standard one. The
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numerical analysis was based on the linear fracture mechanics of the CFRP and the plastic
behavior of the aluminum with isotropic hardening. The results showed the critical thrust
force responsible for the delamination of the last layer as a function of the aluminum
thickness and, on the other hand, the maximum shear force responsible for the separation
of the CFRP/Al interface was predicted as a function of the aluminum thickness.

Kim et al. [41] presented a method for predicting a cutting force model to optimize the
feed direction. In this study, they used a CFRP with six different absolute fiber orientation
angles. The fiber cutting angle significantly affects the cutting characteristics of the material
and can be easily changed by varying the feed direction. By changing the feed direction
angle, which is a simple adjustment in the milling process, this method effectively reduces
the cutting force in material milling. In addition, since a predictive cutting force model is
used, it is possible to derive the optimum feed direction under different cutting conditions
with minimal experimentation.

Numerical simulation of the drilling process is relatively new; therefore, it is an area
in the machining process that can be explored. It was observed that many of the authors
investigate the influence of tool geometry on cutting forces and the delamination process
of the material. However, a smaller number of authors study the temperature change in
the profiles and how this can affect the properties of the material, the tool or can even be
useful to study new types of lubricants that are more sustainable.

3.3. Multi-Material Machining Processes

Conventional machining processes such as drilling, milling, turning, and water jet
cutting can be applied to composites, as long as the correct tool design and operating
conditions are used. An FML is difficult to machine due to its anisotropic properties,
inhomogeneous structure, and high abrasiveness of its constituents. These operations
typically result in damage to the laminate such as fiber debonding, spalling, matrix cracking,
fiber failure or pullout, and very fast wear of the cutting tool [55,56].

In the aerospace industry, the FML is used because of its light weight and stability
at elevated temperatures. In these composite structures, large numbers of cut-outs and
holes need to be produced. As mentioned above, FMLs are basically composed of a sheet
of metal, aluminum, or titanium, and composite, carbon or glass fiber reinforcement, and a
thermoset or thermoplastic matrix. Composites require high speed and low feed, drilling
titanium requires low speed and high feed, while drilling aluminum requires a balance
between speed and feed. Accordingly, the great challenge to drilling the FML is the right
choice of parameters processes because of the materials’ constituent properties that also
vary with the environmental conditions [57].

Kumar et al. [58] compared the machinability of conventional drilling of hybrid
titanium/carbon-fiber-reinforced polymer/titanium (Ti/CFRP/Ti) stack laminates in a
single shot under dry and cryogenic conditions. The results indicate that the low tem-
perature affects the hole quality but increases the thrust force due to the increase in the
hardness of the Ti sheet at low temperatures. Azwan et al. [59] investigated the effect of
different drilling parameters on FMLs, such as the drilling speed, feed rate and thickness of
the FMLs on the strength of composite materials. They concluded that drilling at a lower
spindle speed and a lower feed rate generates higher workload than at a higher speed, for
the same feed rate. The thicker FML induces an higher workload compared to the one
with less thickness. Zitoune et al. [60] studied the influence of cutting variables on thrust,
torque, hole quality and chip during the drilling of a CFRP/Al stack. They observed that
the magnitude of thrust force and torque during the drilling of Al compared to CFRP is
doubled at a low feed rate. Hole circularity and surface roughness increase with increasing
feed rate. The aluminum layer also has a better finish compared to the CFRP one.

Another machining process to produce holes commonly used in aircraft part finishing
is milling. The milling process uses rotary cutters to remove material by advancing a cutter
into a part. This method is used as an alternative to drilling these joints with conventional
twist drills, named after helical milling, where a milling tool rotates in a helical path and
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creates the hole [61]. Helical milling has also been investigated for making holes in FMLs,
with several advantages such as lower cutting forces, lower heat generation and easy chip
evacuation [62]. The main difference between drilling and helical milling is that in the
former, the hole diameter is determined by the tool diameter, whereas in the latter, the hole
is defined by a combination of the tool diameter and the helical path, resulting in greater
flexibility in the hole diameter [63].

One of the compounds used in the aerospace industry that is difficult to machine is a
unidirectional CFRP and Ti6Al4V, due to the hardness characteristics of titanium sheets
and the abrasive characteristics of CFRP. They observed diameter variations, which may be
due to the different Young’s moduli of titanium and CFRP, as well as variations in surface
roughness caused by material-specific chip formation mechanisms [61]. Hemant et al. [64]
evaluated the helical hole milling process in GLARE laminates. Although the material
and parameters are different from those used by [61], similar process dissimilarities were
observed, with variations in hole diameter depending on the material layer, production
of discontinuous powdery chips and surface roughness. Therefore, to obtain an excellent
quality finished product, the milling process parameters need to be adjusted to produce
holes of uniform diameter throughout their depth, continuous chips in the metal zone, low
surface roughness and a composite layer without delamination.

3.3.1. Comparison of Drilling and Milling Processes Parameters

The different properties of the constituent materials in FMLs are a challenging task
when hole-making is needed. Improper selection of the process and process parameters
can result in poor surface quality, inadequate dimensional quality, dimensional inaccuracy,
or even component failure [65].

However, there are several interrelated factors. The most crucial factors which affect
the machinability of the material are cutting forces, tool geometry, materials, coatings, chip
formation, analysis of tool wear, hole metrics such as the hole size and circularity error,
surface roughness and burrs formation [66]. Bolar et al. [65] compared two hole-making
techniques used in CARALL: drilling and milling. In their study, the two hole-making
techniques were evaluated using various performance measures including thrust, radial
force, chip morphology, surface roughness, machining temperature, hole diameter accuracy
and burr size. Comparing the results, the authors found some advantages of the helical
hole milling process in terms of lower thrust and radial force. The intermittent cutting
and convenient chip evacuation and heat dissipation helped to lower the temperature and
prevent some material damage. The discontinuous aluminum chips produced by the helical
milling process proved to be beneficial, with the holes showing a superior surface finish.
However, excessive axial feed in helical milling resulted in tool deformation and chatter,
leading to surface quality degradation. Further analysis of the machined surface using
microscopic inspection showed that the delamination process occurred when conventional
drilling was used. On the other hand, the helically milled hole was free of such defects
and showed no signs of delamination. They also found that the formation of oversized
holes after the drilling process was incredibly significant. Finally, the exit burr’s height
was much lower with helical milling due to the lower thermal impact and lower thrust.
Considering all the aspects presented here, it is safe to say that helical milling is a suitable
alternative for machining holes in FMLs.

Another study comparing drilling and milling was carried out by Barman et al. [63].
In their work, they evaluated the two-hole machining process in titanium alloy Ti6Al4V ma-
terial. They carried out the machining tests considering the thrust force, surface roughness,
hole diameter and machining temperature. The morphology of the chips produced and
burr formation were also investigated. The magnitude of the force components (thrust and
radial force) and the cutting temperature was lower in the milling process, which produced
discontinuous powdery chips that evacuated easily without damaging the machined hole
surface. The final quality of the holes and the diameter are better in the helical milling
process, which produced burr-free holes, contrary to drilling. A similar study using helical
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milling and drilling techniques to machine AISI D2 tool steel was previously carried out
by Iyer et al. [67]. They found that helical milling produced H7-quality holes with good
surface roughness compared to drilling. Another comparative study on helical milling of a
larger thickness CFRP/Ti stack and its individual layers was conducted by Wang et al. [5].
Their experimental results showed that as the number of holes increased, the cutting forces
increased due to tool wear and its dependence on the material type. Indeed, the abrasive
nature of the CFRP resulted in an increase in cutting force. The hole edge quality is good
while machining the titanium alloy, and low delamination is registered at the tool entry and
exit points in the material, indicating that if quality problems of the holes appear, it refers
to the milling of CFRP. Hole size was inversely proportional when comparing a single layer
to a stack. In the drilling process, with CFRP, smaller hole sizes can be achieved compared
to the titanium plate; however, oversized CFRP holes and undersized titanium alloy holes
are observed when helically milling stacks.

Therefore, there is the agreement in the literature when comparing the drilling and
milling processes. All results showed similarity regardless of the material used, Ti/CRFP
stacks, Al/CRFP stacks, Ti metal alloy, CRFP or steel, indicating that the best process and
the one that promotes less material damage is the helical milling process.

3.3.2. Lubrication Processes during Machining

During the machining process, a large amount of cutting heat and friction heat can be
generated due to the abrasive nature of the material and tool wear, which usually makes
the temperature elevate rapidly. Temperature is one of the most important factors affecting
the machined hole surface quality, especially for the CFRPs. When drilling CFRPs, the
temperature can reach about 150~250 ◦C, leading to a risk of thermal degradation of matrix
resin, carbonization of thermosetting matrices, the fusion of thermoplastic matrices, and
sometimes, burning of the carbon fibers [68]. In addition, the thermal effects can affect
the quality of machined holes. These, however, can be minimized using coolants supplied
either directly or indirectly to the cutting tool-workpiece interaction zone, to remove part of
the generated heat. Nevertheless, the use of coolants adds extra costs for handling, disposal,
and environmental impact [69].

The coolants generally used in machining processes are water-oil emulsion, a mixture
of a soluble oil cutting fluid and mineral oil lubricant [70], micro-lubrication, also known as
minimum quantity lubrication (MQL) [71], cryogenic coolants CO2 [72] and liquid nitrogen
(LN2) [73,74], air cooling [62] and vegetable oil [75], among others.

Shyha et al. [70] analyzed the hole quality/integrity after drilling of titanium/CFRP/
aluminum stacks under flood cutting fluid water/oil emulsion of 7–8% volume solution and
spray mist, a mixture of soluble oil cutting fluid and mineral oil lubricant. Some significant
improvements in the machining process were observed. Burr height was generally less
than 500 µm, except when spray mist was used. Delamination of the CFRP laminates
was significantly reduced due to the support provided by the Al and Ti layers. Surface
roughness was significantly lower when using through-spindle cutting fluid compared to
spray mist application, especially on the Al section. Spiral-shaped continuous aluminum
chips were prevalent, while both short and long helical chips were found with the titanium
material when cutting under wet regime. In contrast, the CFRP layer typically produced
dusty black composite particles suspended in the soluble oil of the coolant emulsion.

Kumar and Gururaja [76] investigated the cryogenic cooling effects during the drilling
of Ti/CFRP/Ti stacks. The parameters such as thrust, torque, delamination, burr height
and surface roughness were considered to investigate the effects of liquid nitrogen (LN2) as
a coolant. The results are compared with those obtained from dry drilling of Ti/CFRP/Ti
stacks, indicating that torque, top surface of metal composite interface, exit burr height and
surface roughness decreased when drilling was performed under a cryogenic environment.
Nonetheless, thrust force and damage to the lower surface of the metal composite interface
are increased under LN2 cooling conditions. Biermann and Hartmann [72] analyzed a
cryogenic process cooling with CO2 and found that the chosen coolant improved burr
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formation in drilling compared to dry machining and resulted in higher sustainability
comparing to machining with cooling lubricant. Many authors have investigated the
influence of the application of cryogenic liquid nitrogen cooling and minimum quantity
lubrication (MQL) during GLARE machining. Giasin et al. [77] observed that the use of
MQL and cryogenic liquid nitrogen cooling increased the cutting forces; however, both
reduced the surface roughness of machined holes, adhesion and built-up edge formation on
the cutting tool compared to dry drilling. Examination of the microhardness of the top and
bottom aluminum sheets near the hole edges after machining showed that it increased when
both coolants were used. Pereira et al. [62] reported some benefits of air-cooling application.
It was used to cool the cutting point and to remove the chips, obtaining better results
in terms of cutting forces and temperature. The cutting temperature reduction in helical
milling was 30%. When drilling the CFRP, the cutting heat becomes lower by increasing
the revolution speed. Chips pulverized into small sizes reduce cutting temperature by
absorbing heat on the cutting of CFRP composite plate. However, the powder-like chip is
bad for the machining center, even promoting corrosion and wear of part of the equipment.

Lubricants and coolants play an important role in the machining process to prevent
delamination damage in the material during the drilling process, especially in FMLs, be-
cause the difference in modulus of elasticity between composite and metal causes different
machining deformations. The main defects observed after machining and their discussion
are presented below.

3.3.3. Machined FML Defects and Analysis Techniques

Drilling holes in both CRFP and FML can result in material damage as the drill passes
through the material. Several types of defects are associated with drilling operations,
both at the entry and exit of the hole: dimensional defects, surface roughness and surface
integrity problems of the hole wall. Defects induced by machining process conditions
include matrix cracking, fiber fracture, debonding, delamination and fiber pull-out. Poor
hole quality is the cause of nearly 60% of all scrapped parts [78]. As drilling is often one of
the last machining operations, the damage that occurs at this stage results in huge economic
losses when near-finished parts have to be scrapped. Understanding and detecting the
type, size and location of defects that can occur during drilling operations is important
for economical and sustainable process improvement [79]. This damage always occurs
combined in hole-surrounding areas.

The great issue in FML drilling operations is the quality of the hole: several defects
occur related to the process, mainly on the entry and exit sides of the hole, as well as
dimensional and surface roughness issues of the hole wall. The detection of these defects is
not trivial, especially when non-destructive methods are used. Several methods have been
applied to evaluate the hole quality, such as Computed Tomography (CT)/X-ray Tomog-
raphy Analysis [79–81]; C-Scan [82], Scanning Electron Microscopy (SEM), Stereoscopic
Optical Microscopy (SOM), and Energy Dispersive Spectroscopy (EDS) [83]. Nguyen-Dinh
et al. [84] analyzed the surface integrity of composites using x-ray tomography after trim-
ming process. The application of the X-ray technique has enabled the measurement of
the craters’ volume compared with surface techniques, such as surface roughness and 3D
optical topography. They observed several damaged zones with formation of craters in the
material surface after trimming process, indicating material pull-out (Figure 7).
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Figure 7. X-ray tomography images showing machining damage for cutting speed of 150 m/min and
feed speed of 500 mm/min at cutting distance of 1.68 m with various depth of scanning of (a) 12 µm,
(b) 60 µm, (c) 140 µm and (d) 152 µm [84].

Pejryd et al. [79] used X-ray computed tomography to detect defects caused by drilling
holes in a CFRP. Surface defects and surface properties such as fiber debonding and surface
roughness could be easily investigated. Figure 8a shows a typical surface image of a
drilled hole based on the reconstruction of the X-ray images. Figure 8b illustrates one
way of highlighting the glass fiber material. This technique allows other components to
be identified by color. In this case, a red color is used to clearly distinguish it from the
surrounding material.
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Figure 8. (a) A 3D model reconstructed from CT scan of the drilled hole, outer surface. The hole has
a nominal diameter of 9.5 mm and (b) CT image of the inner wall of a 9.5 mm diameter hole, with
glass fiber material highlighted in red [79].

Wang et al. [85] compared the holes’ quality of CFRP/Al and CFRP/Ti-6Al-4V by
Scanning Electron Microscopy (SEM). To reduce the damage, a two-step process of helical
milling process was proposed and compared with that of conventional drilling. In the first
step, milling was executed starting on the composite part, and then, in the second step,
milling started on the metal part. In the conventional drilling process, they noticed that the
damage is superior when the tool entry starts on the composite part, showing many uncut
fibers (Figure 9a). The cutting action of the second step eliminates the damage caused by
the first step, but the surface next to the hole showed fiber pull-out (Figure 9b). The images
showed that the damage induced by the helical milling process in both steps is irrelevant.
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The minimization of delamination damage is of great importance, because it is a
critical parameter that determines the acceptance or rejection of composite components. To
achieve this proposal, Bertolini et al. [73] analyzed the hole quality of an Al/CFRP stack
obtained by different drilling processes: ultrasonic (UD) and cryogenic (CD) and compared
with dry drilling/regular drilling (RD) using the SEM technique. The feed rates used were
0.05 mm/rev, 0.1 mm/rev and 0.15 mm/rev. The FML was composed of two layers: one of
5 mm thick aluminum alloy considered the entry face, and the second one composed of a
4 mm thick CFRP sheet, considered the exit face. They were evaluated solely at the exit,
since the entrance appears defects free (Figure 10).
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Figure 11 shows the exit face where the delamination process occurred to a greater
or lesser extent depending on the variable feeding and drilling strategy. Severe exit de-
lamination occurred solely when drilling tests were conducted under CD, regardless of
the adopted feed. This phenomenon can be correlated to the thrust force increase thanks
to the hardening of the material as a consequence of the liquid nitrogen application. It is
acknowledged that the higher the thrust force, the greater the exit delamination, because
the deflection of the FML’s last ply concerns a larger zone.
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Figure 11. Exit delamination on the CFRP sheet at varying feed and drilling strategies [73].

These techniques already guarantee by themselves the analysis of the damage caused
by the machining process, but when combined with other image analysis techniques cited
here, they improve the accuracy of the analysis, complementing the information and being
a determining factor for adjusting process parameters.
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To reduce damage during the machining process, it is important to choose the correct
tool and tool wear. Therefore, Section 4 deals with this subject in order to provide as much
information as possible on the possible tools and tool wear used for multi-material machining.

4. Machining Tools

There are several different types of tools used in the machining operations on compos-
ites and multi-materials, depending on crucial factors, namely, the process and the material
to be machined. According to these, a set of variables has to be chosen, such as the tool
material, geometry or need for a coating, from which a large range can be employed. These
factors will result in determined cutting forces and torques, which will impact the base
material, considering its final roughness or the existence of delamination, and the tool, in
particular its wear mode, in a specific way.

In order to optimize the machining process, the desirable mechanical properties for a
cutting tool material are small grain size, to produce a sharp cutting edge, good toughness,
to keep the sharp cutting edge without chipping or deformation under the dynamic action
of the cutting forces, and high hot hardness, to provide a great resistance to abrasive wear
under elevated cutting temperatures. In terms of thermal properties, since the temperature
rises abruptly during the process, the tool needs to possess a good thermal conductivity
to remove heat from the cutting zone, thermal stability, to maintain integrity at cutting
temperatures and low chemical affinity to the workpiece material [57].

The preferable tools in the literature for drilling composite-metal stacks are carbide
tools such as tungsten carbide, due to their high strength and wear resistance compared to
HSS/HSS-Co tools. These also are among the ones most used, alongside Poly-Crystalline
Diamond (PCD) tools [86].

4.1. Tool Geometry

When referring to the geometry of the tools, each machining operation has a specific
type of geometry, the most fit to perform a specific kind of work. In the drilling case, there
are two important angles to be considered, namely, the point angle and the helix angle.
The standard helix angle for most drills is 30◦; however, in spite of most drills coming
with a 118◦ drill point angle, when it comes to drilling composites, it is recommended to
use a drill bit with a point angle between 130◦ and 140◦, values also used in aluminum
drilling. A cutting tool with large helix angle, usually higher than 24◦, allows a quick
chip evacuation, whereas large point angles improve chip removal and reduce burr for-
mation. The increment of these two parameters, seen in Figure 12, also minimizes surface
roughness [87]. Additionally, this figure presents the various drill geometries for specific
drilling operations.
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The step drill is one of the drilling strategies to avoid material damage around the
hole, for example delamination, as it first inflicts a primary hole, with a smaller diameter,
and then it drills the intended size, so as the contact with the substrate is smoother [88].

Apart from the already exposed geometries, tools with special designs have been
proposed to decrease the probability of delamination and obtain better productivity. In this
matter, double helix tools minimize axial forces by utilizing two opposite helix angles [89].
Double point and multi-facet drills were also developed, producing lower thrust forces,
due to an additional cutting edge [90]. In the case of milling, the multi-tooth milling cutter
could significantly minimize milling defects for CFRP and decrease cutting forces [91].

When there is a need to measure the temperature reached in drilling processes, a
thermocouple can be inserted into the drill bit lubricant-cooling fluid holes, as shown in
Figure 13. The thermocouples do not necessarily have to be positioned in the same place
for every case, meaning that one device may be in the sharp edge and other in the flank of
the drill. This is a more complex procedure, but this way a more complete analysis of the
temperature reached by the tool can be achieved, with information from different areas,
each of which is subjected to a specific stress and, therefore, temperature [92].
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This set-up allows the measurement of the temperatures arising in the tool during
the drilling. Thermocouples may also be inserted inside the multi-material: one in the
composite laminate and other in the metal sheet. Although in the last years, alternative ap-
proaches to measure the temperature during the machining processes have been proposed,
less invasive and relying on no-contact methods, such as infrared pyrometers or infrared
cameras, the thermocouples are still the most effective method [53].

4.2. Tool Coatings

Two of the most prominent types of coating methods are the Physical Vapor Deposition
(PVD) and Chemical Vapor Deposition (CVD). In the case of the latter, which uses higher
temperatures on the process, the coating is synthesized from a mixture of different gases,
depending on the type of coating being deposited [94]. On the other hand, the PVD
technique intensively improves the wear resistance of different tools, effectively increasing
their lifespan [95].

Studies show that the correct application of a coating is more effective than an uncoated
tool in drilling multi-materials [96]; however, this is only true for higher feed rates and
cutting lengths, severe conditions, as coated tools possess a much higher cost, so these
are only applied when strictly necessary. Coated carbide tools such as PVD coated Boron-
Aluminum-Nitride (BAM) tools have a better performance compared with uncoated tools
in terms of tool wear at severe drilling conditions. In spite of this, prolonged tool life came
with the price of rougher finished surfaces due to roughness of the BAM coating [86].

Figure 14 shows three different types of coatings which are common for rotary tooling
such as drilling, being two monolayer (TiN and TiAlN) and one multilayer (AlTiN/TiAlN).
The latter combines two layers for better heat and wear resistance [87]. From a study
performed with these three coatings, the TiAlN drills produced the largest thrust and
cutting forces, with the AlTiN/TiAlN resulting in the lowest values. Additionally, this
coating presented a better self-lubricating effect due to its multilayer structure, which also
increases its hardness, resulting in a better performance achieved during drilling [97].
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Diamond CVD coatings are many times chosen as well, due to their enhanced charac-
teristics when compared to the remaining options, although sometimes they experience
some lack of adhesion. Nevertheless, when these problems are overcome, diamond coatings
provide a longer lifetime when put side by side with other coating materials [98]. Its high
thermal conductivity contributes to a temperature decrease in the cutting tool surface, and
a low thermal expansion coefficient mismatch allows obtaining a good adhesion between
the CVD diamond film and the ceramic substrate, as a result of a lower interface residual
stress at room temperature. It also contributes to an enhanced surface hardness, which
leads to a decrease in the tool wear [99]. Diamond-like carbon (DLC) coatings are also often
used in the literature as an alternative to a diamond film [100].

4.3. Types of Tool Wear

The abrasive nature of multi-materials, with consequences for the substrate in the
drilling process, such as fiber pull out, particle fracture, delamination and debonding at
the fiber or particle and matrix interface, causes severe tool wear [55]. This is one of the
reasons a tool coating is employed several times, so it can be possible to extend the tool life
as much as possible, thus improving the process and reducing the associated costs [55].

It has been found that the tool wear increases the cutting force values [101]. This can
be explained due to the loss of the tool’s capacity to perform the intended job, as the contact
surface with the substrate is reduced and its roughness increased, which is translated into
higher cutting forces and less cutting quality. The types of wear suffered by tools during
machining processes include adhesive, abrasive, fatigue and corrosive wear [57].

The adhesive wear, represented in Figure 15, can be produced by two different ways:
directly, with high-speed chip particles impacting the tool, creating a micro blasting effect
that reduces the cutting angle and the rigidity of the tool, and indirectly, by the incor-
poration of fragments of the substrate material to the tool [57]. When these fragments
are removed, they can drag out tool particles, which leads to its wear by the loss of tool
material, but also by the abrasion process caused by the friction of those particles with
the tool rake face when they are dragged by the chip [84,102]. This abrasion action acts
mainly on the flanks and outer corners of the drill bit in an irregular pattern, rounding
its cutting edges and possessing various forms, such as crater wear, chisel edge wear and
chipping [103–105]. Fatigue wear is the result of an excessive number of cycles performed
by the tool, and the corrosive ones occur by a chemical reaction, degrading the tool material
and thus keeping it from performing a proper cut.
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Sometimes, a phenomenon that can occur is the clogging of the drill flutes with chips
coming from the substrate, which prevents the drill from working correctly and therefore
threatens the final quality of the product [57]. In this case, as well as with certain stages
of adhesive wear, cleaning the drill with sodium hydroxide is required, with the aim
to eliminate these negative aggregations and accordingly return the drill to its normal
shape [106]. For the milling process of multi-materials, tools with diamond inserts possess
good results, due to their high hardness [101]. The same method is applied in the drilling
of FRPs, with diamond-mounted points to reduce the wear at the cutting edges, due to
their high abrasive wear resistance [107].

5. Process Sustainability

Progress towards sustainable development is increasing in all industrial sectors.
Within the integrated life cycle management strategy, the manufacturing phase is one
of the key performance phases due to resource consumption, emissions, and other negative
impacts. To minimize environmental, ecological, and social damage, sustainable manufac-
turing design must take into account the three dimensions of sustainability: environmental,
economic and social [108].

The machining process is an important part of the manufacturing process; therefore, it
is expected to have a great impact by improving sustainability performance. Among the
elements of machines, conventional coolant application has been considered as a critical
limiting factor to achieving better sustainability performance [109].
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The machining process of high-tech materials requires oil-based cooling/lubrication,
which is one of the main non-sustainable elements, leading the R&D process in the search
for alternative cooling and/or lubrication mechanisms [110]. To achieve better sustain-
ability performance, alternative approaches to conventional flood cooling such as dry
machining, minimum quantity lubrication (MQL) and cryogenic machining have been
applied. Comparing MQL and dry machining, a similar result is observed; MQL does
not remove the heat generated in the cutting zone sufficiently. Cryogenic machining not
only reduces the disposal of large quantities of lubricating oil used in machining, but also
increases tool life by 60% [109].

Some authors have studied these three cooling methods and compared their find-
ings. Nagaraj et al. [111] compared MQL and cryogenic cooling methods to drill a CFRP
composite. They concluded that cryogenic drilling gives better results than dry drilling in
terms of drilled hole diameter and roundness, and sequentially they considered the MQL
method as the next best alternative to dry drilling. Sharma et al. [112] presented a review
to understand the influence of different types of coolants, mineral oils, vegetable oils, and
nanofluid-based cutting fluids with the help of the MQL technique. They concluded that
MQL reduced cutting temperature and produced metallic color chips, showed a reduction
in dimensional deviation, improved tool life, produced better surface quality and showed
an approximately 40% increase in material removal rate compared to aqueous flood coolant.
To facilitate the analysis of the sustainability of the machining process, Hegab et al. [113]
developed a detailed and general assessment model for machining processes. The four
life cycle stages (pre-manufacturing, manufacturing, use and post-use) are included in the
proposed algorithm. Energy consumption, machining costs, waste management, environ-
mental impact, and personal health and safety are used to express the overall sustainability
assessment index. They applied the model to three literature case studies and found that it
was able to predict optimal parameters in close agreement with the experimentally mea-
sured results. Lv et al. [114] applied a model of the energy efficiency, carbon efficiency, and
green degree in five types of machine tools selected for the typical machining processes
(turning, milling, planning, grinding and drilling). After a careful analysis, they observed
the increase in the back engagement will increase the material removal rate, thus, its impact
degree is small, and increasing spindle speed and feed rate will reduce processing time,
energy consumption, and emission, thus presenting a positive correlation, reaching an
energy efficiency of 30%.

To achieve a sustainable machining process and estimate earnings, it is necessary to
establish new models that reduce this complexity in the design and management stage,
allowing the development of task manufacturing to promote sustainability in the processes
involved while maintaining technical, economic and quality feasibility.

6. Critical Analysis and Discussion

This manuscript brings an accessible joining of most relevant improvements made in
the last two decades regarding the multi-material machining operations. Through several
tables containing the state-of-the-art of different themes and respective SWOT analyses
comparing the different research performed around the globe, this article serves as an
aggregated encyclopedia, so that less time is needed to consult the necessary information
on this theme. In order to show the opportunities for each of the main areas related
to the machining process on FML and high-hardness materials, SWOT analyses have
been developed. The first important issue explored in this paper relates to the FML
manufacturing process. To obtain an FML with excellent mechanical properties, it is
important to choose the right surface treatment in order to improve the adhesion between
layers of dissimilar materials. To present the SWOT analysis, four papers were compared:
Roth et al. [8], Drozdziel-Jurkiewicz and Bienia [22], Dieckhoff et al. [50] and Park et al. [51].
These authors were chosen due to the new approach of surface treatments on metal sheets
to produce FMLs. The SWOT analysis of the surface treatment applied to FML stacks
production is presented in Figure 16.
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Figure 16. SWOT analysis showing the impact of surface treatment on the adhesion of dissimilar
materials during the production of FML stacks.

The most common surface treatments are mechanical abrasion and chemical treatment
or a combination of them. Generally, these treatments create a rougher surface promoting
mechanical interlock, chemical interlock, or both. Thus, it is important to have a deep
analysis about what parameters can influence the interfacial adhesion. Combination of
surface treatments improves the bonding energy between the dissimilar materials. A
mechanical surface treatment, followed by a chemical one, creates deeper valleys that
improve mechanical interlock between the polymeric matrix and metal. Some chemical
binders are also used to improve the chemical bonding between metal and composite. New
surface treatment techniques, such as laser and plasma techniques with a sustainable bias,
should be tested to replace conventional, less sustainable techniques, in order to protect the
environment and reduce costs.

In a conventional manufacturing process using an autoclave, the void content can be
reduced, and the mechanical properties can be improved, but the production costs are high
using this manufacturing process. The thermoforming process can produce a high-quality
workpiece with lower cost when compared with the autoclave process.

The second SWOT analysis is related to drilling and milling processes in high hardness
materials (Figure 17). The results of two papers found in the literature, Barman et al. [63]
and Bolar et al. [65], were discussed to elaborate the SWOT analysis of drilling and milling
processes. The authors chose to compare the efficiency of these machining processes in the
titanium alloy Ti6Al4V and in CARALL. These papers were chosen because they address
and compare the drilling and milling techniques of these materials.
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The helical milling process has superior response to high-hardness materials when
compared to the drilling process in all parameters studied by the authors, such as machin-
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ing forces, chip morphology, machining temperature, surface roughness, hole size and
burr size. The drilling process is in danger of becoming obsolete compared to milling,
so it is necessary to renew the drilling process, such as the development of new tools,
new coatings, lubricants and coolants, as well as a more detailed study of the drilling
process parameters.

The last one is a SWOT analysis on the use of lubricants/coolants in FML machining.
The results of three papers found in the literature, Bertolini et al. [26], Kumar et al. [76]
and Giasin et al. [78], were discussed. The authors chose to compare the efficiency of dry
and cryogenic conditions during the FML drilling process of three different FML materials:
GLARE, Ti/CFRP/Ti and Mg-based FML, respectively. All three papers indicated that
cryogenic cooling is the best compared to MQL or dry cooling (Figure 18). Cryogenic
cooling is also eco-friendly, as MQL and dry cooling are, but its advantages are better than
the others. It promotes a hole quality in terms of lower average hole size, circularity error,
perpendicularity error, and burr height due to a significant reduction in machining tem-
perature and a substantial reduction in surface roughness. Although the use of cryogenic
drills has shown satisfactory results, it is important to consider the type of drill selected in
terms of geometry and coating, as well as the process parameters. In cryogenic machining,
cutting forces and torque were more pronounced compared to dry and MQL environments.
Poor choice of process parameters can lead to material failure during machining, such as
delamination at the metal/composite interface, resulting in material waste and increased
process costs.
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Despite all the gathered information related to the subject in analysis, studied in detail
and deepened as much as possible, this paper still possesses some limitations. Due to the
considered restrictions imposed in its realization, such as the chosen databases, selected
keywords, and delimited time period, there may have been eventual scientific articles that
were not used for being outside these limits. Therefore, if a study was carried out before
the 21st century, it was not included in this review. Nevertheless, the intention was to
reassemble the data in the most up-to-date way possible, without making the mistake of
aggregating information that is already outdated and surpassed by more recent studies,
according to the established boundaries.

7. Conclusions

FMLs, or Metal Fiber Laminates, are the most sought-after materials in the aerospace
and automotive industries, because they combine the mechanical properties of metallic
materials, high mechanical resistance and composite materials, as well as presenting a
high strength to weight ratio. Nevertheless, the continuous use of these materials in these
industries requires mastery of production and finishing techniques.
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To this end, it is essential to know how to select the most appropriate surface treatment
process for the production of an FML. In the literature review, it was observed that there are
conventional and non-conventional techniques, but the conventional techniques combined
mechanical treatments by abrasion followed by electrochemical treatment of anodizing
using potassium dichromate and ferric sulphate. These are still the ones that present the
best results due to the production of pitting caused by the presence of sulphate ions.

By comparing the machining processes, drilling and milling, the quality of the finished
part and the response of process parameters such as machining forces, chip morphology,
machining temperature, surface roughness, hole size and burr size, it has been concluded
that helical milling is by far the best process for machining FMLs or high-hardness materials,
and may make drilling obsolete for application in these materials.

Lubrication and coolant applied during the machining process are critical factors in
providing quality holes. Data from the literature have been compared and it has been found
that the best lubricants/coolants are cryogenic, followed by MQL, and finally dry cooling.
These three methods are designed to be sustainable, to produce no waste that pollutes the
environment, to be non-toxic and to be affordable.

The tooling used also greatly influences the final quality of the hole. Literature data
showed that the best drills to be used are double helix tools containing a CVD diamond-
based coating in order to minimize axial forces.

Finally, the SWOT analysis discussed three main topics: surface treatment applied to
the production of FML stacks, drilling and milling in FML and lubricants and coolants. The
SWOT analysis confirmed what had already been analyzed and discussed in the literature.

Applications based on FMLs will grow substantially in the near future, due to the
differentiating characteristics of these materials, both in terms of resistance and toughness
as well as their light weight, which makes them particularly useful in mobility applications
or where requirements of transport and assembly are demanding. In addition to all already
referred, they are sustainable materials, as they present increased durability and due to
their lower weight, they can contribute to a lower emission rate when used in mobility
applications. The use of thermosetting matrices still represents a challenge in terms of
recycling. Since a substantial increase in the consumption of these materials is foreseen,
processing techniques need to evolve, hence, the pertinence of this work for researchers
who are just starting out in this field of knowledge.
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