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Chapter

Machining of Al-Cuand
Al-Zn Alloys for Aeronautical
Components

Jorge Salguero, Irene Del Sol, Alvaro Gomez-Parra
and Moises Batista

Abstract

Machining operations are chosen by aircraft manufacturers worldwide to
process light aluminum alloys. This type of materials presents good characteristics
in terms of weight and physicochemical properties, which combined with a low cost
ratio making them irreplaceable in aircraft elements with a high structural com-
mitment. Conventional machining processes such as drilling, milling and turning
are widely used for aeronautical parts manufacturing. High quality requirements
are usually demanded for these kinds of components but aluminum alloys may
present some machinability issues, basically associated to the heat generated during
the process. Among others, surface quality and geometrical deviations are highly
influenced by the condition of the cutting-tool, its wear and the cutting parameters.
Consequently, the understanding of the relationship among the process parameters,
the quality features and the main wear mechanism is a key factor for the improve-
ment in the productivity. In this chapter, the fundamental issues of drilling, milling
and turning are addressed, dealing with the relationship between cutting param-
eters, wear phenomena and micro and macro geometrical deviations.

Keywords: aluminum, drilling, milling, turning, cutting tool, tool wear

1. Introduction

Aluminum is considered a valuable material thanks to its lightness (around
a third of copper and steel density), its mechanical properties and its resistance
to corrosion. This highly malleable material presents an excellent thermal and
electrical conductivity. It is also a magnificent light reflector that gives to it an
attractive natural appearance. Furthermore, neither magnetic nor toxic, this metal
is 100% recyclable, increasing its value even as a waste. In fact, its recycling offers
powerful economic incentives [1, 2]. It should be noted that around 70% of the 761
million of tons of aluminum produced since 1886 continue in use [3].

The large number of chemical elements that can be alloyed to pure aluminum
allow to find a suitable aluminum alloy for every industrial case. The different com-
positions help to enhance some of the mechanical properties, as is shown in Table 1.

Nonetheless, these alloys easily respond to hardening mechanisms, reaching
strengths up to 30 times higher than the pure aluminum strength [4, 5]. For these
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Al + Cu * Increased strength and hardness
e Combined with Mg produces a heat treatable alloy

Zn * Increased strength and hardness
* Possibility of stress corrosion
* Combined with Mg produces a heat treatable alloy

Si * Good corrosion resistance
* Combined with Mg produces a heat treatable alloy

Mn ¢ Increased resistance to corrosion

Mg ¢ Increases strength and hardness
* Good corrosion resistance
¢ Increased weldability

Table 1.
Main alloying elements used in aluminum alloys.

reasons, the variety of applications for aluminum is constantly increasing, being an
essential part of our life.

Particularly, transport industry absorbs more than a quarter of the produced
aluminum, being applied to any type of transport. Cast alloys are widely used in the
automotive industry while forging alloys predominate in the aeronautic field.

This material is indispensable for the aeronautic industry since its origin, due to
the high influence on the total weight of the aircraft. It is estimated that each ton of
weight reduction in the structure of an airplane, considering an average weight of
80 kg per passenger, luggage on board included, results in an increase of 12 passengers
per flight [6]. Likewise, the weight of the aircraft is directly proportional to fuel
consumption as well as operational and maintenance costs, especially in landing gear
consumable elements [7].

Consequently, light materials such as titanium-based alloys, composite materials
and aluminum alloys are the most common choices for the structural elements of
this sector. Despite nowadays it seems to be a trend trying to replace aluminum
alloys by composite materials, forged aluminum alloys or some of its variants
2xxx (Al-Cu) and 7xxx (Al-Zn) series are still strategic materials for most of the
structural parts (Figure 1) [8]. Their choice ensures a wide scope and a predictable
in-service behavior [6]. That’s why, 82% of the structure of a Boeing 747 aircraft and
70% of a Boeing 777 are made of this type material [1, 4].

Aeronautical parts have specific characteristics. They are designed to increase
their strength and reduce their weight as well as to be integrated in the aircraft
using assembly operations.

In the case of aluminum machining, the cost is significantly influenced by the
machinability problems, which are basically associated with the heat generated
during machining due to the deformation of the crystal lattice and the friction
between the chip and cutting-tool [9].

The study of machining processes and the theory of metal cutting dates back to
FW. Taylor, who published “On the Art of Metal Cutting” in the early 20th century
[10]. Since then, the scientific/technical advances have been spectacular, among the
most noteworthy milestones are: new materials and tool coatings, automation of the
machine tool, increasing the process accuracy and its monitoring, among others.

The most common operations are milling and turning to shape the component,
while drilling is mainly used to prepare assembly operations. These processes keep
in common the material removal in order to give the desired shape and dimensions,
that is, to add value to the workpiece.

Due to the widespread use of forging alloys, it is common to find parts with a
high Buy to Fly ratio (BtF). The BtF defines the relation between the weight of the
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Figure 1.
Structural parts manufactured in aluminum in an A319 aivcraft.

purchased raw material and the weight of the part that finally flies [8, 11], which
means that most of the raw material is removed transforming it into chips during
the machining operation. In fact, milling of monolithic parts can achieve up to 12: 1
BtF. Such high BtF factors will affect the primarily cost, weight, and performance of
the part.

In summary, the aeronautical components start from a large volume of raw
material, in which is necessary to remove the excess of material. Depending on
the geometry and function of the component, various machining processes can be
used, standing out the drilling, milling and turning processes. The correct control
of these machining processes allows to obtain high quality parts, as those demanded
in aeronautics.

1.1 Chapter scope

In the following sections, the main characteristics of these machining processes
are presented based on a literature review. The text analyzes when and how each
machining is used, covering the parameters and the cutting-tool wear effects on
the quality of the produced components. This text is illustrated with examples
extracted from experimental campaigns performed by the authors of this chapter.

All the experimental work and most of the literature find is focused on the two
main Al series which characteristics are shown in Table 2.

2. Drilling of aerospace aluminum alloys

Aircrafts are subjected to a wide temperature ranges during their service,
being able to reach up to 40°C while operating in airports and temperatures below
-50°C when flying. This wide gradient implies that the structural joints must be
designed to withstand stresses in a wide thermal gradient. Therefore, the joint



Advanced Aluminium Composites and Alloys

Identification Aluminum AA2024 AA7475 AA7050 AA7075
Association
UNS A92024 A97475 A97050 A97075
ISO AlCu4Mgl AlZn5.5MgCu(A) AlZn6CuMgZr AlZn5.5MgCu
Composition Si <0.5 <01 <0.12 <04
Fe <0.5 <0.12 <0.15 <0.5
Cu 3.8-4.9 1.2-19 1.9-2.5 1.2-2.0
Mn 0.3-0.9 <0.06 <0.1 <0.3
Mg 1.2-1.8 1.9-2.6 2.0-2.7 21-29
Cr <0.1 0.18-0.25 <0.04 0.18-0.28
Zn <0.25 5.2-6.2 5.9-6.9 51-6.1
Ti <0.15 <0.05 <0.06 <0.2
Al Rem. Rem. Rem. Rem.
Properties Density 2.78 2.81 2.83 2.81
(kg/ m’)
Melting 500-638 477-635 490-630 475-635
point (°C)
Thermal 121-151 163 157 130
conductivity
(W/m°C)
Thermal 23.2 23.2 241 23.6
expansion
(um/m°C)
Young’s 73 72 72 72
Modulus
(GPa)
Percent 6-20 12 10 11
elongation
(%)
Ultimate 440-495 531 495-550 525-570
tensile
strength-UTS
(MPa)
Heat T3, T4, T7651 T74 T6, T651, T73
treatment T361, T6,
T81.,T861
Table 2.

Most frequent aeronautical aluminum alloys designation, compositions and technical properties [5].

must be made with rivets, while the use of welded joints is not certified. Because
of this, drilling is one of the prior machining operations in the assembly of
aerospace components [11, 12].

Drilling operation have a direct impact on the performance of the riveted joint,
affecting mainly its dimensional compatibility with the part to join and the joint
fatigue behavior, being particularly important in airframes parts. For this reason,
drilling is monitored measuring the thrust force and the torque produced during
the machining. Afterwards, some quality parameters such as roughness, burr
formation or roundness, are usually measured to ensure the quality of the obtained
hole [13-15].
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This quality is usually affected by different factors, including the correct the
selection of the cutting parameters, movements of the operator during the machining,
incorrect chip removal, marks produced by the cutting-tool due to uncontrolled vibra-
tions, as well as imperfections in the drilling angles [16].

Uncontrolled vibrations can be reduced by using automatic drilling machines or
by reducing the length of the cutting-tool, decreasing the deflection of the tip and
improving the roundness cylindricity of the hole [16]. However, the main problems
of aluminum drilling are roughness, burr formation and cutting-tool wear, which
are related mainly to the machining parameters [17].

Additionally, fatigue behavior is highly influenced by the roughness, even more
than by residual stresses, so their control becomes a critical task. A higher rough-
ness on the hole surface reflects deeper machining marks, scratches and gauges
that may work as stress concentration points, increasing the possibilities of crack
propagation by magnifying the stress on the part at the assembly point [18].

2.1Influence of the drilling parameters

Drilling is an axial machining operation where the cutting-tool rotates and
penetrates perpendicular to the surface to be drilled at the same time, Figure 2.

It is governed by two main parameters: tangential cutting speed (V) and linear
feed rate (F). V is usually provided by the tool manufacturer, in function of the
cutting-tool material. From V and the tool diameter (D), the spindle speed (S) can
be calculated by using Eq. (1):

§=—— 1)

Similarly, F depends on the feed per tooth (f,), the number of cutting tooth (2)
and S. This parameter can be calculated using Eq. (2):

F=f. ZS )

Both parameters have a direct impact on the quality of the hole, and though on
the quality of the joint.

In a general way, lower values of roughness are obtained when low cutting
speed and feed-rate are used [17, 19]. Higher spindle speed brings longer chips that

Figure 2.
Drilling scheme and image of a drilling process.
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curl inside the hole, producing marks on its surface [19]. Other way to improve
the roughness results it to use high point and helix angles [20], but in this case,
diamond coatings should be considered to increase wear resistance [17]. Similarly,
higher-feed rates increase thrust force and though the wear behavior, while an
increase of the cutting speed slightly reduces the thrust forces.

Cylindricity and perpendicularity errors rise by increasing feed-rate and depth
of cut, but cutting speed have a different effect in both of them. Low cutting speed
reduces roundness error but it also peaks the perpendicularity error, so the optimum
value should be selected depending on the part requirements [21].

Probably, the most relevant phenomenon in the drilling of aluminum alloys is
the burr formation. Burrs in aluminum are usually classified as type “A”, uniform
along the hole [22]. They are related to the aluminum ductility (10-12% elongation),
affected by the drill geometry (point angle, helix angle, diameter, web thickness and
chisel edge) and the process parameters (F, S). Low feed-rates are recommended to
reduce burr height, especially near the exit of the cutting tool [22], while a proper
cutting speed can interact on the burr thickness. Additionally, large point angles
minimize burr height [19]. If the selection of the suitable parameters cannot avoid
burr appearance, deburring operations before riveting and assembly are performed.
They depend on the burr height, being mandatory when it excess 0.3 mm.

Finally, the dimensional accuracy is mainly related to the helix angle. Larger helix
angles increase it [20]. However, it should be considered that oversized holes are
common and low cutting speed and high-feed rates can also increase its deviation
from the nominal value [19], mainly due to adhesion wear mechanism.

Aluminum alloys are usually machined under dry conditions using tungsten
carbide (WC-Co) tools but more aggressive parameters can be selected depending
on the lubricating conditions. Carbide tools increase the process efficiency in terms
of wear behavior [14] but they may have an impact on the hardness and the cylin-
dricity whereas parameters need to be carefully selected to not increase the tool
wear due to thermal effects.

When liquid lubricants are used, they should be placed inside the working
area, but as drilling edges work inside the material, the chips produced inside it are
constantly removed upward, forcing the lubricant to be evacuated from the place
of action and reducing its cooling effect [16]. For this reason, the most adopted
lubricating option to avoid this problem it to project the cutting fluids trough the
cutting-tool, creating an internal lubrication.

Wear control is essential to obtain the expected quality parameters, affecting
the diameter, the roughness and burr height. As example of the aforementioned,
Figure 3 shows different graphs analyzing the diameter, the roughness, the burr
and cutting forces evolution in the dry drilling of AA7475 alloy.

It can be observed a diameter reduction produced by the heat effect on the
expansion of the hole during the drilling operation. A slight opposite trend can
be found for the thrust force due to the loss of cutting edge capacity, reduced by
wear effects. Similarly, burr height easily grows over 0.3 mm, the maximum value
permitted, forcing deburring operations as long as the tool wear increase. At last,
Ra values present a high variability, indicating the presence of dynamic problems
or a poor chip evacuation, as well as the alternate effects of the secondary adhesion
wear mechanism. However, they are far from 3.2 um, the maximum value allowed
for metal alloys.

2.2 Advanced drilling techniques

Drilling of aluminum components is sometimes performed in multiple materials
at the same time such as stacks or laminates. For this reason, different advanced
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Figure 3.

Diameter, average roughness, burr and cutting forces evolution in the dry drilling of a AAz475 alloy drilled
using a double-lip 6.6 mm diameter cutting-tool, S = 4800 rev/min and F = 1085 mm/min.

drilling techniques are used to improve the quality of the hole and avoid possible
defects derived from them.

* Orbital Drilling (OD) is a technique where the hole is produced using a milling-
tool instead of a drill bit. The cutting tool generates an orbital path to create the
hole instead of an axial one. This technique is usually limited to 40 mm depth
to reduce the possible vibration produced during the operation, which may
decrease the hole quality as well as the cutting-tool life [23]. Moreover, cutting
forces are lower than the obtained in conventional drilling, increasing the option
of robots and machines that can be used in this operation [24]. It also drops the
thermal effect of the machining, by its discontinuous cut and the short chip pro-
duced, that is also continuously removed reducing the need of lubricants [25].
This technique is quite useful when stacks of aluminum and titanium are drilled.

* Vibration Assisted Drilling (VAS) is a technique that combines the drilling
operation with an impose high frequency vibration on the tool. It reduces the
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cutting forces, the burr formation and it increases the breakability of the chip,
which increases the surface quality and reduces the dimensional error and the
wear behavior [26, 27]. This technique includes peck drilling, where the ampli-
tude and the frequency are higher and created by the alternative axial displace-
ment in the machining center. VAS is a common technique for aluminum and
fiber composite stacks drilling.

3. Milling of aerospace aluminum alloys

Milling of aluminum in the aeronautical industry is used to produce light
components with a high accurate dimension. This operation creates slim parts or
monolithic parts. Peripheral milling is performed in the first type to adjust the
final dimensions of preformed sheets. Otherwise, monolithic parts come from
a rough stock of aluminum and up to the 95% of the material can be removed
[28], as it was mentioned before. For this reason, milling of aeronautic alloys
selects the most aggressive parameters, so the material removal rate is as high as
possible.

The quality of these type of parts is verified trough the surface quality and the
dimensional accuracy [29] and both types involve at some point of the operation, a
low stiffness situation were deflection and vibration, including chatter issues, may
appear severally affecting their final quality. Consequently, low stiffness becomes
determinant to select the machining parameters and reduce wear behavior.
Additionally, this process has to consider residual stresses produced and released
during the milling as well as the temperature achieved, especially to meet the
precision targets [30].

In contrast to drilling, the continuous release of chip and cooling effect of
inconstant contact favor manufactures to recommend high speed machining
parameters. This option reduces the wear mechanism and increase the process
efficiency. Nevertheless, high speed combined with low rigidity makes easier the
appearance of chatter. These vibrations can arise due to the system excitation at
the natural frequency response of the cutting-tool or the workpiece or due to the
amplification of the displacements caused by the forces and the lack of stiffness [31,
32]. In these cases, the cut is unstable creating an un-constant chip thickness, which
is afterwards reflected on the surface quality [33, 34]. Similarly, the static deflection
produced by the forces involved in the process leads to over or under cuts, affecting
the final dimension of the parts [35, 36]. These facts enhance the importance of the
workholding to ensure the final quality of the parts.

Therefore, different workholding and fixture devices had being designed to
increase the part stiffness. Most of them change their position during the operation
to ensure the maximum rigidity of the complete system all over the operation [37].
It is common to combine them with active damping actuators to attenuate vibra-
tions [38]. The better clamping system, the more aggressive the parameters will be
and the higher the efficiency of the process.

Regarding the parameters and tool path selection, analytical approaches can
be useful to reduce defects on the part and in-process issues. Simulations must
include an accurate model of the material and a system that allows them to consider
the continuous material removal, which will update the rigidity behavior of the
part [39].

For the particular case of tool path and strategies, virtual twins’ develop-
ments are common since they allow to predict the part behavior and improve the
operation [40].
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3.1 Influence of the milling parameters

Milling is a machining process where a rotary cutting-tools is used to remove
material. The tool advance into a work piece varying the direction on one or several
axes, Figure 4. This operation is defined with the same cutting parameters pro-
posed in the expressions that govern drilling operation, Egs. (1) and (2), including a
radial feed rate.

Conventional milling strategies are prone to generate undercut while climb
milling is usually related to overcut [37]. Symmetric tool paths are selected to
compensate the effect of residual stresses in the part deformation [41] as well as
to reduce in-process deflection. Similarly, particular tool paths may be designed
to increase the part stiffness during the cutting operation [42].

In terms of parameter selection, higher cutting speeds and lower axial depths of
cut reduce the cutting forces and though the deflection [35, 36]. High cutting speeds
also have an impact on the temperature of the process. When high cutting speeds
are used, the chip formation mechanism changes to a near to adiabatic process. In
this situation, the chip takes a relevant role as a heat exchanger, evacuating most
of the heat generated and keeping the workpiece and cutting-tool relatively cold.
This fact directly influences the cutting force components, as is shown in Figure 5.
The force in the feed rate direction is reduced up to 50% from 600 to 750 m/min,
the high speed machining range for aluminum. The other force component is kept
almost constant and proportional to the feed rate.

Roughness is also proportional to the feed-rate, directly increasing with it.
Nevertheless, the adhesion wear mechanism can produce alterations in the geometry
of the cutting-tools, improving the surface quality with the machining time, as is
shown in Figure 6.

Milling operations are usually performed in different steps, roughing and
finishing, as a consequence burr formation is less significant than in drilling opera-
tions. However, deburring operations may be included in the same process if the
tool wear considerably increases, having direct impact on the burr height, Figure 7.

The cutting tools recommended for aluminum milling have the following char-
acteristics. Very sharp edges to minimize adhesion and to perform a smooth cut.
Two-lip cutting tools, with low helix angles (25°-30°) and long pitches to facilitate
the evacuation of large chip flow rates [43, 44]. In order to reduce dynamic insta-
bilities, lower than 5 length-to-diameter ratios (L/D < 5) are recommended.

Whereas the choice between integral or insert tools depends on the applica-
tion, rounded inserts are more stable if they work with a considerably larger
radial (20-60% diameter) than axial paths (2-8% diameter) [45] while integral

Figure 4.
Milling scheme and image of milling processes.
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Evolution of the cutting force components, obtained during the milling of a AA2024-T3 alloy, as a function of
the cutting speed and the feed rate. Axial depth of cut is kept constant at 10 mm.
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Burr height evolution during the milling of an AA2024-T3 alloy.

cutting-tools, with both flat and toroidal tips, work much better laterally, with axial
depth of cut between (50-150% diameter). However, these depths of cut also depend
on the conditions described in the previous paragraph [45].

3.2 Advanced milling techniques

Nowadays there is a great interest in the machine intelligence. In this sense,
different monitoring solutions are available to control the process. This measure
allows to control the system state and with an adaptive control system, auto-
regulate the cutting parameters.

For instance, an increase of the part vibration can be detected through the cutting
forces or the acoustic emission frequency analysis will lead to a decrease of the
surface quality, if it is detected on time and there is a model governing the case, the
correct parameters can be changed so the situation is inverted [46].

Similarly, distance sensors are used to act on the depth of cut, so when the
distance recorded is not in the expected range the system automatically modifies the
depth of cut improving the dimensional accuracy [47, 48].
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Finally, the cutting power and the cutting force signals can provide informa-
tion about the tool wear or the process temperature improving the dimensional
accuracy. It should also be considered that the variation on the cutting parameters
can extend tool life slightly decreasing the material removal rate but increasing the
process efficiency.

4. Turning of aerospace aluminum alloys

Despite turning processes are mainly applied in aerospace to critical elements,
such as connecting bolts for gates and actuators built of titanium alloys, several
non-critical elements are made of aluminum, as shafts, fasteners and spacers. These
parts are also evaluated in terms of roughness, roundness, parallelism deviation and
residual stresses to define their in-service behavior, but their requirements are less
stringent than those for critical structural parts.

Turning is the simplest machining process, so its use is also essential to obtain
preliminary results that may give an initial approximation to more complex pro-
cesses like drilling and milling. That’s why, this operation is commonly used to
define the machinability of the alloys as well as the tool wear behavior in orthogonal
or oblique cutting configurations, therefore its importance.

Several studies about the turning of aluminum alloys identify the importance of
cutting parameters on the micro geometrical properties of the generated surfaces,
evaluating them in terms of roughness average (Ra) [49]. Few of them correlate the
residual stresses and machining of aluminum alloys [50], but the induced residual
stresses are in all cases compressive not having a negative effect on the part. Finally,
the roundness is usually measured from the parallelism deviation, since it is a
relevant feature that can affect the in-service behavior.

4.1 Influence of the turning parameters

Turning is the most suitable machining process to create revolution surfaces by
using a cutting-tool. This operation has two main movements to set the dimensions,
one along the Z axis of the stock (F) and another, along the X axis, where the depth of
cut (d) is set. At the same time, the tangential cutting speed is produced by the rota-
tion of the part (S) cutting the part. These three actions are represented in Figure 8.

Regarding the cutting parameters, they are defined by the same expressions that
govern drilling and milling operations, but in this case, D is the diameter of the
cylindrical part. Turning cutting-tools work with just one cutting-edge, simplifying
Eq. (2) in Eq. (3), wheref'is the feed per revolution:

F=fS$ 3)

These parameters have a direct impact on the micro and macro geometrical
deviations as well as on the tool wear. Generally, better Ra results are achieved when
low feed-rates and high cutting speeds are applied during short machining times
(Figure9).

Rais also affected by the machining time (Figure 10). It gradually decreases due
to the adhesive wear [51]. This mechanism modifies the initial tool geometry, due to
the material adhered to the rake and clearance faces, that reduces the edge position
angle [52]. This fact decreases the height of the peaks created in each step, produc-
ing a smoother surface, in a similar way that was exposed for milling.

11
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Figure 8.
Turning scheme and image of a turning process.
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Shape quality criteria for turning parts include roundness and parallelism devia-
tions (PD). However, PD is easier to measure so its analysis is more usual [53, 54].
This criterion is also affected by the cutting parameters as is shown in Figure 11 [55].
High cutting speeds achieve higher precision, while the feed rate has a combined
effect in the deviations. The alloy used affects the machine dynamics, for instance
the UTS of AA7475 (531 MPa) compared to AA2024 UTS (440 MPa) increase the
deviation. For this reason, parametric surfaces are used to find the minimum PD by
selecting the better cutting parameters.
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Finally, as in the previous machining processes, the current trend in the
machining of Al alloys is to minimize or eliminate the environmental impact
reducing or avoiding the use of cutting fluids (dry turning) [56-58].

However, both turning and dry turning can have a negative impact on the
in-service behavior of the parts or components manufactured, by reducing the
functional performance of the process through the loss of the quality or the surface
integrity [51, 56, 59]. Dry machining also has an impact on the wear behavior
affecting the macro geometrical properties of the machined elements, in terms of
dimensions or shape tolerances.

5. Cutting-tool wear in the machining of aluminum alloys

In the previous sections, the main machining techniques applied in the
machining of aluminum aerospace alloys have been explained. For each machining
process, it was indicated the influence of cutting-tool wear in the quality features
of the machined parts. For this reason, it is relevant to explain the wear mecha-
nisms that take place in the machining of aluminum alloys.

When the cutting-tool penetrates the part, it causes a compressive plastic
deformation, which intensity can exceed the bond energy in certain planes,
leading to shearing or sliding elements along planes. At the same time, the elastic
recovery of the chip and the tribological interaction between the part-chip-tool
provoke an exchange of heat that may thermally affect the tool properties. This
change of properties or tool wear may be produced by different wear mechanism
but all of them lead to possible changes in the cutting forces or in the dynamic
stability of the process modifying, as a consequence, the properties of the surface
generated [60-63].

The most common wear mechanism of aluminum alloys machining is second-
ary adhesion. This phenomenon takes place due to the temperature achieved
in the process, the thermal conductivity (between 120 and 165 W/m°C) of the
part-tool combination and the selected cutting speed. This mechanism, as well as
the temperature and parameters associated, has been deeply studied for ferrous
materials. Nevertheless, these studies are not directly applicable for softer materi-
als such as aluminum. The high plasticity of this material favor chipping or notch
wear for low cutting speeds [61, 62, 64].

Secondary adhesion appears divided in to two well-located phenomena, the
Built-Up Edge (BUE) is located close to the cutting edge and the Built-Up Layer
(BUL) is placed on the rake face [60, 65], as it is shown in Figure 12.
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This adhesion process appears in different steps, which are represented in
Figure 13. At the beginning of the machining process, a layer of material is adhered
on the rake face of the cutting-tool, creating a BUL due to a mechanic-thermic effect
of the cutting mechanism. Once it is formed, the cutting-tool geometry changes,
promoting the growth of the adhered material over the cutting edge (BUE), which
grows up to a critical thickness. Once this critical thickness is reached, BUE is
mechanically extruded along the rake face, increasing the thickness of BUL and
forming an adhered multilayer of material [66, 67].

Both the BUL and the BUE can disappear, be detached and be rebuilt, causing
the gradually breaking of cutting-tool particles that are removed by the chip flow.
This is therefore, a dynamic mechanism with successive layers of chip material
welded and hardened. This cyclic behavior may change a gradual wear into a full
weakening and even into the complete fracture of the tool [66, 67]. Figure 14 shows
the previous instants to the detachment of the adhered material, enriched with
cutting-tool (WC-Co) elements in the machining of AA2024 alloy. This fact may
also be favored by a weak edge or other types of tool wear, such as abrasion and
diffusion.

Figure 12.
Secondary adhesion in turning insert, milling and drilling cutting tools.

Figure 13.
Scheme of the secondary adhesion mechanism.
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Figure 14.
Detachment of adhered material in the dry turning of AA2024.

If the temperature achieved is low the adhesion is not very significant, no matter
if the chips are long or short. Otherwise, when a critical temperature is reached,
other types of wear mechanisms such as diffusion may appear, increasing the
synergy effect previously described [68, 69].

6. General remarks

The use of aluminum alloys, mostly forged, remains essential to build aircrafts.
Al-Cu and Al-Zn are the most used alloys due to their excellent physicochemical-
cost ratio properties. They come as raw material as sheets, blocks or cylinders that
have to be drilled, milled or turned, in order to give them a final geometry.

Drilling, milling and turning are complex machining processes whose funda-
ments are based on the theory of metal cutting. The drilling process is fundamental
in the manufacture of aircraft for the assembly of the structures using rivets. For
specific applications with high quality requirements, OD and VAS techniques are
used. Milling produces light components with a high accurate dimension, being
mainly applied to monolithic parts that present deflection, overcuts, residual
stresses and part deformation issues if the parameters are not properly selected.
Turning generates surfaces of revolution, used to manufacture non-critical ele-
ments as shafts, fasteners and spacers.

The parameters that governs the machining processes, mainly cutting speed and
feed rate, are highly related to the quality features usually required in aeronautics,
surface quality, burr formation, macro geometrical deviations, form errors, etc.
Generally, feed rate increase cutting forces and roughness while the effect of the
cutting speed is related to thermal phenomenon and its influence depends on the
machining regime. Feed rate selection usually comes with an agreement between
different quality criteria and the process efficiency and high cutting speeds are the
best choice whenever they are possible. Finally, both affects the tool wear produce
by the secondary adhesion mechanism creating a BUL/BUE, which affects the macro
and micro geometrical deviation. However, these effects can be diminished in dif-
ferent ways, using advanced tool coatings or projecting harmful cutting fluids in the
cutting zone. In more advanced systems, machine intelligence is commonly used to
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look for adaptive control responses that auto-regulate the cutting parameters after
the measure of the system state.
Conflict of interest

The authors declare no conflict of interest.

Author details

Jorge Salguero®, Irene Del Sol, Alvaro Gomez-Parra and Moises Batista
Department of Mechanical Engineering and Industrial Design, University of Cadiz,
Spain

*Address all correspondence to: jorge.salguero@uca.es

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

16



Machining of Al-Cu and Al-Zn Alloys for Aeronautical Components

DOI: http://dx.doi.org/10.5772/intechopen.93719

References

[1] Kalpakjian S, Schmid S.
Manufacturing Engineering and
Technology. 7th ed. New York: Pearson
Prentice Hall; 2014. p. 1167

[2] Schmitz C. Handbook of Aluminium
Recycling. 1st ed. Vulkan-Verlag: Essen;
2006. p. 1886

[3] Constellium. About Aluminium
[Internet]. 2020. Available from:
https://www.constellium.com/
about-constellium/about-aluminium
[Accessed: 21 May 2020]

[4] Askeland DR, Fulay PP,

Wright WJ. The Science and Engineering
of Materials. 6th ed. Stamford: Cengage
Learning; 2010. p. 923

[5] ASM International. ASM Handbook:
Volume 2, Properties and Selection,
Nonferrous Alloys and Special-Purpose
Materials. 1st ed. ASM International:
Ohio; 1990. p. 1328

[6] Dashwood R]J, Grimes R. Structural
materials: Aluminum and its alloys —
Properties. In: Blockley R, Shyy W,
editors. Encyclopedia of Aerospace
Engineering. 1st ed. Chichester:
Wiley; 2010. pp. 1-12. DOL:
10.1002/9780470686652.eae195

[7] Hinrichsen ], Bautista C. The
challenge of reducing both airframe
weight and manufacturing cost. Air
& Space Europe. 2001;3(3-4):119-124.
DOI: 10.1016/51290-0958(01)90072-3

[8] Santos MC, Machado AR, Sales WF,
Barrozo MAS, Ezugwu EO. Machining
of aluminum alloys: A review. The
International Journal of Advanced
Manufacturing Technology.
2016;86:3067-3080. DOI: 10.1007/
s00170-016-8431-9

[9] Cantor B, Assender H, Grant P.

Aerospace Materials. 1st ed.
Philadelphia: CRC Press; 2001. p. 312

17

[10] Taylor FW. On the Art of Cutting
Metals. 1st ed. New York: American
Society of Mechanical Engineers; 1907.
p. 248

[11] Barz A, Buer T, Haasis HD. A study
on the effects of additive manufacturing
on the structure of supply networks. In:
Proceedings of the 7th IFAC Conference
on Management and Control of
Production and Logistics (MCPL);
22-24 February 2016. Bremen. Germany:
Elsevier; 2016. pp. 72-77

[12] Sharman ARC, Amarasinghe A,
Ridgway K. Tool life and surface
integrity aspects when drilling and
hole making in Inconel 718. Journal

of Materials Processing Technology.
2008;200(1-3):424-432. DOI: 10.1016/j.
jmatprotec.2007.08.080

[13] Ucun I. 3D finite element modelling
of drilling process of Al7075-T6 alloy
and experimental validation. Journal

of Mechanical Science and Technology.
2016;30(4):1843-1850. DOI: 10.1007/
s12206-016-0341-0

[14] Nouari M, List G, Girot F, Gehin D.
Effect of machining parameters and
coating on wear mechanisms in

dry drilling of aluminium alloys.
International Journal of Machine Tools
and Manufacture. 2005;45
(12-13):1436-1442. DOI: 10.1016/j.
ijmachtools.2005.01.026

[15] Bono M, Ni J. The location of the
maximum temperature on the cutting
edges of a drill. International Journal
of Machine Tools and Manufacture.
2006;46(7-8):901-907. DOI: 10.1016/j.
ijmachtools.2005.04.020

[16] Ralph WC, Johnson WS, Toivonen P,
Makeev A, Newman JC. Effect of
various aircraft production drilling
procedures on hole quality. International
Journal of Fatigue. 2006;28(8):943-950.
DOI: 10.1016/j.ijfatigue.2005.09.009



Advanced Aluminium Composites and Alloys

[17] Yasar N. Thrust force modelling
and surface roughness optimization
in drilling of AA-7075: FEM and GRA.
Journal of Mechanical Science and
Technology. 2019;33:4771-4781. DOLI:
10.1007/s12206-019-0918-5

[18] Ralph WC, Johnson WS, Makeev A,
Newman JC. Fatigue performance of
production-quality aircraft fastener
holes. International Journal of Fatigue.
2007;29(7):1319-1327. DOI: 10.1016/j.
ijfatigue.2006.10.016

[19] Giasin K, Hodzic A, PhadnisV,
Ayvar-Soberanis S. Assessment of
cutting forces and hole quality in
drilling Al2024 aluminium alloy:
Experimental and finite element
study. The International Journal of
Advanced Manufacturing Technology.
2016;87:2041-2061. DOI: 10.1007/
s00170-016-8563-y

[20] Nouari M, List G, Girot F,
Coupard D. Experimental analysis
and optimisation of tool wear in

dry machining of aluminium alloys.
Wear. 2003;255(7-12):1359-1368. DOI:
10.1016/S0043-1648(03)00105-4

[21] Sheth S, George PM. Experimental
investigation, prediction and
optimization of cylindricity and
perpendicularity during drilling of WCB
material using grey relational analysis.
Precision Engineering. 2016;45:33-43.
DOI: 10.1016/j.precisioneng.2016.01.002

[22] BuY, Liao WH, Tian W, Shen JX,
Hu]J. An analytical model for exit burrs
in drilling of aluminum materials.

The International Journal of

Advanced Manufacturing Technology.
2016;85:2783-2796. DOI: 10.1007/
s00170-015-8125-8

[23] Whinnem E, Lipczynski G,
Eriksson I. Development of orbital
drilling for the Boeing 787. International
Journal of Aerospace. 2009;1(1):
811-816. DOI: 10.4271/2008-01-2317

18

[24] Qiang F, Zemin P, Shaohua F,
Xiangnan X, Yinglin K. A novel helical
milling end-effector and its application.
IEEE/ASME Transactions on
Mechatronics. 2015;20(6):3112-3122.
DOI: 10.1109/TMECH.2015.2409986

[25] Sadek A, Meshreki M, Attia MH.
Characterization and optimization of
orbital drilling of woven carbon fiber
reinforced epoxy laminates. CIRP
Annals. 2012;61(1):123-126. DOI:
10.1016/j.cirp.2012.03.089

[26] Amini S, Paktinat H, Barani A,
Tehran AF. Vibration drilling

of Al2024-T6. Materials and
Manufacturing Processes.
2013;28(4):476-480. DOI:
10.1080/10426914.2012.736659

[27] Barani A, Amini S, Paktinat H,
Tehrani AF. Built-up edge investigation
in vibration drilling of Al2024-T6.
Ultrasonics. 2014;54(5):1300-1310.
DOI: 10.1016/j.ultras.2014.01.003

[28] Herranz S, Campa FJ, Lépez de
Lacalle LN, Rivero A, Lamikiz A,
Ukar E, et al. The milling of airframe
components with low rigidity: A
general approach to avoid static and
dynamic problems. Proceedings of the
Institution of Mechanical Engineers,
Part B. 2005;219:789-801. DOL:
10.1243/095440505x32742

[29] Del Sol I, Rivero A, Gamez AJ.
Effects of machining parameters on
the quality in machining of aluminium
alloys thin plates. Metals. 2019;9(9):
1-11. DOI: 10.3390/met9090927

[30] Campbell FC. Manufacturing
Technology for Aerospace Structural
Materials. Amsterdam: Elsevier Science;
2006. p. 616. DOI: 10.1016/B978-1-
85617-495-4.X5000-8

[31] Ratchev S, Liu S, Huang W,
Becker AA. A flexible force model
for end milling of low-rigidity parts.



Machining of Al-Cu and Al-Zn Alloys for Aeronautical Components

DOI: http://dx.doi.org/10.5772/intechopen.93719

Journal of Materials Processing
Technology. 2004;153-154:134-138.
DOI: 10.1016/jjmatprotec.2004.04.300

[32] Zhang ], Lin B, Fei ], Huang T,
Xiao ], Zhang X, et al. Modelling and
experimental validation for surface
error caused by axial cutting force in
end-milling process. The International
Journal of Advanced Manufacturing
Technology. 2018;99:327-335. DOI:
10.1007/s00170-018-2468-x

[33] Elbestawi MA, Sagherian R.
Dynamic modelling for the prediction
of surface errors in the milling of thin-
walled sections. Journal of Materials

Processing Technology. 1991;25:215-228.

DOI: 10.1016/0924-0136(91)90090-2

[34] Wan M, Zhang WH. Calculations
of chip thickness and cutting forces in
flexible end milling. The International
Journal of Advanced Manufacturing
Technology. 2006;29:637-647. DOL:
10.1007/s00170-005-2572-6

[35] Yan Q, Luo M, Tang K. Multi-axis
variable depth-of-cut machining of
thin-walled workpieces based on

the workpiece deflection constraint.
Computer-Aided Design. 2018;100:
14-29. DOI: 10.1016/j.cad.2018.02.007

[36] Aijun T, Zhangiang L.
Deformations of thin-walled plate
due to static end milling force. Journal
of Materials Processing Technology.
2008;206:345-351. DOI: 10.1016/j.
jmatprotec.2007.12.089

[37] Del Sol I, Rivero A, Lopez de
Lacalle LN, Gamez AJ. Thin-wall
machining of light alloys: A review
of models and industrial approaches.
Materials. 2019;12(12):1-28. DOI:
10.3390/mal12122012

[38] Yang Y, Xu D, Liu Q . Milling
vibration attenuation by eddy current
damping. International Journal of
Advanced Manufacturing Technology.

19

2015;81(1):445-454. DOI: 10.1007/
s00170-015-7239-3

[39] Meshreki M, Attia H, Kovecses J.
Development of a new model for the
varying dynamics of flexible pocket-
structures during machining. Journal
of Manufacturing Science and
Engineering. 2011;133(4):041002.
DOI:10.1115/1.4004322

[40] Jiang X, Lu W, Zhang Z. An
approach for improving the machining
efficiency and quality of aerospace
curved thin-walled parts during five-
axis NC machining. The International
Journal of Advanced Manufacturing
Technology. 2018;97:2477-2488. DOI:
10.1007/s00170-018-2129-0

[41] Wu Q, Li DP, Zhang YD. Detecting
milling deformation in 7075 aluminum
alloy aeronautical monolithic
components using the quasi-symmetric
machining method. Metals. 2016;6(4):
1-14. DOI: 10.3390/met6040080

[42] Ning H, Zhigang W, Chengyu ],
Bing Z. Finite element method analysis
and control stratagem for

machining deformation of thin-
walled components. Journal of
Materials Processing Technology.
2003;139:332-336. DOI: 10.1016/
S0924-0136(03)00550-8

[43] Zuperl U, Cus F. Optimization

of cutting conditions during

cutting by using neural networks.
Computer-Integrated Manufacturing.
2003;19(1-2):189-199. DOI: 10.1016/
S0736-5845(02)00079-0

[44] Cus F, Milfelner M, Bali J.
Determination of cutting forces in ball-
end nulling with neural networks. In:
Proceedings of the 11th International
Scientific Conference Achievements in
Mechanical & Materials Engineering
(AMME). Poland: Polish Academy of
Sciences; 2002. pp. 59-62



Advanced Aluminium Composites and Alloys

[45] Interempresas Metalmecanica.
Mecanizado de alta velocidad
[Internet]. Available from: http://www.
interempresas.net/MetalMecanica/
Articulos/26127-Area-tematica-
Mecanizado-de-alta-velocidad.html
[Accessed: 18 May 2020]

[46] Muhammad BB, Wan M, LiuY,
Yuan H. Active damping of milling
vibration using operational amplifier
circuit. Chinese Journal of Mechanical
Engineering. 2018;1(31-90):1-8. DOLI:
10.1186/s10033-018-0291-9

[47] Wang G, Li W, Tong G, Pang C.
Improving the machining accuracy of
thin-walled parts by online measuring
and allowance compensation. The
International Journal of Advanced
Manufacturing Technology. 2017;92:2755-
2763. DOI: 10.1007/s00170-017-0358-2

[48] Rubio A, Rivero A, Del Sol I,
Ukar E, Lamikiz A. Capacitation of
flexibles fixtures for its use in high
quality machining processes: An
application case of the industry 4.0
paradigm. DYNA. 2018;93:608-612.
DOI: 10.6036/8824

[49] Sebastian MA, Sanchez-Sola JM,
Carrilero MS, Gonzalez JM,

Alvarez M, Marcos M. Parametric
model for predicting surface finish

of machined UNS A92024 alloy bars.
Journal for Manufacturing Science
and Production. 2002;4:181-188. DOI:
10.1515/IJMSP.2002.4.4.181

[50] Belgasim O, El-Axir MH.
Modeling of residual stresses induced
in machining aluminum magnesium
alloy (Al-3Mg). In: Proceedings of the
World Congress on Engineering (WCE
2010); June 30-July 2 2010. London:
International Association of Engineers
(IAEng); 2010. pp. 1-6

[51] Gomez-Parra A, Alvarez-Alcon M,

Salguero ], Batista M, Marcos M.
Analysis of the evolution of the built-up

20

edge and built-up layer formation
mechanisms in the dry turning of
aeronautical aluminium alloys. Wear.
2013;302:1209-1218

[52] Trujillo FJ, Sevilla L, Salguero ],
BatistaM, MarcosM. Parametricpotential
model for determining the
microgeometrical deviations of
horizontally dry-turned UNS A97075
(Al-Zn) alloy. Advanced Science Letters.
2013;19(3):731-735. DOI: 10.1166/
asl.2013.4818

[53] Martin S, Trujillo FJ, Bermudo C,
Sevilla L. Fatigue behavior parametric
analysis of dry machined UNS A97075
aluminum alloy. Meta. 2020;10(631):1-
22. DOI: 10.3390/met10050631

[54] Marcos M, Sebastian MA,
Contreras JP, Sanchez-Carrilero M,
Sanchez M, Sanchez-Sola JM. Study of
roundness on cylindrical bars turned

of aluminium-copper alloys UNS
A92024. Journal of Materials Processing
Technology. 2005;162-163:644-648.
DOI: 10.1016/jjmatprotec.2005.02.061

[55] Salguero J, Sanchez-Sola JM,
Gomez A, Rubio E, Batista E,

Sebastian MA, et al. An exponential
parametric model for evaluating
parallelism deviation in the dry turning
of aerospace alloys. In: Proceedings

of the 14 International Conference on
Advances in Materials & Processing
Technologies (AMPT 2011); 13-16 July
2011. Turkey. Istambul: AMTP; 2011.

pp. 1-6

[56] Rubio EM, Camacho AM,
Sanchez-Sola JM, Marcos M. Surface
roughness of AA7050 alloy turned
bars: Analysis of the influence of

the length of machining. Journal of
Materials Processing Technology.
2005;162-163:682-689. DOI: 10.1016/j.
jmatprotec.2005.02.096

[57] Salguero ], Batista M, Carrilero MS,
Alvarez M, Marcos M. Sustainable



Machining of Al-Cu and Al-Zn Alloys for Aeronautical Components

DOI: http://dx.doi.org/10.5772/intechopen.93719

manufacturing in aerospace industry.
Analysis of the viability of intermediate
stages elimination in sheet processing.
Advanced Materials Research.
2010;107:9-14. DOI: 10.4028/www.
scientific.net/AMR.107.9

[58] Marksberry PW, Jawahir IS. A
comprehensive tool-wear/tool-life
performance model in the evaluation
of NDM (near dry machining)

for sustainable manufacturing.
International Journal of Machine Tools
and Manufacture. 2008;48:878-886.
DOI: 10.1016/j.ijmachtools.2007.11.006

[59] Carrilero MS, Bienvenido R,
Sanchez JM, Alvarez M, Gonzalez A,
Marcos M. A SEM and EDS insight
into the BUL and BUE differences

in the turning processes of AA2024
Al-Cu alloy. International Journal

of Machine Tools and Manufacture.
2002;42:215-220. DOI: 10.1016/
S0890-6955(01)00112-2

[60] Trent EM, Wright PK. Metal
Cutting. 4th ed. Woburn: Elsevier;
2000. p. 464. DOI: 10.1016/B978-0-
7506-7069-2.X5000-1

[61] ASM Metals Handbook Volume 16:
Machining. Ohio: ASM International;
1990. p. 944

[62] Jeelani S, Musial S. Effect of
cutting speed and tool rake angle

on the fatigue life of 2024-T351
aluminium alloy. International Journal
of Fatigue. 1984;6-3:169-172. DOI:
10.1016/0142-1123(84)90034-3

[63] Batista M, Salguero J, Gomez-
Parra A, Carrilero MS, Alvarez M,
Marcos M. Identification, analysis and
evolution of the mechanisms of wear
for secondary adhesion for dry turning
processes of Al-Cu alloys. Advanced
Materials Research. 2010;107(1):141-
146. DOI: 10.4028/www.scientific.net/
AMR.107.141

21

[64] Stephenson DA, Agapiou JS. Metal
Cutting Theory and Practice. 3rd ed.
Boca Raton (USA): CRC Press; 2006

[65] Klocke F, Eisenblatter G, Krieg T.
Machining: Wear of tools. In: Jiirgen
Buschow KH, Cahn RW, Flemings MC,
Ilschner B, Kramer EJ, Mahajan S,
Veyssiere P, editors. Encyclopedia of
Materials: Science and Technology.
2nd ed. Amsterdam: Elsevier;

2001. pp. 4708-7711. DOI: 10.1016/
B0-08-043152-6/00821-4

[66] Batista M, Del Sol I,
Fernandez-Vidal SR, Salguero .
Experimental parametric model for
adhesion wear measurements in the dry
turning of an AA2024 alloy. Materials.
2018;11(9):1-16. DOI: 10.3390/
mal1091598

[67] Batista M, Del Sol I, Gomez-
Parra A, Ramirez-Pefia M, Salguero J.
Study of the tool wear process in the
dry turning of Al-Cu alloy. Metals.
2019;9(10):1-12. DOI: 10.3390/
met9101094

[68] Girot F, Calamaz M, List G,
Coupard D, Gehin D, Gutierrez-
Orrantia ME. Towards dry machining of
aluminum alloys and titanium alloys. In:
3rd Manufacturing Engineering Society
International Conference (MESIC
2009); 17-19 June 2009. Alcoy. Madrid:
SIF; 2009. pp. 1-15

[69] Santos MC, Machado AR,

Barrozo MAS. Temperature in machining
of aluminum alloys. In: Stanimirovic I,
Stanimirovic Z, editors. Temperature
sensing. London: Intech open; 2018. pp.
71-89. DOI: 10.5772/intechopen.75943



