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Abstract: The machining of thin-walled elements used in the aviation industry causes may problems,
which create a need for studying ways in which undesirable phenomena can be prevented. This
paper presents the results of a study investigating face milling thin-walled elements made of titanium
alloy, aluminum alloy and polymer composite. These materials were milled with folding double-edge
cutters with diamond inserts. The results of maximum vertical forces and surface roughness obtained
after machining elements of different thicknesses and unsupported element lengths are presented.
The results of deformation of milled elements are also presented. The results are then analyzed
by ANOVA. It is shown that the maximum vertical forces decrease (in range 42–60%) while the
ratio of vertical force amplitude to its average value increases (in range 55–65%) with decreasing
element thickness and increasing unsupported element length. It is also demonstrated that surface
roughness deteriorates (in range 100% for aluminum, 30% titanium alloy, 15% for CFRP) with small
element thicknesses and long unsupported element lengths. Long unsupported element lengths also
negatively (increasing deformation several times) affect the accuracy of machined elements.

Keywords: milling; thin-walled elements; surface roughness; vertical force; deformation; aluminum
alloy; titanium alloy; polymer composite

1. Introduction

The machining of thin-walled elements for the aviation industry has a significant
impact on their surface structure geometry and deformation caused by cutting [1]. In
machining thin-walled materials, we can observe a vast number of factors and problems
that have a significant impact on the shaped elements. Among problems, we can distinguish
excessive surface roughness, deformation of thin elements, vibrations occurring during
machining or rapid wear of tools [2–4]. Problems related to the machining of thin-walled
elements are analyzed by many researchers, and conclusions drawn from their research
provide important guidelines for industry. Numerous studies have shown that great focus
is put on the problem of milling. Thin-walled elements used in aviation are very often
made of aluminum and titanium alloys and polymer composites.

The machinability of aluminum alloys is related to the cutting forces occurring during
machining. Aluminum alloys are tough materials, which create a large contact area between
the chip and the tool. A too long contact causes increased cutting forces and heat generation;
however, taking into account low shear strength, the machining of aluminum alloys can be
classified as a relatively simple technological process [5]. The addition of alloying elements
to increase the mechanical strength and hardness of the tested aluminum alloy creates a
scenario whereby, as the contact surface of the chip with the tool reduces, so the cutting
forces can be reduced too. A study on aluminum alloys 7075-T6, 6061-T6 and 2024-T351 has
shown that the 7075-T6 alloy, which has the highest strength and hardness, is characterized
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by the lowest vertical forces. Compared to the weakest material, 6061-T6, these forces were
up to 30% lower [6].

Cutting forces are also related to the material and geometry of tools. The use of
diamond-coated or fully diamond tools reduces cutting forces due to their high hardness
and very low chemical affinity to aluminum [7–9]. Geometric changes caused by blade wear
and built-up edge effect lead to increased cutting forces in machining aluminum alloys.
Increased rake angle reduces the contact area of the chip with the tool, which reduces the
cutting force [10]. Excessive cutting forces generated when machining with tools with small
rake angles also contribute to greater flank wear [11].

Studies investigating the effect of the technological parameters of milling aluminum
alloys on the cutting forces in this process have shown that increasing the cutting speed
causes a decrease in the value of the cutting, forces regardless of the strength properties
of the material [12,13]. The reduction in cutting forces when milling at high speeds (up
to 450 m/min) in relation to the value of these forces when milling at low speeds (up to
150 m/min) can be as high as 25% [12]. However, the use of high cutting speeds in machin-
ing aluminum alloys is not recommended as it may increase the cutting temperature and
toughness of the material [14]. On the other hand, increasing the feed speed significantly
increases the value of the cutting forces, which for small feeds (0.05 mm/tooth) are several
times smaller than for very high feeds, up to 0.2 mm/tooth [15]. Increasing the feed speed
and the depth of cut in machining aluminum alloys causes shear difficulties, which leads
to increased cutting forces [16,17].

The surface structure geometry of aluminum alloys obtained by machining depends
on their hardness and microstructural properties [9,18,19]. Higher hardness results in lower
surface roughness. This is because hardness reduces the material’s ability to stick to the
rake face of the tool [1]. In machining aluminum alloys, high cutting speeds can cause
surface deterioration due to rapid flank wear [20]. The surface roughness of aluminum
alloys after milling also depends on the feed rate, because increase in this speed reduces
the quality of the obtained surface [21].

The machining of thin-walled elements made of aluminum alloys poses problems
primarily in the aviation industry, the most serious one being a lack of stiffness of the
workpiece and its resulting deformation [22]. Stresses generated during this type of
machining and the way it is performed have a direct impact on the use and properties of
the element [1]. During the machining of thin-walled structures, bending stresses are of
great importance [1]. The machining of thin-walled structures made of aluminum alloys is
mainly carried out using numerically controlled machine tools that ensure the required
accuracy of elements [23]. The wall thickness of a workpiece affects its deformation and
surface roughness. It has been shown that doubling the thickness of a shaped element can
lead to a twofold increase in its deformation [24]. Studies investigating the impact of milling
parameters on the accuracy of thin-walled structures have shown that a threefold increase
in the feed speed causes an over 50% increase in deformation and a 70% increase in surface
roughness [2]. The second tested parameter was cutting speed, which—when increased—
caused a two-fold reduction in surface roughness (when comparing low cutting speeds of
about 80 m/min with the speeds up to 350 m/min). Increased cutting speed also led to
reduced workpiece deformation, but only in the range up to about 250 m/min—above this
value the deformation increased [2]. Other studies have also shown that higher geometric
accuracy of the manufactured elements is related to an increase in cutting speed. High
cutting speeds are recommended to minimize distortion of thin-walled components [25].
The third tested parameter, the depth of cut, did not have a significant effect on the
deformation and surface roughness of produced parts [2]. The research on machining thin-
walled structures sometimes provides contradictory results, because there are also studies
showing that the thickness of an aluminum alloy element does not significantly affect the
2D and 3D surface roughness parameters [3]. Due to the accuracy of workmanship and
deformation of thin-walled elements made of aluminum alloys, it is recommended to use
carbide tools or tools with PCD blades [25].
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In addition to aluminum alloys, titanium alloys are also used in the aerospace in-
dustry [26,27]. They are used for their properties such as low density, high strength, low
Young’s modulus and high resistance to corrosion [28]. Low thermal conductivity and
high hardness of titanium alloys make them difficult-to-machine materials, yet in many
applications they replace steels and aluminum alloys.

The milling of titanium alloys is one of the most difficult operations due to high cutting
resistance. High cutting resistance results from low thermal conductivity, high strength,
high chemical reactivity and high stresses at the cutting edge [29,30].

For machining titanium alloys, cemented carbides are a widely used tool material;
however, increased blade wear causes increased surface roughness [31–33]. Therefore,
tungsten carbide tools are only used for low cutting speeds [30]. The most wear-prone area
is the tool flank, and this wear can be reduced by the use of fine-grain carbide tools [34]. A
solution to the rapid wear of tungsten carbide tools is the use of tools with CVD, PVD and
PCD coatings [30].

The machining of titanium alloys is characterized by lower maximum technological
parameters, especially when compared to the machining of aluminum alloys. The cut-
ting speed of titanium alloys can reach 100–110 m/min, and the feed rate can be up to
0.1 mm/tooth [28,35], but the use of coolants is required to use high cutting speed and feed
rates [36]. In machining titanium alloys, an increase in surface roughness is strongly related
to an increase in cutting speed [35].

The milling of thin-walled titanium alloys is used to reduce the mass of manufactured
elements [37]. A common problem in the machining of thin-walled titanium alloys is vibra-
tion because it affects process stability [4]. It has been shown that the vibration increases
with cutting speed [4]. The machining of thin-walled elements is also associated with the
problem of obtaining good surface structure geometry. Changing the method of support
can lead to reduced deformation of components and lower risk of deformation when the
components are clamped [38]. There have also been attempts to increase productivity by
up to 40% through the use of large milling depths and the sandwich milling method [39].

Composites are an alternative to aluminum and titanium alloys used in the aerospace
industry [40]. A significant group of this type of materials are carbon, glass and Kevlar
fiber-reinforced plastics supersaturated with epoxy resin [41]. In many application areas the
value of the ratio of tensile strength to specific weight is of vital importance. Carbon fiber-
reinforced plastics are known to have the highest value of this ratio [42]. In addition to good
tensile strength, these materials are also characterized by good corrosion resistance and high
stiffness, which is the reason for their use in the construction of aviation components [43,44].
Due to a growing use of this type of materials, it becomes necessary to have sufficient
knowledge about machining these materials.

For milling polymer composites, sintered carbides tools with polycrystalline diamond
(PCD) inserts are used because they have high abrasion resistance while maintain sharp
cutting edges for a long time [45]. Carbide (without PCD) and boron nitride (CBN) tools
wear quickly in composite machining [46].

Cutting forces occurring in milling polymer composites are mainly related to the orien-
tation and strength of the fibers [47]. Most studies devoted to cutting force prediction give
similar results and conclusions. It has been found that this force primarily depends on the
rake angle, fiber orientation and fracture toughness, as well as milling parameters [48–51].

The selection of parameters in the milling of polymer composites depends on the
material structure, fiber orientation, fiber type and their share in the material [52]. In
most cases, cutting speeds of 20 ÷ 250 m/min [46,53–56] and even 500 m/min [57] are
used for milling carbon fiber-reinforced plastics (CFRPs). This type of material is usually
processed using feeds ranging 0.01 ÷ 0.5 mm/tooth [50,53,54,57] and depths of cut from
0.1 to 4 mm [50,54,57–59]. Regarding milling of carbon fiber-reinforced plastics, it has been
shown that feed rate has the greatest influence on the surface roughness of this material;
meanwhile, the effect of cutting speed is slightly smaller and the influence of the depth of
cut is insignificant. In most cases, surface roughness increases with feed rate [60].
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Research on thin-walled composite materials is still a relatively recent issue. In
the production process, composite materials are created when formed in special molds;
therefore, most studies are focused on investigating the strength and damage of composite
profiles by experimental techniques and the finite element method [61,62]. Composite
materials are machined due to insufficient surface quality of parts after forming in molds.
Scientific studies on machining composites have shown that the cutting force initially
increases, and then decreases, with increasing cutting speed. The increase in cutting
forces also results from increasing feed [63]. The results of milling thin-walled composite
structures reported in [64] have also shown that the increase in feed rate causes cutting
forces to increase in the entire range of the parameters applied. However, in contrast
to [63], the analyzed cutting forces were observed to initially decrease and then increase
for the applied high cutting speeds. The limited number of studies on milling thin-walled
composite structures proves that this problem has not been yet fully explored.

The novelty of this study is that it investigates the milling process for thin-walled elements
made of aluminum and titanium alloys and carbon fiber-reinforced plastic with epoxy resin. The
milling of such materials is mainly used to obtain appropriate accuracy and surface roughness.
The aim of the study is also to assess the machinability of three materials used in the aviation
industry under the same milling conditions. The paper offers a comparative analysis of the
machining process for thin-walled elements made of aluminum and titanium alloys and a
polymer composite. In this study, the same technological parameters as found in milling are
used to determine the effect of these parameters on cutting forces, surface roughness and
accuracy resulting from gradual milling of thin-walled structures. The parameters were selected
based on the literature review [2,25,28,35,46,50,53,54]; thus, their choice is a compromise for
all analyzed materials. These parameters are optimal for milling polymer composites and
aluminum alloys and maximum for milling titanium alloys. Previous studies predominantly
analyzed the processing of thin-walled elements made of aluminum and titanium alloys, and
the research on thin-walled polymer composites was mainly limited to strength analysis.

2. Materials and Methods

The research described in this article was conducted on samples made of aluminum
alloy, titanium alloy and carbon fiber-reinforced plastic with epoxy resin. The samples were
in the form of cuboidal plates with the initial dimensions of 8 × 15 × 100 mm.

EN-AW-2024 T351 aluminum alloy, in which the main alloying element is copper, is
characterized by good machinability, weldability, corrosion resistance and high strength,
which makes it popular in the aviation industry. The chemical composition of this alloy
and its main properties are given in Table 1.

Table 1. Chemical composition and main properties of EN-AW-2024 T351 aluminum alloy [5,65,66].

Chemical Composition [%]

Cu Mg Fe Si Mn
3.8–4.9 1.2–1.8 ≤0.5 ≤0.5 0.3–0.9

Zn Zr + Ti Ti Cr other Al
≤0.25 ≤0.2 ≤0.15 ≤0.1 0.2 rest

Properties

Density [g/cm3] 2.78
Tensile strength [MPa] 460

Young’s modulus [GPa] 73
Hardness [HB] 120

Ti6Al4V titanium alloy is a material with a slightly higher density than the tested
aluminum alloy, but with an excellent strength-to-weight ratio. The chemical composition
and characteristic properties of Ti6Al4V are given in Table 2.
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Table 2. Chemical composition and main properties of Ti6Al4V titanium alloy [29].

Chemical Composition [%]

Al V Fe C N H other Ti
5.5–6.5 3.5–4.5 ≤0.25 ≤0.08 ≤0.03 ≤0.013 ≤0.4 rest

Properties

Density [g/cm3] 4.43
Tensile strength [MPa] 930

Young’s modulus [GPa] 110
Hardness [HB] 334

The third tested material was carbon fiber-reinforced plastic (CFRP) known under the
trade name GR/EP 985-GF-3070. The component that held the entire material together
was epoxy resin, constituting 60% of the volume of the entire material. The CFRP material
consisted of alternately arranged prepreg layers (at an angle of 90◦), which ensured the
same strength in all load directions. This arrangement meant that every successive prepreg
layer could be rotated by 90◦ in relation to the previous layer. Composite samples were
prepared in a room where the temperature was maintained in the range from 18 ◦C to
30 ◦C and the humidity was not higher than 60%. An important factor influencing the
“cleanliness” of the composite material was the fact that the quantity of solid particles in
the room did not exceed 10,000 per 1 m3. To harden the material, the samples were kept for
2 h in an autoclave at a temperature of 177 ◦C and a pressure of 0.3 MPa. The final stage
of sample preparation was a peripheral milling operation. This type of milling is used to
obtain samples with precisely defined dimensions as well as surfaces free from sharp and
irregular edges. Circular milling also removes burrs and fiber debris. Table 3 shows the
properties of the tested carbon fiber-reinforced plastic.

Table 3. Properties of carbon fiber-reinforced plastic [67].

Properties

Density [g/cm3] 1.6
Tensile strength [MPa] 1500

Young’s modulus [GPa] 135

Prepared samples with specified dimensions were subjected to face milling. Face
milling was performed using a milling cutter with a diameter of 20 mm. The cutter
consisted of a body (20N02R028A20ED10 from Kennametal) and two EDCT10T304PDFR-
PCD inserts made of polycrystalline diamond (KD1410). The tools with the insert included
and angle of 75◦ and a clearance angle (minor and major) of 15◦.

Milling operations along the x-axis were performed on the Avia-VMC 800 HS vertical
machining center with Heidenhain iTNC 530 control. The machining center allows the
installation of a Kistler 3D dynamometer (type 9257B) for measuring forces during milling.
The dynamometer allows the researcher to measure forces in three directions (X-Y-Z).
Values of measured forces are transmitted to the Dynoware data acquisition card (type
5697A) with the DynoWare software (type 2825A) via the connected Kistler 5070 amplifier,
which converts electric charge into proportional voltage. Shape errors were measured using
a measuring probe supplied with the machining center. The methodology presented in
this article can be applied in a different industry. The experimental setups for milling, for
elements of the measuring track and for measuring devices are shown in Figure 1. The
upper left corner of Figure 1 shows the Avia-VMC 800 HS vertical machining center with
Heidenhain iTNC 530 control. On the right side there is an enlarged working area with
a place for mounting the cutter, vice and 3D Kistler dynamometer. The measuring probe
shown in the Figure 1 on the right was used to measure the deformation after machining.
In the lower left corner, the devices for recording the vertical force are presented. The lower
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right corner of the figure shows a roughness measurement and 3D topography device. The
working area of the profilograph is enlarged at the bottom.
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Figure 1. Experimental setup for milling, elements of the measuring track and measuring devices.

Milling was carried out at a constant cutting speed and feed rate while maintaining the
depth of cut constant at 1 mm for every tested sample thickness. The experiment involved
the face milling of samples with a thickness of 8 mm, 7 mm, 6 mm, 5 mm and 4 mm. Table 4
lists the technological parameters of face milling.

Table 4. Technological parameters of face milling.

Cutting Speed vc
[m/min]

Feed Rate vf
[mm/min]

Depth of Cut ap
[mm]

Thickness of Sample
g [mm]

100 478 1 4–8

Samples with a length of 100 mm were clamped in a vice put on top of the Kistler
dynamometer. The samples were located and clamped so as to allow face milling of
an unsupported element with a length of l = 50 mm. Figure 2 shows schematically the
workpiece fixture. Figure 2 shows the unsupported element length l, the thickness g and the
depth of cut ap. The position of the cutter in relation to the sample mounting is also shown.

After milling, surface structure geometry, including 3D topography, was examined.
The Hommel-Etamic T8000RC 120-140 device was used to develop 3D topography maps
and determine surface roughness parameters. The surface topographies with dimensions
of 4.8 mm × 4.8 mm presented in this publication were determined with a fixed sampling
length of 0.8 mm and an accuracy of 0.01 µm.
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Figure 2. Scheme showing the fixture of the workpiece.

For the maximum values of the vertical force, the significance of the influence of
element thickness g and the length of unsupported element l on the obtained results
was analyzed. This analysis was performed using Statistica version 13 by analysis of
variance (ANOVA).

The first stage of the statistical analysis was to test the normality of distribution using
the Shapiro–Wilk test. A significance level of α = 0.05 was adopted for all tests. For the
specified level of significance and the number of degrees of freedom, obtained values of
the variance of F were compared with the critical value of Fα. After that, the ANOVA
was performed and the effect of the levels of the independent variables on the dependent
variable was then analyzed by the Tukey test (post hoc test). Before the Tukey test, the
homogeneity of variance was tested using the Leven test.

3. Results

The study investigated the effect of element thickness g and unsupported element
length l on the maximum values of the vertical force Fzmax for each of the three tested
materials. Figures below show the influence of the two variables on the maximum values of
the vertical force Fzmax on milling aluminum alloy EN-AW-2024 T351 (Figure 3a), titanium
alloy Ti6Al4V (Figure 3b) and carbon fiber-reinforced plastic (CFRP) (Figure 3c).

After milling, the maximum vertical force of the elements made of aluminum alloy is
188 N with the most stable support, where the sample thickness is 8 mm and the distance
from the mounting location is only 10 mm. The force values of the aluminum alloy samples
decrease with decreasing sample thickness g and increasing distance l, wherein for the
thinnest element and the most distant point the maximum vertical force is 89 N, which is
about 50% of the force obtained for the most stable support and the thickest sample. It can
be observed that the maximum vertical force decreases dynamically with large distances,
which is related to the low value of Young’s modulus, describing material stiffness. The
plot also shows a dynamic decrease in this force for the sample thickness of 6 mm and the
support distance of 30 mm.
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An analysis of the results reveals that the maximum vertical force values are much
higher for the titanium alloy elements, and that these values decrease with changing
sample thickness and vice-mounting distance. The force values obtained after milling for
the titanium alloy elements are the highest values for the sample thickness of 8 mm. A
significant difference in the vertical force values can be observed for the elements with
thicknesses of 8 mm and 7 mm. With a decrease in the element thickness g and an increase
in the unsupported distance l, the difference in the maximum vertical forces is no longer as
great as in the case of the forces obtained for the aluminum alloy elements. This situation
results from the Young’s modulus value, which for titanium alloys is 50% higher than the
Young’s modulus of aluminum alloys.
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The maximum vertical force of the CFRP elements is slightly higher than the force
value obtained after machining for the elements made of aluminum alloy. Regarding the
CFRP elements, the decrease in the value of this forces is lower compared to that observed
for aluminum alloys, which can be explained by the fact that CFRP has a greater Young’s
modulus than aluminum alloys. The maximum vertical force decreases, from 208 N after
milling the thickest supported element at a distance of 10 mm, to 120 N for the element
with a thickness of 4 mm and a distance from the support point of 50 mm. The vertical
force decrease is 42% in relation to the initial value of the maximum vertical force.

The study of the normality of distribution confirmed that the examined independent
variables had a normal distribution. Therefore, an analysis of variance was performed.
Tables 5 and 6 show the ANOVA results for the maximum values of the vertical force Fzmax
obtained for two cases. In the first table, the effect of unsupported element length and
constant element thickness on the vertical force value was determined (Table 5), while
the other relates to the influence of element thickness and constant unsupported element
length on the vertical force value (Table 6).

Table 5. ANOVA results for the maximum vertical force versus unsupported element length and
constant element thickness.

Fzmax

DF SS MS F p

Al 4 7170.4 1792.5 497.5 0.0000
Ti 4 339,186 84,797 10,402 0.0000

CFRP 4 9211.8 2302.9 321.9 0.0000

Table 6. ANOVA results for the maximum vertical force versus element thickness and constant
unsupported element length.

Fzmax

DF SS MS F p

Al 4 10,622.8 2655.7 670.4 0.0000
Ti 4 473,058 118,264 18,354 0.0000

CFRP 4 8901.4 2225.4 270.9 0.0000

The analysis results show that the applied variables (unsupported element length and
element thickness) significantly affect the obtained values of the maximum vertical force.
The proof of this is that for all milling conditions, the probability level p is lower than the
adopted significance level (α = 0.05), and the value of the test statistic F (3; 16) is higher
than the adopted Fα = 3.239.

The results obtained from the ANOVA analysis of variance prove that there are
statistical differences in the mean values of the maximum vertical force for the analyzed
groups of variables.

Tables 7–9 show the Tukey test results for the dependent variables of the maximum
vertical forces for the tested materials. The statistical analysis results reveal that there
are statistically significant differences between the groups. The conducted post hoc test
(Tukey’s test) shows that the change of the unsupported element length and element
thickness in the range of the experiment has a statistically significant impact (values less
than p = 0.05) on the analyzed maximum vertical force.
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Table 7. Comparative analysis of the significance of differences (post hoc—Tukey test) between the
maximum values of vertical forces obtained for aluminum alloy elements in milling with different
thicknesses and distances.

Fzmax

g

g 10 20 30 40 50

10 0.000142 0.000132 0.000132 0.000132
20 0.000142 0.000132 0.000132 0.000132
30 0.000132 0.000132 0.000133 0.000132
40 0.000132 0.000132 0.000133 0.000132
50 0.000132 0.000132 0.000132 0.000132

Fzmax

l

l 8 7 6 5 4

8 0.000174 0.000132 0.000132 0.000132
7 0.000174 0.000132 0.000132 0.000132
6 0.000132 0.000132 0.000133 0.000132
5 0.000132 0.000132 0.000133 0.000132
4 0.000132 0.000132 0.000132 0.000132

Table 8. Comparative analysis of the significance of differences (post hoc—Tukey test) between the
maximum values of vertical forces obtained for titanium alloy elements in milling with different
thicknesses and distances.

Fzmax

g

g 10 20 30 40 50

10 0.000132 0.000132 0.000132 0.000132
20 0.000132 0.000132 0.000132 0.000132
30 0.000132 0.000132 0.000132 0.000132
40 0.000132 0.000132 0.000132 0.000132
50 0.000132 0.000132 0.000132 0.000132

Fzmax

l

l 8 7 6 5 4

8 0.000132 0.000132 0.000132 0.000132
7 0.000132 0.000132 0.000132 0.000132
6 0.000132 0.000132 0.000132 0.000132
5 0.000132 0.000132 0.000132 0.000132
4 0.000132 0.000132 0.000132 0.000132

Another analyzed dependence was the influence of element thickness and unsup-
ported element length on the ratio of vertical force to its average value. For this purpose,
the k-factor was determined according to Formula (1):

k = A/S × 100%, (1)

where A is the amplitude of the vertical force value and S is the average value of the vertical
force. In Figure 4, the example waveform graph of vertical force in milling samples made
of aluminum alloy was presented.
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Table 9. Comparative analysis of the significance of differences (post hoc—Tukey test) between the
maximum values of vertical forces obtained for CFRP elements in milling with different thicknesses
and distances.

Fzmax

g

g 10 20 30 40 50

10 0.000497 0.000132 0.000132 0.000132
20 0.000497 0.000135 0.000132 0.000132
30 0.000132 0.000135 0.000132 0.000132
40 0.000132 0.000132 0.000132 0.000132
50 0.000132 0.000132 0.000132 0.000132

Fzmax

l

l 8 7 6 5 4

8 0.000731 0.000132 0.000132 0.000132
7 0.000731 0.008440 0.000132 0.000132
6 0.000132 0.008440 0.000132 0.000132
5 0.000132 0.000132 0.000132 0.000132
4 0.000132 0.000132 0.000132 0.000132
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Figure 4. The example waveform graph of vertical force in milling samples made of aluminum alloy.

The plots in Figure 5a–c show changes in the value of the k-factor depending on the
element thickness and unsupported element length for the analyzed materials.

For each analyzed material, the ratio between the vertical force amplitude and its
average value (k-factor) increases with decreasing the thickness g and increasing the dis-
tance l. The change in the k-factor value is the most dynamic for the element made of
aluminum alloy because this material has a low Young’s modulus value (Figure 5a). For
the case of the titanium alloy sample, the change in k-factor is small, especially for a large
thickness sample. The change in the k-factor for the titanium alloy elements is smaller
because this material is more rigid, as evidenced by Young’s modulus. The change in the
coefficient value observed for the CFRP elements is small because CFRP is very stiff. This
material is an alternative to titanium alloys and constitutes a very good replacement for
aluminum alloys.
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Figure 5. Element thickness and unsupported element length versus the k-factor values in milling
samples made of aluminum alloy (a) and titanium alloy (b) and CFRP (c).

The effect of these variables on surface roughness, namely the Ra parameter, was
also investigated. This parameter is most widely used in industry for determining surface
roughness. Figure 6a–c show the relationship between sample thickness and unsupported
element length and the roughness parameter Ra.

The surface roughness results show that surface roughness increases with decreasing
element thickness g and increasing unsupported element length l for each of the three
analyzed materials. The values of the roughness parameter Ra for the elements made
of aluminum alloys change very dynamically. For the smallest element thickness and a
large distance from the support point, the values of this parameter increase almost two-
fold in relation to the value of this parameter obtained for the most stable support and
the largest element thickness. The roughness values obtained after machining for the
elements made of titanium alloy are higher than the values obtained after machining for
the aluminum alloy element because the adopted milling parameters were the upper limit
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of the cutting conditions for this material. The Ra values for the titanium alloy elements
increase significantly less dynamically than for the elements made of aluminum alloys. For
the applied milling conditions (thickness g = 8 mm and distance l = 10 mm), the roughness
values increased only by 30%, when compared to the milling process conducted with the
thickness g = 4 mm and the distance l = 50 mm. An analysis of the diagram presented
in Figure 6c demonstrates that the roughness Ra values of the CFRP elements are greater
than those obtained after milling for the elements made of aluminum and titanium alloys.
CFRP is a heterogeneous material characterized by worse surface structure geometry after
milling. However, an increase in the length l to 50 mm and a decrease in the thickness g to
4 mm led to an increase in the Ra value only by 15% compared to the values obtained for
the thickness g = 8 mm and the length l = 10 mm.
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An important aspect of milling thin-walled elements is the accuracy of a milled
element. This study investigated and illustrated (Figure 7a–c) how the thickness g and the
unsupported element length l affect the h value after milling. The h value is a difference
between the nominal thickness g and the thickness obtained after milling g + h. Positive
values mean that the element thickness obtained after milling is greater than the expected
nominal value of g.
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Figure 7. Element thickness and unsupported element length versus the thickness h value after
milling samples made of aluminum alloy (a) and titanium alloy (b); and CFRP (c).

An analysis of the changes (in the nominal thickness of the aluminum alloy elements)
demonstrates that the h value is maintained in the range from 0.004 mm to 0.130 mm. These
values increase with decreasing thickness g and increasing distance l. The elements made
of titanium and CFRP alloys show greater changes in this thickness after milling. The h
values for the elements made of titanium alloys range from 0.010 mm to 0.265 mm, and for
the elements made of CFRP they are from 0.006 to 0.246. Like in the case of the aluminum
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alloy elements, these values increase with decreasing the thickness g and increasing the
distance l. It would seem that the values obtained for the elements made of titanium alloys
and CFRP should show smaller changes in the h value compared to the elements made of
aluminum alloys. The small deformation of the elements made of aluminum alloys can be
explained by this alloy being soft and easy-to-machine material. As a result, the workpiece
is milled and not repelled by the tool due to a decreasing stiffness of the workpiece fixture.
The cutting resistance of the elements made of aluminum alloy is less significant than
Young’s modulus for the elasticity of this material. The greater changes in h values for
the elements made of titanium alloys and CFRP indicate that the cutting resistance is
greater, and therefore that the material is repelled by the tool. These materials belong to the
group of difficult-to-machine materials. Although Young’s modulus for titanium alloys
and CFRP is almost 50% higher than that for aluminum alloys, it has a less significant effect
on the obtained surface than the hardness and material strength of these samples. The plot
in Figure 7c also shows the non-linear and non-periodic changes in the value of h, with
decreasing thickness g and length l for CFRP. For the thickness g = 6 mm and the length
l = 50 mm, there is a noticeable change in thickness after machining, its value being greater
than the expected nominal value. The change in the thickness g and the length l plotted in
Figure 7b for the elements made of titanium alloys demonstrates that reducing thickness
and increasing length led to an almost proportional increase in the thickness g + h obtained
after machining.

The deformation of the elements made of CFRP, as well as aluminum and titanium
alloys, are also shown in Figure 8a–c. The deformation maps were generated in the Surfer
program for the smallest tested thickness, i.e., g = 4 mm. The 15 mm width is marked
on one of the horizontal axes, while the unsupported element length from 0 to 50 mm is
marked on the other. The vertical axis represents the thickness change h in relation to the
expected surface.

These maps show that an increase in unsupported element length leads to an increase
in the thickness change h, which confirms the results presented in the plots in Figure 7a–c.

Apart from the analyzes investigating the influence of element thickness and un-
supported element length on the maximum vertical force, k-factor, Ra surface roughness
and changes in element thickness, 3D topography maps of the surfaces of the tested
materials were also prepared. Figure 9a–c show the 3D topography maps with an area
of 4.8 mm × 4.8 mm for a milled sample with a thickness of g = 4 mm and a length of
l = 50 mm.
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Figure 8. Thickness change h obtained after milling for the samples of aluminum alloy (a) and
titanium alloy (b) and CFRP (c) with a thickness of 4 mm.

Materials 2022, 15, 5949 16 of 21 
 

 

 

 

(c) (d) 

Figure 8. Thickness change h obtained after milling for the samples of aluminum alloy (a) and tita-
nium alloy (b) with a thickness of 4 mm; and CFRP (c) thickness change h obtained after milling for 
the CFRP sample with a thickness of 4 mm. 

These maps show that an increase in unsupported element length leads to an increase 
in the thickness change h, which confirms the results presented in the plots in Figure 7a–
c. 

Apart from the analyzes investigating the influence of element thickness and unsup-
ported element length on the maximum vertical force, k-factor, Ra surface roughness and 
changes in element thickness, 3D topography maps of the surfaces of the tested materials 
were also prepared. Figure 9a–c show the 3D topography maps with an area of 4.8 × 4.8 
mm for a milled sample with a thickness of g = 4 mm and a length of l = 50 mm. 

  
(a) (b) 

 

 

(c)  

Figure 9. 3D topography maps obtained after milling for the samples made of aluminum alloy (a) and
titanium alloy (b) and CFRP (c) with thickness g = 4 mm and length l = 50 mm.

The above maps show the traces of machining for each of the tested materials. On
the surface of the elements made of aluminum and titanium alloys, there are noticeable
traces after machining. As for the surface of the CFRP element after machining, the
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characteristic traces forming straight lines or concentric circles are not visible. However,
the maximum heights of unevenness obtained after machining for the composite surface
are larger, reaching even up to 25 µm, compared to the surface unevenness obtained after
milling for the elements made of aluminum and titanium alloys, which is about 18 µm.

4. Discussion

The machining of thin-walled elements is predominantly performed in the aviation
industry, of which the strength-to-weight ratio of elements is an important aspect. Titanium
and aluminum alloys used in the aviation industry are often replaced by composites.
Composites have much better strength parameters and, at the same time, low specific
weight, and thus—despite high production costs—constitute the most widely used group
of materials.

The interest in research on thin-walled elements made of composites and aluminum
and titanium alloys has resulted in a series of publications reporting results of studies and
analyzes. Regarding the problems related to the machining of elements made of aluminum
alloys, there are publications devoted to stress tests [1], measurement of accuracy after
machining [23], milling strategies [68], selection of technological parameters [2], as well as
various test results describing obtained surface roughness [3,24]. The results obtained in
this study for aluminum alloy elements confirm the thesis that reduced element thickness
has a negative effect on the deformation of the alloys [24], but they also deny the premise
that element thickness does not affect surface roughness [3].

The analysis of machining of elements made of titanium alloys provides information
about vibration [4], technological parameters [4] or deformation [69]. This study has
confirmed that the support length has a significant influence on element deformation [38].

Previous studies on thin-walled elements made of composite materials have primarily
been experimental analyzes and numerical analyses conducted via the finite element
method [61,62]. On the other hand, studies related to the assessment of the influence of
machining parameters on the machinability of composite materials have been conducted,
too [63,64].

The novelty of this study lies in the fact that it focuses on milling thin-walled elements
made of carbon fiber-reinforced plastic and aluminum and titanium alloy. The study made
it possible to determine the effects of machining and surface quality of elements made of
these materials that has great potential for aviation applications. In addition, the results
reported in this paper make it possible to draw conclusions from a comparative analysis
thanks to the use of the same technological parameters of milling three different materials.
This paper presents research of vertical cutting force, the ratio of vertical force amplitude to
its average value, surface roughness and accuracy of machined elements, which have not
been presented in such a summary so far. Previous studies have only presented conclusions
of analyses made for only one material, which makes it impossible to apply them to other
materials used under the same conditions in the aviation industry.

5. Conclusions

The aim of this work was to investigate machining of thin-walled elements made of
aluminum and titanium alloys and polymer composites, as well as to perform a comparative
analysis of machining thin-walled structures. Each sample was made entirely of one of three
different materials used in the aviation industry. Experiments conducted on elements made
of polymer composites and aluminum and titanium alloys provided data about the effect
of element thickness g and unsupported element length l on the maximum vertical force,
k-factor (a ratio of the vertical force amplitude to its average value), roughness parameter
Ra, and surface thickness change after milling with constant technological parameters.
The presented methodology has the limitations of examining very thin elements that can
break. Moreover, increasing the unsupported length of the element may cause unexpected
vibration. ANOVA statistical analysis was also performed.

Based on the study, the following conclusions have been drawn:
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1. The maximum vertical force decreases with decreasing thickness of the milled ele-
ment and increasing unsupported element length. In the case of elements made of
aluminum alloys, the decrease in these forces is considerably greater than for the
two other types of materials. This relationship can be explained by a low Young’s
modulus of this material describing its stiffness, which causes the material to be bent.
The less dynamic decrease in forces obtained for CFRP and titanium alloy is due to a
50% higher value of their Young’s moduli.

2. The investigation of k-factor, which is a ratio of the force amplitude to the average
value of this force, has shown that its value tends to increase with decreasing thickness
g and increasing length l. A clear change in the k-factor value for aluminum alloy
elements is a consequence of the low Young’s modulus for this material. Slightly
smaller changes observed for composite and titanium alloy testify to higher stiffness
of these materials, which is confirmed by their greater Young’s moduli.

3. An analysis of the surface roughness of thin-walled structures after milling has shown
that, for aluminum alloy elements, the value of this parameter almost doubled when
comparing two extreme machining conditions. This has also been observed for the
use of the maximum values of milling parameters in quite high roughness values of ti-
tanium alloy. However, the change in the roughness parameters of both the composite
material and titanium alloy is not as significant as that obtained for aluminum alloy.

4. Interesting conclusions result from an analysis of the change in thickness of thin-
walled elements after milling. It has been shown that the elements made of aluminum
alloy, despite the low Young’s modulus of this alloy, are characterized by relatively
small changes in their shape. This phenomenon may be explained by good machin-
ability of aluminum alloys in combination with their low hardness, which allowed for
lower force Fzmax on the sharp edges of the milling cutter. A post-machining analysis
of the surfaces of the composite material and titanium alloy, characterized by a high
Young’s modulus value as well as high hardness and strength, has shown that the
changes in element thickness were higher. Greater changes in element thickness from
the expected nominal thickness were caused by the material being repelled from the
tool. The difficult-to-machine properties of these materials have been found to have a
more significant influence on deformation than the high Young’s modulus value.

Based on the literature review and the results obtained in this study, it can be con-
cluded that the investigation of thin-walled structures, particularly those made of composite
materials, is an area for further research. We plan to analyze the influence of variable tech-
nological parameters on the maximum vertical force, the k-factor, surface roughness and
accuracy of machined elements. It is planned to study the machining of thin-walled struc-
tures using a high-speed camera. The aim of this study will be to observe the behavior of
the material during machining. In addition, studies on finite element analysis are planned.

Author Contributions: Conceptualization, K.C. and K.Z.; methodology, K.C. and K.Z.; formal
analysis, K.Z.; investigation, K.C.; data curation, K.C.; writing—original draft preparation, K.C.;
writing—review and editing, K.C. and K.Z.; visualization, K.C.; supervision, K.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: The project/research was financed in the framework of the project Lublin University of
Technology-Regional Excellence Initiative, funded by the Polish Ministry of Science and Higher
Education (contract no. 030/RID/2018/19).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.



Materials 2022, 15, 5949 19 of 21

References
1. Singh, A.; Agrawal, A. Investigation of Surface Residual Stress Distribution in Deformation Machining Process for Aluminum

Alloy. J. Mater. Processing Technol. 2015, 225, 195–202. [CrossRef]
2. Ramanaiah, B.V.; Manikanta, B.; Ravi Sankar, M.; Malhotra, M.; Gajrani, K.K. Experimental Study of Deflection and Surface

Roughness in Thin Wall Machining of Aluminum Alloy. Mater. Today Proc. 2018, 5, 3745–3754. [CrossRef]
3. Chuchala, D.; Dobrzynski, M.; Pimenov, D.Y.; Orlowski, K.A.; Krolczyk, G.; Giasin, K. Surface Roughness Evaluation in Thin EN

AW-6086-T6 Alloy Plates after Face Milling Process with Different Strategies. Materials 2021, 14, 3036. [CrossRef] [PubMed]
4. Li, X.; Zhao, W.; Li, L.; He, N.; Chi, S. Modeling and Application of Process Damping in Milling of Thin-Walled Workpiece Made

of Titanium Alloy. Shock. Vib. 2015, 2015, 431476. [CrossRef]
5. Santos, M.C.; Machado, A.R.; Sales, W.F.; Barrozo, M.A.S.; Ezugwu, E.O. Machining of Aluminum Alloys: A Review. Int. J. Adv.

Manuf. Technol. 2016, 86, 3067–3080. [CrossRef]
6. Fang, N.; Wu, Q. The Effects of Chamfered and Honed Tool Edge Geometry in Machining of Three Aluminum Alloys. Int. J.

Mach. Tools Manuf. 2005, 45, 1178–1187. [CrossRef]
7. Roy, P.; Sarangi, S.K.; Ghosh, A.; Chattopadhyay, A.K. Machinability Study of Pure Aluminium and Al–12% Si Alloys against

Uncoated and Coated Carbide Inserts. Int. J. Refract. Met. Hard Mater. 2009, 27, 535–544. [CrossRef]
8. Arumugam, P.U.; Malshe, A.P.; Batzer, S.A. Dry Machining of Aluminum–Silicon Alloy Using Polished CVD Diamond-Coated

Cutting Tools Inserts. Surf. Coat. Technol. 2006, 200, 3399–3403. [CrossRef]
9. Ng, E.-G.; Szablewski, D.; Dumitrescu, M.; Elbestawi, M.A.; Sokolowski, J.H. High Speed Face Milling of a Aluminium Silicon

Alloy Casting. CIRP Ann. 2004, 53, 69–72. [CrossRef]
10. Saglam, H.; Unsacar, F.; Yaldiz, S. Investigation of the Effect of Rake Angle and Approaching Angle on Main Cutting Force and

Tool Tip Temperature. Int. J. Mach. Tools Manuf. 2006, 46, 132–141. [CrossRef]
11. Tang, Z.T.; Liu, Z.Q.; Pan, Y.Z.; Wan, Y.; Ai, X. The Influence of Tool Flank Wear on Residual Stresses Induced by Milling

Aluminum Alloy. J. Mater. Processing Technol. 2009, 209, 4502–4508. [CrossRef]
12. Demir, H.; Gündüz, S. The Effects of Aging on Machinability of 6061 Aluminium Alloy. Mater. Des. 2009, 30, 1480–1483. [CrossRef]
13. Fuh, K.-H.; Chang, H.-Y. An Accuracy Model for the Peripheral Milling of Aluminum Alloys Using Response Surface Design. J.

Mater. Processing Technol. 1997, 72, 42–47. [CrossRef]
14. Hamade, R.F.; Ismail, F. A Case for Aggressive Drilling of Aluminum. J. Mater. Processing Technol. 2005, 166, 86–97. [CrossRef]
15. Zaghbani, I.; Songmene, V. A Force-Temperature Model Including a Constitutive Law for Dry High Speed Milling of Aluminium

Alloys. J. Mater. Processing Technol. 2009, 209, 2532–2544. [CrossRef]
16. Ng, C.K.; Melkote, S.N.; Rahman, M.; Senthil Kumar, A. Experimental Study of Micro- and Nano-Scale Cutting of Aluminum

7075-T6. Int. J. Mach. Tools Manuf. 2006, 46, 929–936. [CrossRef]
17. Manna, A.; Bhattacharyya, B. A Study on Different Tooling Systems during Machining of Al/SiC-MMC. J. Mater. Processing

Technol. 2002, 123, 476–482. [CrossRef]
18. Tash, M.; Samuel, F.H.; Mucciardi, F.; Doty, H.W.; Valtierra, S. Effect of Metallurgical Parameters on the Machinability of

Heat-Treated 356 and 319 Aluminum Alloys. Mater. Sci. Eng. A 2006, 434, 207–217. [CrossRef]
19. Kim, J.-D.; Kang, Y.-H. High-Spend Machining of Aluminium Using Diamond Endmills. Int. J. Mach. Tools Manuf. 1997, 37,

1155–1165. [CrossRef]
20. Ciftci, I.; Turker, M.; Seker, U. Evaluation of Tool Wear When Machining SiCp-Reinforced Al-2014 Alloy Matrix Composites.

Mater. Des. 2004, 25, 251–255. [CrossRef]
21. Biermann, D.; Heilmann, M. Improvement of Workpiece Quality in Face Milling of Aluminum Alloys. J. Mater. Processing Technol.

2010, 210, 1968–1975. [CrossRef]
22. Rusinek, R.; Zaleski, K. Dynamics of Thin-Walled Element Milling Expressed by Recurrence Analysis. Meccanica 2016, 51,

1275–1286. [CrossRef]
23. Matuszak, J.; Kłonica, M.; Zagórski, I. Measurements of Forces and Selected Surface Layer Properties of AW-7075 Aluminum

Alloy Used in the Aviation Industry after Abrasive Machining. Materials 2019, 12, 3707. [CrossRef] [PubMed]
24. Borojevic, S.; Lukic, D.; Milosevic, M.; Vukman, J.; Kramar, D. Optimization of Process Parameters for Machining of Al 7075

Thin-Walled Structures. Adv. Prod. Eng. Manag. 2018, 13, 125–135. [CrossRef]
25. Zawada-Michałowska, M.; Pieśko, P.; Józwik, J.; Legutko, S.; Kukiełka, L. A Comparison of the Geometrical Accuracy of

Thin-Walled Elements Made of Different Aluminum Alloys. Materials 2021, 14, 7242. [CrossRef]
26. Hourmand, M.; Sarhan, A.A.D.; Sayuti, M.; Hamdi, M. A Comprehensive Review on Machining of Titanium Alloys. Arab. J. Sci.

Eng. 2021, 46, 7087–7123. [CrossRef]
27. Rudawska, A.; Zaleski, K.; Miturska, I.; Skoczylas, A. Effect of the Application of Different Surface Treatment Methods on the

Strength of Titanium Alloy Sheet Adhesive Lap Joints. Materials 2019, 12, 4173. [CrossRef]
28. Festas, A.; Ramos, A.; Davim, J.P. Machining of Titanium Alloys for Medical Application—A Review. Proc. Inst. Mech. Eng. Part B

J. Eng. Manuf. 2022, 236, 309–318. [CrossRef]
29. Kim, D.-H.; Lee, C.-M. Experimental Investigation on Machinability of Titanium Alloy by Laser-Assisted End Milling. Metals

2021, 11, 1552. [CrossRef]
30. Ezugwu, E.O.; Bonney, J.; Yamane, Y. An Overview of the Machinability of Aeroengine Alloys. J. Mater. Processing Technol. 2003,

134, 233–253. [CrossRef]

http://doi.org/10.1016/j.jmatprotec.2015.05.025
http://doi.org/10.1016/j.matpr.2017.11.627
http://doi.org/10.3390/ma14113036
http://www.ncbi.nlm.nih.gov/pubmed/34199651
http://doi.org/10.1155/2015/431476
http://doi.org/10.1007/s00170-016-8431-9
http://doi.org/10.1016/j.ijmachtools.2004.12.003
http://doi.org/10.1016/j.ijrmhm.2008.04.008
http://doi.org/10.1016/j.surfcoat.2005.08.127
http://doi.org/10.1016/S0007-8506(07)60647-7
http://doi.org/10.1016/j.ijmachtools.2005.05.002
http://doi.org/10.1016/j.jmatprotec.2008.10.034
http://doi.org/10.1016/j.matdes.2008.08.007
http://doi.org/10.1016/S0924-0136(97)00127-1
http://doi.org/10.1016/j.jmatprotec.2004.07.099
http://doi.org/10.1016/j.jmatprotec.2008.05.050
http://doi.org/10.1016/j.ijmachtools.2005.08.004
http://doi.org/10.1016/S0924-0136(02)00127-9
http://doi.org/10.1016/j.msea.2006.06.129
http://doi.org/10.1016/S0890-6955(96)00011-9
http://doi.org/10.1016/j.matdes.2003.09.019
http://doi.org/10.1016/j.jmatprotec.2010.07.010
http://doi.org/10.1007/s11012-015-0293-y
http://doi.org/10.3390/ma12223707
http://www.ncbi.nlm.nih.gov/pubmed/31717637
http://doi.org/10.14743/apem2018.2.278
http://doi.org/10.3390/ma14237242
http://doi.org/10.1007/s13369-021-05420-1
http://doi.org/10.3390/ma12244173
http://doi.org/10.1177/09544054211028531
http://doi.org/10.3390/met11101552
http://doi.org/10.1016/S0924-0136(02)01042-7


Materials 2022, 15, 5949 20 of 21

31. Abdel-Aal, H.A.; Nouari, M.; El Mansori, M. Influence of Thermal Conductivity on Wear When Machining Titanium Alloys.
Tribol. Int. 2009, 42, 359–372. [CrossRef]

32. Grzesik, W.; Małecka, J.; Zalisz, Z.; Zak, K.; Niesłony, P. Investigation of Friction and Wear Mechanisms of TiAlV Coated Carbide
Against Ti6Al4V Titanium Alloy Using Pin-On-Disc Tribometer. Arch. Mech. Eng. 2016, 63, 113–127. [CrossRef]

33. Jawaid, A.; Sharif, S.; Koksal, S. Evaluation of Wear Mechanisms of Coated Carbide Tools When Face Milling Titanium Alloy. J.
Mater. Processing Technol. 2000, 99, 266–274. [CrossRef]
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