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ABSTRACT

In today's world, interest in the aviation sector and developments within it continue to grow at
an accelerated pace. With this increase, the demand for the production of components for
unmanned aerial vehicles, passenger airplanes, or jet aircraft has risen correspondingly.
However, due to the complex structure of aviation parts, the strategy employed during their
processing is of significant importance. The distortion issue encountered in the machining of
aviation parts, particularly in thin-walled components, leads to unwanted dimensional changes
and significantly complicates the production of these parts.

This study aims to investigate the effects of different machining techniques on the widely used
Al 7075 T7351 aluminum alloy in the aviation sector and to contribute the experimental results
to both readers and the literature. In the experiments, samples of Al 7075 T7351 aluminum alloy
with thicknesses of 1.00 mm, 1.20 mm, and 1.50 mm were processed using various machining
strategies. According to the experimental results, the effect of tool strategy on thickness was
observed to vary between a minimum of 0.67% and a maximum of 7.78%. Taking the average
of the minimum and maximum values of the three samples, the average effect of the tool path
strategy on surface roughness was found to be 55.46%, and its effect on parallelism varied
between 37.50% and 112.50%.

Furthermore, it is believed that the methods presented in this study will contribute to solving
similar problems in other industries, in addition to the aviation sector, in areas such as material
selection, determination of processing parameters, and compliance of three-dimensional
coordinate measurements (CMM) with standards.

Keywords: Aluminum alloys, Distortion control, Thin-walled parts, Machining parameters,
CMM
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OZET

Giliniimiizde havacilik sektoriine olan ilgi ve gelismeler artarak devam etmektedir. Bu artisla
beraber insansiz hava araclari, yolcu ugaklar1 veya jet ugaklarinin komponent iiretimine olan
talep o oranda artmaktadir. Ancak havacilik parcalarinin karmasik yapida olmalari sebebiyle
islenme sirasindaki strateji olduk¢a 6nemlidir. Havacilik parcalarinin islenmesinde karsilasilan
distorsiyon sorunu, 6zellikle ince cidarli bilesenlerde istenmeyen boyutsal degisimlere neden
olmakta ve bu pargalarin liretiminde 6nemli 6l¢iide zorluk olusturmaktadir.

Bu caligma ile havacilik sektoriinde ¢okca kullanilan Al 7075 T7351 aliiminyum alagiminin
farkli isleme teknikleri {izerindeki etkileri arastirilarak deney sonuglarinin okuyucuya ve
literatlire katki sunulmasi amaglanmistir. Deneylerde 1,00 mm, 1,20 mm ve 1,50 mm
kalinliklarindaki ii¢ farkli Al 7075 T7351 aliiminyum alasim malzeme Ornekleri ¢esitli isleme
stratejileri kullanilarak iglenmistir. Deney sonuglarina gore takim stratejisinin kalinliga etkisi
en fazla %7,78 ve en az %0,67 oraninda oldugu gériilmiistiir. U¢ numunenin minimum ve
maksimum degerlerinin ortalamas1 alindiginda takim yolu stratejisinin ylizey piiriizliliigi
tizerindeki ortalama etki degeri %55,46 ve paralellige etkisi ise %37,50 ile % 112,50 oraninda
degisiklik gosterdigi goriilmiistiir.

Ayrica bu ¢alismada sunulan yontemler, malzeme se¢imi, isleme parametrelerinin belirlenmesi
ve (¢ boyutlu koordinat 6lcimlerinin (CMM) standartlara uygunlugu gibi konularda, havacilik
sektorlinliin yaninda diger endiistrilerde benzer sorunlarin ¢dziimiine katkida bulunacagi
diistiniilmektedir.

Anahtar Kelimeler: Aliiminyum alasimlari, Distorsiyon kontrolii, ince cidarli pargalar, Isleme
parametreleri, CMM

1. INTRODUCTION

CNC milling, one of the most common and efficient processes in modern manufacturing,
involves removing excess material from the surface of a workpiece intermittently with a
rotating tool to achieve geometric shape and dimensional accuracy that meet technical
requirements (Zhou et al., 2023). However, it should be recognized that various challenges arise
during machining, necessitating efforts to address them effectively. It is understood that
identifying the right machining strategies can contribute to longer tool life, lower machining
costs, reduced scrap costs, and the attainment of more precise surfaces (Sato et al., 2023).

Geometric dimensioning and tolerancing emerge from the need to define the functionality and
geometric technical specifications of an industrial product, which are verified through
dimensional measurements using various devices. One of these measurement techniques is
coordinate measurement. The development of coordinate measurement techniques was
observed in the early 1970s, where coordinate measuring devices were initially limitedly used
in laboratories (Isik, 2019). Today, as product geometries become more complex, three-
dimensional coordinate measuring machines (CMMSs) have become one of the most critical
components of modern manufacturing technology (Trapet et al., 2004; Aggogeri et al., 2011;
Vlaeyen et al., 2023). By directly integrating CMMs into modern production, they play a
significant role in the inspection stages of these production systems. Coordinate measuring
machines are devices capable of measuring dimensions, shapes, and positional deviations with
high accuracy within the same system. The precision of the part to be produced, the quantity of
parts, and the measurement uncertainty are important criteria in the choice of a measurement
system (Weckenmann, 2011). CMMs are commonly used in precision measurement
applications and play a crucial role in evaluating profile errors (Le et al., 2024). The automated
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operation and reporting capabilities of CMM machines minimize delays caused by external
factors and maximize efficiency (Zhu, 2010). Distortion in parts measured by devices like
CMMs is defined as the deviation of part dimensions from their original dimensions after the
part is removed from the fixture. Distortion typically occurs due to factors such as the material
type, residual stresses in the material, residual stresses resulting from CNC machining, and part
design. Among these factors, the most significant is the residual stresses in the material's
internal structure originating from the manufacturing process. These residual stresses arise from
production and shaping processes such as quenching, forging, extrusion, casting, welding, and
machining. Specific strategies, as addressed in this article, can minimize these distortions
caused by machining processes.

A literature review was conducted for coordinate measuring machines (CMMs), which are
widely adopted in acceptance and re-verification processes (Lee et al., 2022; Yang et al., 2022).
Some of these studies are as follows. Lin et al. (2023) designed a perforated plate and performed
measurements. Kim et al. (2023) focused on flatness, Franco & Jodar (2021) on horizontal, and
Pahk & Kim (1995) on ring size measurements. Pahk & Burdekin (1991) measured a horizontal
plane by observing the probe tip position to determine parametric rotation and linearity errors.
Sudatham et al. (2015) used an optical scanned pulsed interferometer to measure parametric
positioning errors. Umetsu et al. (2005) developed a new laser tracking system to measure
parametric errors from axes. Ballu et al. (2006) proposed a new design approach recommending
initiating the three-dimensional modeling of the product at the design stage to define functional
features and design parameters as soon as possible. Anselmetti (2006) developed a semi-
automatic system that creates a functional specification based on the interface between
components. This system automatically generates data frames on parts and provides
information on contacting elements. Hu & Peng (2011) developed a computer-aided tolerance
system based on axiomatic design for functional design. They determined the main stages for
axiomatic design. The first is the creation of a rule-based technical diagram and the allocation
of values to each tolerance. In the second stage, they considered manufacturing and cost-related
effects. Cao et al. (2013) first defined the main part and basic features, then described a method
that adds functionality with assembly analysis. They then proposed an iterative flow procedure
to generate data on other individual parts. Gohler et al. (2016) proposed a methodological
framework that turns functional requirements into design parameters. In this framework,
besides geometry, other different parameters such as material and external factors were
considered. They established a connection between the desired tolerance and functionality.
Rouetbi et al. (2017) developed a methodology for the functional tolerance of a hyperstatic
mechanical system. This methodology first evaluates assembly as rigid. In the second step, it
defines the deformation capacity to ensure the assembly of the system. Anselmetti et al. (2005)
and Royer & Anselmetti (2016) provided a perspective on the selection of manufacturing to fit
the functional features defined by the designer. This perspective can be used to describe the
situation between manufacturing characteristics and subsequent manufacturing stages. Goktas
etal. (2017) created a toolpath using the offsetting method in their study. Toolpath data obtained
from software and applications were tested on suitable billet parts on CNC machines. The
experiments resulted in no machining errors due to residue and gaps.

This study aims to share the results of processing Al 7075 T7351 Aluminum alloy material
using different techniques, providing advance information to readers who will process this
material and thus filling the gap in the literature. For this purpose, three different thicknesses
of Al 7075 T7351 series aluminum alloy material, namely 1.00 mm, 1.20 mm, and 1.50 mm,
were processed in experiments. The distortion problem encountered in the processing of
aviation parts, especially causing undesired dimensional variations in thin-walled components,
emerges as a significant problem in the industry. This study contributes to the literature by
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presenting how different processing strategies affect this distortion problem and which
strategies are more applicable. Additionally, the methods presented in this study, such as
material selection, determination of processing parameters, and compliance of CMM
measurements with standards, are considered applicable in solving similar problems in the
aviation and other industries. In this context, the aim is to provide useful information for solving
industrial problems and to contribute to the solution of production processes in sensitive
industries such as the aviation sector.

2. MATERIAL and METHOD

Due to the complex nature of aviation components, processing them can be quite challenging.
Particularly, during the machining of thin-walled parts, distortion can occur, leading to
variations in the desired dimensions of the parts. In this study, three designed thin-walled
sample parts were processed using different machining strategies, aiming to determine which
method is more feasible based on the results obtained from them.

Material

To observe distortion changes and prepare experimental samples, Al 7075 T7351 series
aluminum alloy billets were procured. The chemical properties of the AL 7075 series material
are presented in Table 1 (Pandian & Kannan, 2022). This material has various hardening
conditions, such as T6, T651, T73, T7351, and T76 (Khalid et al., 2023). In this study, Al 7075
T7351 series aluminum alloy material was preferred due to its low density, superior tensile
strength, excellent corrosion resistance (Imran & Khan, 2019), and frequent use in the aviation
sector.

Table 1. Chemical composition of 7075 Aluminum Alloy (Pandian & Kannan, 2022).

Chemical Al Zn Mg Cu Fe Mn Cr Si Ti Other
composition

Content 89.3 53 25 1.6 0.5 0.3 0.23 04 0.2 0.15
(wt %)

Due to material costs, it was decided to prepare three experimental specimens at model scale,
with raw material dimensions set at 90 mm x 60 mm x 30 mm. Before preparing the test
specimens, the entire design was modeled in the Catia V5 program. In order to observe
distortion and enable comparison, three thin-walled parts of different thicknesses were
designed. The thicknesses of the parts were chosen as 1.00 mm, 1.2 mm, and 1.5 mm,
respectively. The dimensions of the test specimens are shown in Figure 1a, and the untreated
state of the billet is shown in Figure 1b.
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(b)

Figure 1. The experimental specimen (a) the solid model (b) the AL 7075 T7351 series
aluminum alloy material

In order to achieve the desired precision, it is essential to appropriately determine the process
parameters of the selected machining method and ensure that the part is securely fixed to
prevent any movement or deformation (Gameros et al., 2017). For the purposes of this study, a
fixture was designed to facilitate access along the z-axis of the CNC machine and to aid in
machining. Additionally, it was observed that this elevation and fixture design is necessary for
ensuring the accuracy of dimensions, form precision, and surface quality of the finished
workpiece (Poyraz & Yandi, 2021). Furthermore, it is expected that the use of the fixture will
contribute to productivity, tool life, reduced machine movement, and consequently, shorter
machining times (Snigdha et al., 2017). The elevation and fixture design are illustrated in Figure
2, where the elevation is shown in gray and the fixture in purple. Three 10.5 mm diameter pilot
holes were drilled for securing the fixture and workpiece, followed by tapping M12x1.5
threaded holes into these pilot holes. The Allen head bolts used for fastening are of 8.8 quality,
60 mm in length, and fully threaded according to DIN 933 standards. The bolts were tightened
with preload and torque according to DIN 13.

(b)

Figure 2. Elevation and fixture design (a) solid model (b) real model

Long tool life, achieving the desired surface quality, and minimizing chip formation during
machining are facilitated by the tool holder shown in Figure 3a, known as short thick Shrink
holders (Bozdemir et al., 2023). Carbide end milling cutters suitable for processing Al 7075
material have been selected (Arslan et al., 2024). For roughing operations, a four-fluted finger
mill with a diameter of D16, as shown in Figure 3b, has been used. For finishing operations, a
three-fluted finger mill with a diameter of D8, as illustrated in Figure 3c, has been employed.
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Figure 3. Tool holder and cutting tools selection (a) Shrink (b) D8 three-flute end mill (c)
D16 four-flute end mill

Method

As production processes accelerate and advance, the necessity for swiftly making acceptance
or rejection decisions for produced parts increases. To meet this need, Coordinate Measuring
Machines (CMMs) are widely utilized in both manufacturing and quality control domains. Just
as rapid measurements are crucial, swift decision-making is equally important for part
machining strategy, and standardized rules exist for these evaluations. In this study, the EN ISO
14253-2 standard was referenced for thickness and surface roughness measurements. However,
although the EN 1SO 14253-2 standard focuses on uncertainty calculations in dimensional
measurements, it does not cover coordinate measurements (Balsamo, 2023; Maltauro, et al.,
2023; Maltauro et al., 2024). In this work, a CMM device was used for coordinate
measurements. The standards outlining the calculation methods for CMM measurements are
the 1SO 15530 Series (Shaheen et al., 2023; Wojtyta et al., 2023), and ISO 10360-2 (I1SO 10360-
2, 2009). The uncertainty measurement, verification, and calibration of the utilized device were
conducted in accordance with these standards (Cauchick-Miguel et al., 1996).

In this article, a three-axis CNC milling machine was employed for machining processes, while
the CAM module of the widely used (Jamaludin et al., 2023) Catia V5 software was utilized
for Computer-Aided Manufacturing (CAM) applications. This enabled the device to perform
measurements and machining according to CAM simulation by selecting different tooling
during the process. Subsequently, to investigate how the samples would perform under different
stresses, they were connected to the CNC machine, and machining operations were performed
to remove chips. The milling process is illustrated in Figure 4. Measurements were conducted
using a CMM.

(a) (b)
Figure 4. Milling operation (a) CAM processing (b) CNC vertical machining
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For the experiment, machining was performed on three different parts named Sample 1, Sample
2, and Sample 3, each with the same external dimensions but different thicknesses. The
experiment samples consist of three pieces of Al 7075 T7351 series aluminum alloy material,
each fixed with three zinc-plated M12 bolts, with thicknesses of 1.00, 1.20, and 1.50 mm. For
the milling process, rough chip removal operation was performed on the part initially to clear
the pool remaining inside the part. Following this process, finishing operations were attempted
to obtain final dimensions by machining the inner walls using three different toolpath
machining strategies: helix, zig, and zig-zag. In helix machining, a toolpath was created by
moving around the part without interrupting its contact with the part simultaneously in all three
axes. In zig toolpath strategy, cutting was done in one direction, entering the part from the same
direction after each pass. In zig-zag strategy, after the tool exits the part from one direction, it
enters the next pass from the direction it exited. The cutting tool performed cutting operation
in both directions. For these operations, the spindle speed was calculated as 8400 rpm, feed rate
as 5000 mm/min, and the depth of cut was set as 1 mm. Simulation of the CAM program allows
for easy detection of incidents such as tool holder and tool plunging into the part, or any other
events that may cause damage during machining. The simulation image of rough chip removal
operation is provided in Figure 5.
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Figure 5. CAM simulation and analysis

3. RESULT and DISCUSSION

As a result of the machining process, measurements were taken for part thickness, surface
roughness, and coordinate (CMM) dimensions, and shared in graphical form. Measurement
result graphs for part thickness are provided for 1.00 mm in Figure 6a, 1.20 mm in Figure 6b,
and 1.50 mm in Figure 6¢. Accordingly, for the 1.00 mm thick part, a better result was obtained
with a value of 0.97 mm using the helix-straight machining method. For the 1.20 mm thick part,
a better result was obtained with a value of 1.21 mm using the helix-reverse machining method.
For the 1.50 mm thick part, a better result was obtained with a value of 1.50 mm using the helix-
reverse machining method. Additionally, when the averages of the machining strategies were
evaluated in all three graphs, it can be observed that the dimensions obtained using the straight
machining method are closer to the desired level compared to the reverse machining method.
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Figure 6. Thickness measurement (a) 1.00 mm (b) 1.20 mm (c) 1.50 mm

Here, when considering the maximum and minimum values in the three experimental samples,
it has been evaluated that the tool machining strategy's effect on thickness ranges from a
maximum of 7.78% to a minimum of 0.67%. In the study conducted by Motorcu & Bilge
(2018), it was found that the cutting tool material alone had an influence of over 90% on
dimensional integrity. Although the statistically significant effect of the other selected end
milling parameters could not be determined, when considering the maximum and minimum
values, the effect value on dimensional integrity was evaluated to be 3.70%.

Measurement results for part roughness are provided in Figure 7a for 1.00 mm thickness, Figure
7b for 1.20 mm thickness, and Figure 7c for 1.50 mm thickness. The surface roughness
measurements were conducted in accordance with the TS EN 10049: 2014 standard.
Accordingly, the best result for the 1.00 mm thick part was obtained with a reverse helix
machining method, showing a value of 0.136 um. For the 1.20 mm thick part, the best result
was achieved with a straight zig machining method, indicating a value of 0.142 um. The best
result for the 1.50 mm thick part was found with a reverse helix machining, presenting a value
of 0.108 um. Moreover, when averaging the results of the machining strategies across all three
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graphs, it is observed that the reverse machining method results in a lower level of roughness
compared to the straight machining method.
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Figure 7. Ra surface roughness measurement -um (a) 1.00 mm (b) 1.20 mm (c) 1.50 mm

When considering the values where the difference between minimum and maximum surface
roughness is minimized, it is observed that zig machining strategy is the least level for all three
materials. On the other hand, when considering the values where the difference between
minimum and maximum surface roughness is maximized, zig-zag machining is the highest
level for the 1.00 mm material, while helix machining is the highest level for the 1.20 mm and
1.50 mm thickness materials. When averaging the minimum and maximum values of the three
samples, the average effect value of the machining strategy on surface roughness is found to be
55.46%. This value is consistent with the findings of Ballikaya (2022), who showed that the
tool path shape is the most effective parameter on surface roughness with an effect value of
43.755%. Additionally, the zig-zag tool path shape was found to be the most suitable level.
Similarly, in the study conducted by Uzun et al. (2022), they demonstrated that the trochoidal
tool strategy is the most ideal machining method for the upper surface with a value of 0.86 um.
Here, considering the minimum and maximum surface roughness, the average effect value of
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the tool path strategy on surface roughness is evaluated to be an average of 132%. Ballikaya
worked on Sleipner cold work tool steel, while Uzun et al. conducted their studies on AISI
X210Cr12 steel.

The parts were subjected to CMM measurements including radius, parallelism, perpendicularity
between the bottom surface and inner surface, and perpendicularity between the top surface and
inner surface.

Radius measurement result graphs are provided for 1.00 mm in Figure 8a, 1.20 mm in Figure
8b, and 1.50 mm in Figure 8c. Accordingly, for the 1.00 mm thickness part, the radius
measurement values of 6.133 mm obtained from the helix-straight machining method yielded
the best results. This value is closest to the nominal radius of 6.00 mm. The highest deviation
was observed in the zig-zag-reverse machining method, with a measurement of 6.716 mm. For
the 1.20 mm thickness part, the radius measurement values were measured as 5.98 mm in the
helix-straight machining method, which is closest to the nominal radius of 6.00 mm. The
highest deviation was measured as 5.931 mm in the helix-reverse machining method. For the
1.50 mm thickness part, the radius measurement values were measured as 5.992 mm in the
helix-straight machining method, which is closest to the nominal radius of 6.00 mm. The
highest deviation was measured as 6.096 mm in the zig-reverse machining method.
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Figure 8. Radius measurement (a) 1.00 mm (b) 1.20 mm (c) 1.50 mm
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Parallelism measurement result graphs for the lower and upper surfaces are provided for 1.00
mm in Figure 9a, 1.20 mm in Figure 9b, and 1.50 mm in Figure 9c. Deviation values are
measured in millimeters. Accordingly, for the part with a thickness of 1.00 mm, the machining
method with the least deviation in parallelism between the lower and upper surfaces was zig-
zag-straight machining, with a deviation measurement of 0.004 mm. The method showing the
highest deviation was zig-reverse machining, with a value of 0.043 mm. For the part with a
thickness of 1.20 mm, the machining method with the least deviation in parallelism between
the lower and upper surfaces was zig-straight machining, with a deviation measurement of
0.003 mm. The method showing the highest deviation was zig-reverse machining, with a value
of 0.021 mm. For the part with a thickness of 1.50 mm, the machining methods zig-zag-straight
and zig-reverse showed a deviation measurement of 0.015 mm in parallelism between the lower
and upper surfaces. The method showing the highest deviation was helix-reverse machining,
with a value of 0.162 mm.
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Figure 9. Lower and upper surface parallelism measurement (a) 1.00 mm (b) 1.20 mm (c)
1.50 mm
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The graphs of the perpendicularity measurement results between the lower surface and the inner
surface are presented for 1.00 mm in Figure 10a, 1.20 mm in Figure 10b, and 1.50 mm in Figure
10c. Deviation values are measured in millimeters. Accordingly, for the part with a thickness
of 1.00 mm, the machining methods zig-zag and reverse showed the least deviation in
perpendicularity between the lower surface and the inner surface, with a deviation value of
0.001 mm. The method showing the highest deviation was helix-straight machining, with a
deviation of 0.035 mm. For the part with a thickness of 1.20 mm, the least deviation in
perpendicularity between the lower surface and the inner surface was observed in the zig-zag-
straight machining method, with a deviation value of 0.002 mm. The highest deviation was
measured in the helix-straight machining method, with a value of 0.029 mm. For the part with
a thickness of 1.50 mm, the least deviation in perpendicularity between the lower surface and
the inner surface was observed in the zig-reverse machining method, with a value of 0.00 mm.
The highest deviation was measured in the helix-straight machining method, with a value of
0.021 mm.
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Figure 10. Measurement of clearance between lower surface and inner surface (a) 1.00 mm
(b) 1.20 mm (c) 1.50 mm
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The graphs of the gap measurement results between the upper surface and the inner surface are
provided for 1.00 mm in Figure 11a, 1.20 mm in Figure 11b, and 1.50 mm in Figure 11c.
Deviation values are measured in millimeters. Accordingly, for the part with a thickness of 1.00
mm, the least deviation in gap between the upper surface and the inner surface was measured
in the zig-reverse machining method, with a deviation of 0.00 mm. The highest deviation was
measured in the zig-zag-reverse machining method, with a value of 0.197 mm. For the part with
a thickness of 1.20 mm, the deviation in gap between the upper surface and the inner surface
was measured. According to these values, the least deviation was measured in the zig-reverse
machining method, with a value of 0.00 mm. The highest deviation was measured in the helix-
straight machining method, with a value of 0.026 mm. For the part with a thickness of 1.50 mm,
the least deviation in gap between the upper surface and the inner surface was measured in the
zig-zag-reverse machining method, with a value of 0.006 mm. The highest deviation was
measured in the helix-straight machining method, with a value of 0.047 mm.
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Figure 11. Measurement of clearance between upper surface and inner surface (a) 1.00 mm
(b) 1.20 mm (c) 1.50 mm
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In the CMM measurements, when evaluating the minimum and maximum values of the
parallelism measurements between the bottom and top surfaces of the three samples, it was
observed that the variation ranged from a minimum of 37.50% to a maximum of 112.50%. This
improvement in values corresponds to a 37% improvement over the initial values, as
demonstrated by Iglesias et al. (2024) in their milling path study.

4. CONCLUSION

During machining processes in metalworking, minimizing out-of-tolerance measurements is a
critical concern. It is recommended to consider the data obtained in this study to achieve the
desired dimensions or values, depending on which type of tolerance is crucial in the region
intended for machining according to the part technical drawing. This approach can reduce
material waste and lead to obtaining more optimal dimensions and values. The aim of this study
is to provide advance information to readers who will process Al 7075 T7351 Aluminum alloy
material using different techniques.

In this study, the thickness, surface roughness, and CMM measurements obtained after
machining three sample parts with thicknesses of 1.00, 1.20, and 1.50 mm were examined. After
machining, a detailed evaluation of the machining methods and strategies was conducted.

1. After machining, thickness measurements of the sample parts were taken according to the
tool paths, and their average values were calculated. It was observed that the straight machining
method yielded values closer to the desired level compared to the reverse machining method,
with values of 0.96, 1.18, and 1.43, respectively. Furthermore, considering the maximum and
minimum values across the three experimental samples, it was evaluated that the influence of
the machining strategy on thickness ranged from a maximum of 7.78% to a minimum of 0.67%.

2. The measurement results of the sample parts' surface roughness were evaluated. When the
averages of all three machining strategies were considered, it was observed that the reverse
machining method had lower levels of roughness compared to the straight machining method,
with values of 0.165 pum, 0.160 um, and 0.157 pm, respectively. When considering the
maximum difference in surface roughness between the minimum and maximum values of the
material, it was observed that the zig-zag tool path was predominant for the 1.00 mm material
thickness, while the helix tool path was predominant for the 1.20 mm and 1.50 mm thicknesses.
When the average values of the minimum and maximum measurements of the three samples
were considered, the average impact of the tool path strategy on surface roughness was found
to be 55.46%.

3. The CMM measurements evaluated important parameters such as radius, parallelism, and
clearance. When considering the samples closest to the nominal radius values, it was observed
that for the 1.00 mm thickness part, the radius measurement values were 6.133 mm for helix-
straight machining, for the 1.20 mm thickness part, the radius measurement values were 5.98
mm for helix-straight machining, and for the 1.50 mm thickness part, the radius measurement
values were 5.992 mm for helix-straight machining, providing results closest to the nominal
radius. In terms of parallelism between the lower and upper surfaces, the minimum deviation
values were observed as follows: for the 1.00 mm thickness part, 0.004 mm for zig-zag-straight
machining, for the 1.20 mm thickness part, 0.003 mm for zig-straight machining, and for the
1.50 mm thickness part, 0.015 mm for zig-zag-straight machining. Regarding the clearance
between the lower surface and the inner surface, the minimum deviation values were observed
as follows: for the 1.00 mm thickness part, 0.001 mm for zig-zag-reverse machining, for the
1.20 mm thickness part, 0.002 mm for zig-zag-straight machining, and for the 1.50 mm
thickness part, 0.00 mm for zig-reverse machining. In terms of the clearance between the upper
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surface and the inner surface, the minimum deviation values were observed as follows: for the
1.00 mm thickness part, 0.00 mm for zig-reverse machining, for the 1.20 mm thickness part,
0.00 mm for zig-reverse machining, and for the 1.50 mm thickness part, 0.006 mm for zig-zag-
reverse machining. In the CMM measurements, when the minimum and maximum values of
parallelism between the upper and lower surfaces were evaluated for three samples, it was
observed that the deviation ranged from a minimum of 37.50% to a maximum of 112.50%. This
improvement was shown to be 37% in the study conducted by Iglesias et al. in terms of milling
path compared to the initial values.

The results of this study can provide guidance in the selection of machining strategies and
methods in industrial production processes. However, for a more comprehensive evaluation of
machining strategies and methods, further experiments are necessary. In the future, it is
recommended to conduct comprehensive research considering different machining strategies
and the effects of cutting parameters for Al 7075 material. Additionally, future work should
aim to explore distortion control in the machining of different materials by working with a wide
range of material thicknesses and optimizing machining parameters.
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