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This paper analyses the influence of machining strategies and cutting
parameters on the milling of aluminium complex geometry parts. In the
first experimental phase, parts were machined with a combination of two
roughing strategies and three finishing strategies, with recommended
machining parameters. The machining time, machining surface roughness,

and the surface geometric accuracy were measured. In the second phase, a
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new sample was machined with corrected cutting parameters using the
best strategy adopted from the first phase. The results have shown that the
selection of machining strategy and cutting parameters significantly affects
the productivity, quality, and accuracy when machining complex geometry
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1. INTRODUCTION

The very rapid development of complex geometry
products, which was a technological challenge in the
development of the automotive and aviation industries,
as well as the propeller, turbine, and machine tool
industries, required the acceleration and improvement of
CAD systems [1]. Although modern CAD systems have
enabled users to model shapes with very complex
geometry, a new problem has emerged - how to make
those parts and meet the following requirements at the
same time: accuracy, quality, and cost of machining [2].

Many authors point out that the selection of a
toolpath is critical in the technological process planning.
Typically, tool paths are selected from standard toolpath
libraries in commercial CAM software [3, 4]. When
machining complex geometry models, milling is the
most problematic, especially when making complex
molds for plastic injection molding and plastic blow
molding [4, 5].

I1zol et al. 1 [4] indicate that applying standard tool
paths from a toolpath file significantly complicates the
machining process. Then, it is necessary to choose an
appropriate strategy for each surface to be machined in
each specific case. This further complicates and
prolongs the process of planning. In many cases,
additional topographical analysis of surfaces is also
required [6,7]. In paper [4] a methodology is proposed
for checking the validity of the machining strategy
where the first machining strategy is selected in CAM
and where not all the problems that occur during
machining are taken into account. The authors suggest
an overview of the machining strategy in virtual
machining, which requires a relatively short time. Thus,
if certain problems are observed, this strategy is

Received: September 2021, Accepted: September 2022
Correspondence to: Dr Gordana Globocki Laki¢
Faculty of Mechanical Engineering, Banja Luka,
Republic of Srpska, Bosnia and Herzegovina

E-mail: gordana.globocki-lakic@mf.unibl.org

doi: 10.5937/fme2204623G

© Faculty of Mechanical Engineering, Belgrade. All rights reserved

surface roughness

unsuitable for the entire surface. The authors suggest
that in that case, the surface should be divided into
groups or regions (vertical, curved, horizontal, etc.) and
different strategies for each region should be used. This
significantly increases programming time, which is the
problem in this proposal. However, this shortcoming is
partially compensated for by reducing the number of
machining errors and the time needed to eliminate them.
Optimization of a machining strategy is particularly
obvious in manufacturing objects with minimum surface
roughness and minimum machining cost [11, 13, 14].
After machining, it is often necessary to leave an extra
surface for grinding and polishing so that the machined
surface is according to the tolerance limits on the
drawing. Choosing the appropriate strategy can
minimize or eliminate finishing and significantly reduce
machining time, i.e., machining costs. The analysis of
different finishing milling strategies of a complex
geometry part containing concave and convex surfaces
and the machining quality can be evaluated through the
comparison of surface roughness, surface texture, and
dimensional control parameters [11].

Products with complex geometry place strict de—
mands on modern machining in terms of achieving
adequate productivity rate, machined surface quality,
dimensional accuracy of a part, and reduction of
machining costs. A large percentage of these products
are made of aluminum and its alloys due to well-known
properties such as good tensile strength and specific
weight ratio, and machinability at least. Tightening the
mentioned requirements requires complex and fast
research on the influence of machining conditions, mac—
hining strategies, and cutting process parameters on
machinability indicators [15, 16].

Over the last three decades, different sensing ele—
ments such as milling force, spindle and cutting power,
and noise/ sound measurement sensors have been com—
monly used to determine cutter life, wear, deflection and
chatter, etc. [17, 18]. Some researchers have used
machining acoustic measurement approaches to observe
cutting parameters or cutting tool wear [19, 20]. For
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example, acoustic methods were used to detect the
stability lobe in a machining process using sound
mapping techniques [21]. Some authors used acoustic
signals and compared the tool life's cumulative sound
spectrum and roughness [22]. Others investigated the
possibility of using acoustic signals to observe the
complex surface machining and to evaluate the effect of
cutting parameters and tool path strategies. Machining
forces, tool deflection, sound pressure levels, and
surface errors were measured and analyzed [23]. Recent
research about Artificial Neural Networks (ANN) can
help predict the milling toolpath strategy to establish
which milling path strategy or sequence will show the
best results [24].

Analysis of previous works showed that free-form
surfaces must be commonly machined with traditional
processes until a certain degree of surface finishing, and
the toolpath must be generated with computer-aided
applications. The authors [25] indicate the importance
of implementing new theoretical strategy operations to
control toolpath and trajectories in traditional strategies.
In addition to the existing processing strategies, what is
needed now is a validation of new strategies in com—
puter-aided applications regarding time minimizing and
how the cutting parameters affect the final surface
result. The authors simulated two case studies with a
commercial CAx application (3DEXPERIENCE), and
they only analyzed machining strategies but not the
quality of the machined surface. The authors suggested
that all the machine tool features must be defined — geo—
metry and kinematics, but also the dynamics of different
elements - speeds, and the acceleration and deceleration
of a model in each axis. This implies a correct definition
of the digital twin model is needed [25].

This paper analyses the influence of machining
strategies and cutting parameters on machinability
indicators. The machining time, surface roughness, and
part shape accuracy were chosen and measured as a
machinability indicator.

The paper proposed an approach to defining the
optimal machining strategy and optimal machining
parameters when milling a part of complex geometry
with concave and convex surfaces. The point is to select
an optimal roughing and finishing strategy through the
first phase of testing. In the second phase, optimal pro—
cessing parameters were chosen for the adopted mac—
hining strategy. The advantage of the offered metho—
dology is reflected in the implementation of CAD ins—
pection of a part with complex geometry in certain
stages of testing. Namely, after the first phase of testing,
using the CAD inspection, regions with the largest
deviations are located on concave and convex surfaces,
which are minimized in the next phase. In the second
phase, based on the adopted most favorable roughing
and finishing strategy and detected deviations using the
CAD inspection, machining parameters are adapted,
whereby satisfactory results are achieved according to
all tested machinability indicators: processing time,
surface roughness, and accuracy of the shape of the part.
Such testing methodology through these two phases
takes longer, but, as a result, it satisfies all the
machinability requirements and the production of parts
without deviations in the shape of the part and surface
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roughness beyond the permitted limits. In this way,
longer production preparation time is compensated.

2. EXPERIMENTAL RESEARCH

Experimental research was divided into two phases. In
the first experiment phase, workpieces were machined
with combinations of two roughing strategies, noted
Hatch and Contour, and three finishing strategies, noted
Constant step over, Spiral, and Linear [26]. In this
phase, the literature recommended cutting parameters
such as depth of cut, radial depth, feed rate, and cutting
speed [27, 28]. After analyzing the first phase results, in
the second experiment phase, a new workpiece was
machined with corrected and adapted cutting process
parameters using the best strategy combination from the
first experimental phase.

The tests were performed on an Emco Concept
MILL 450 three-axis milling machining center with a
Sinumerik 810D / 840D control unit with a Windows
platform (Figure 1.) located in the Laboratory at the
Faculty of Mechanical Engineering in Banja Luka. The
working space of the machining center in the x, y, and
z-axis directions was 700x520x500, respectively. The
machining center has a magazine for 20 tools and a tool
holder ISO-40.

In the experimental tests for 3D milling, a Dormer
carbide two flute ball mill, type S501, body length 83
mm, and diameter d, = 12 mm was used. This milling
tool was used for roughing and finishing. The cutting
length was 1, = 22 mm, radius r = 6 mm, the angle of the
helix was @ = 30°, and the rake angle of the cutting
wedge was y = 10°. Coolant and lubricant were used
during the machining (oil emulsion - Castrol Hysol T15
in the ratio 1/10), supplied from the tank system of the
machine with a capacity of 60 liters, under a pressure of
2 bar, by two nozzles, directly into the machining zone.

Figure 1. Experimental setup

The samples for experimental tests were prepared
using aluminum alloy Al 5083, known for its excep—
tional performance when working in extreme condi—
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tions. In addition, it is highly resistant to the influence
of water and the industrial chemical environment. Due
to its strength and corrosion resistance, Al 5083 is
widely used in marine applications, soil containers,
transport equipment, communications, etc. The specific
mass of this material is pgec = 2660 kg/m?®, tensile
strength ranges from R, = 270-345 MPa, while Brinell
hardness is 75HB. The dimensions of the raw material
were 80x60x40mm. This aluminum alloy is soft, so it
tends to form a built-up edge (BUE) during machining,
which is especially pronounced when milling with a ball
mill, Figure 2.

Table 1. Workpiece material alloyed elements

Chemical composition (%)

Mn Fe Cu Mg Si Zn Cr Ti

04 4 0 0 | 005]0.15
- |04 | o1 | - - -] -
1 49 | 04 | 01 | 025

The process planning for different machining
strategies for a specific part with a complex surface was
done in the SolidCAM program. SolidCAM provides
support in programming all types of CNC machines. It
is integrated with the SolidWorks CAD package, and
together they represent a concept whose advantage is
reflected in toolpath associativity and the geometry of
the machined object.

Figure 2. CAD model of the workpiece

The machining time, machining surface roughness,
and the surface geometric accuracy were analyzed. Mac—
hined surface roughness was measured in three cha—
racteristic points on the workpiece by a Mitutoyo SJ-301
device. Dimensional and shape accuracy was ins—pected
by a MCAx20+ multisensory measuring system arm with
an MMDx100 integrated laser scanner, Figure 3.

A classic digital stopwatch was used to measure the
main machining time (roughing and finishing), while
the MITUTOYO SJ-301 roughness measuring device
with PC software for processing measurement results
was used to measure the roughness of machined
surfaces. The operation of this device and the
performing of measurements comply with the ISO 4287
standard. Two parameters describing the roughness of
the machined surface were measured and analyzed, Ra
and Rz. In addition to the numerical display of the
parameters set, the device also provides a visual image
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of the recorded surface in a specific resolution, and a
printed version is possible that shows an image of the
machined surface with selected parameters for measu—
rement.

Figure 3. Measuring equipment for surface roughness
(above) and dimensional accuracy (below)

When machining was completed, the geometric
accuracy of machined surfaces was analyzed using the
CAD inspection method, which is based on comparing
the digitalized model of the machined surface and the
CAD model [29]. To perform this procedure, it is
necessary to obtain all geometric and dimensional
information about tested parts quickly and efficiently
[30, 31]. Geometric accuracy was analyzed using a
manual coordinate measuring arm (MCAx20+) with an
MMDx100 integrated laser scanner, and a multisensory
measuring system, Figure 3.

2.1 The first phase of experimental research

In the first phase, three samples were processed with
combinations of two roughing strategies (Hatch and
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Contour), and three finishing strategies (Constant step
over, Spiral, and Linear) with the recommended cutting
parameters. In Table 2, combinations of roughing and
finishing machining strategies are presented. All three
workpieces were machined with the same parameters to
analyze the impact of selected machining strategies on
the main roughing and finishing times, machined
surface roughness, and the geometric accuracy of
machined surfaces using the technique of Reversible
engineering (RE).

Table 2. Roughing and finishing strategies in the first
phase

Exp. Roughing Finishing
no. strategy strategy
EXPl | SRI | Contour | sF1 | Comstant
step over
EXP2 SR 2 Hatch SF2 Spiral
EXP3 SR 1 Contour SF3 Linear

Cutting process parameters have been adopted
according to the recommendations of the Dormer
cutting tool manufacturer. Rough machining parameters
included radial depth of cut ae = 2 mm; depth of cut ap
= 1.5 mm; feed rate vf = 400 mm/min; number of
revolutions n = 4000 o/min; cutting speed vc = 150.72
m/min. Finishing parameters amounted to radial depth
of cut ae = 1 mm; depth of cut ap = 0,5 mm; feed rate vf
= 300 mm/min; number of revolutions n = 6000 o/min;
cutting speed vc = 226.08 m/min.

When determining roughing parameters for selected
machining strategies, one has defined cutting depth
(Step field) of 1.5 mm and 83% toolpath overlap
(overlapped field). This was set based on the radial
depth of cut of 2 mm and milling diameter of 12 mm,
Figure 4. In finishing, the depth of cut equals the
defined residuum after roughing, i.e., 0.5 mm, whilst the
radial depth of cut was determined in the step field, and
it was 1 mm. Tool approaching was set on linear by a
safety distance of 2 mm, and lead in/out was in a linear
direction. In the finishing strategy, constant step-over
machining went one way, and milling was in one
direction (Conventional) starting from the outside. In
the spiral finishing strategy, the linear type of spiral
machining was chosen on the model pick center of the
helical toolpath. The linear toolpath was selected for the
finishing strategy noted as linear, with a one-way
machining direction and radial depth of cut of 1 mm,
Figure 5. Profile error was set to the standard value of
0.01 for finishing strategies.

Figure 4. Roughing strategies: Contour (left) and Hatch
(right) [12]
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Figure 5. Finishing strategies: Constant step over (left),
Spiral (middle), and Linear (right) [12]

2.2 The second phase of experimental research

Based on the results of the first experimentation phase,
it can be concluded that the most favorable was EXP1,
which consisted of roughing contour path, and finishing
was a constant step-over path. EXP1 from the first
experimentation phase gave the most favorable results.
It was used as a strategy combination in the second
experimentation phase and machining of a new
workpiece. A new second phase of the experiment run,
noted as EXP4, was machined with a combination of
roughing and finishing strategies and the same milling
tool as in EXP1 but with different cutting parameters.
This combination was chosen to observe the influence
of cutting parameters on cutting process output
parameters: the machining time, surface roughness, and
workpiece geometric accuracy. Previously used cutting
parameters for EXP1 and newly adopted cutting
parameters for EXP4 are shown in Table 3.

Table 3. Roughing and finishing strategies and cutting
parameters in the second phase

Exp. Roughing Finishing
no.
SR1 - Contour SF1 - Constant step over
ae =2 mm ae=1mm
EXP1 ap=1.5mm ap = 0,5 mm
vf=400 mm/min vf= 300 mm/min
n =4000 o/min n = 6000 o/min
SR 1- Contour SF1 - Constant step over ae
ae =2 mm =1 mm
EXP4 ap=1.0 mm ap = 0,5 mm
vf= 500 mm/min vf'=200 mm/min
n = 5000 o/min n = 6500 o/min

3. RESULTS AND DISCUSSION

3.1 The analysis of the first phase of experimental
research

The main roughing and finishing times measured with a
digital stopwatch were analyzed in Table 4. Based on the
presented results, the contour milling roughing strategy
achieved a slightly better result regarding the main
machining time. It certainly indicates the advantage of
applying this strategy in mass production. The contour
milling roughing strategy has a shorter production time
due to its characteristic path, i.e., the layout of passages,
compared to the hatch roughing strategy.

The finishing strategy with the best results in terms
of machining time is the constant step-over, which is
also the result of characteristic tool paths, i.e., the layout
of passages. The third finishing strategy, spiral fini—
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shing, has the longest machining time due to its specific
layout of tool paths, in which the initial machining zone
for this strategy was machined longer than in the other
finishing strategies, i.e., most of the finishing time was
spent on the machining of this zone.

Table 4. Roughing and finishing times for different
machining strategies

Exp. | Strategy | Rough. Finish. | Machining
no. comb. time (h) time (h) time (h)
EXP1 | SRI-SF1 0.510 1.014 1.524
EXP2 | SR2-SF2 0.600 1.380 1.980
EXP3 | SR1-SF3 0.510 1.230 1.740

Figure 6. Toolpaths: (a) EXP1 (contour + constant), (b)
EXP2 (hatch + spiral), and EXP3 (contour + linear) [12]

The roughness of the workpiece machined surface
was measured for each machining strategy in three
machined zones marked I, 11, and III in Figure 7. These
zones represent characteristic machining spots for which
we can expect different measurement results; therefore,
they have been selected accordingly for each workpiece.

Figure 7. Machined workpiece and surface with marked
zones: (a) EXP1, (b) EXP2, and (c) EXP3

Based on the presented results of machined surface
roughness, it can be concluded that EXP1 gave the best
results and is very similar to the results for EXP3,
Figure 8. But EXP1 also provided the best results in
terms of total machining time, which puts it in first
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place in the machining strategy selection. EXP3 gave
acceptable results, while EXP2 was rejected as the
worst, Table 4.
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Figure 8. Measured values of parameters Ra and Rz for
different machining strategies

The workpiece in EXP2 resulted in extremely high
roughness in zone 1; similar values were obtained in
zone 2, while zone 3 had extremely low roughness. The
reason was the selected strategy in which the tool
moved from the center (beginning of the strategy),
marked by zone 3. This zone was machined as the tool
starting position zone, and most of the total finishing
time was spent on it. Therefore, it gave the obvious
result, while zone 1 and zone 2 had extremely poor
roughness due to the characteristics of the path along
which the tool moved, i.e., moved away from the star—
ting position (zone 3) towards the endpoints of the
manufactured surface. For this reason, zones 1 and 2
had a much worse quality of the machined surface com—
pared to zone 3; therefore this strategy was rejected be—
cause of the machined surface roughness, too (Figure 9).

When comparing samples from EXP1 and EXP3,
significant deviations from the nominal (CAD) geo—
metry have been observed. Simultaneous comparison of
the complex surface with the CAD model was per—
formed. A coordinate system was used as the basis for
the real and nominal geometry overlap.
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Figure 9. Measurement zones for machined surface
roughness for EXP 2 (SR2+SF2)

The aim of the first phase of experimental research
was to select the best strategy for roughing and finishing
when it comes to the machining time and treated surface
roughness aspects. The first phase of the experimental
research concludes that the EXP1 (SR1+SF1) has
shown the best results in terms of the said aspects.
EXP3 (SR1+SF3) has given acceptable results regarding
the said aspects, while EXP2 (SR2+SF2) has been re—
jected as the worst and has not been further considered
in the second phase of experimental research.

3.2 The analysis of the second phase of experi—
mental research

The measured machining time for the two experiments
mentioned above is shown in Table 5. Based on the
results shown in the previous table, it can be concluded
that during the machining of the workpiece in EXP1
(SR1+SF1), the shortest machining time was achieved.
The workpiece in EXP4 has been machined with the
same machining strategies as the workpiece in EXP1
but with modified cutting parameters —the roughing
being performed with higher values of feed rate and
cutting speed and less cutting depth; and the finishing
has been performed with lower feed rate and higher
cutting speed resulting in longer machining time.

Table 5. Roughing and finishing time for machining
strategies in the second phase of experimental research

Exp. Roughing Finishng | Machining
no. time (h) time (h) time (h)

EXP1 0.51 1.101 1.52

EXP4 0.53 1.46 1.99

The roughness of the machined surface was mea—
sured for each experimentation run in the second phase
in workpiece zones marked with numbers (1, 2, 3, 4),
Figure 10.

Compared to the first experimentation phase, a
larger number of measuring zones have been examined
in order to analyze more detailed results.

Based on the results presented for measuring
machined surface roughness, it can be concluded that
EXP4 (SR1+SF1) with changed -cutting process
parameters yields better results. EXP1 machined using
the same roughing and finishing strategies but with
enhanced cutting process parameters produced poorer
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results in terms of machining quality. When analyzing
roughness parameters Ra per four measurement zones
EXP1 and EXP4 that were machined using the same
pre-treatment machining and finishing strategies but
different cutting process parameters, it can be seen that
the Ra parameter has the highest values in measurement
zone 1, resulting from the toolpath of the ball mill and
geometry of the sample itself, Figure 11.

Figure 10. Machined surface with marked zones for EXP
and EXP4

Considering the workpieces in EXP1 and EXP4
machined by the same roughing and finishing strategies
but different cutting parameters, it can be noted that the
roughness parameter Ra has the highest values in
measuring zone 1 due to the simple ball milling path
and flatness geometry. The values measured for the
parameter Ra and the workpiece in EXP1 are 1.5 to 2
times higher than for the workpiece in EXP4. This
indicates that, with the same roughing and finishing
strategy, the selected cutting parameters significantly
impact the machined surface quality.
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Figure 11. Measured values of parameters Ra and Rz for
different machining strategies in the second phase

As the geometric accuracy of machined parts with
complex geometry significantly affects their functionality,
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it is very important to inspect the geometry of surfaces and
check whether accuracy requirements are met [16].

To perform this procedure, it is necessary to acquire
all the geometrical and dimensional information on the
parts quickly. The analysis of the geometric accuracy of
freeform surfaces using the CAD inspection technique
is based on selecting a specific point on the machined
surface and comparing it with a corresponding point on
the CAD model. Deviations of the analyzed point
include deviations in the position and orientation of the
point compared with the CAD model. Geometric
accuracy of machined surfaces was analyzed by using
the CAD inspection method based on a systematic
approach to geometry analysis. Geometric accuracy was
analyzed using an articulated coordinate measuring arm
(MCAx20+) with an MMDx100 integrated laser
scanner, a multisensory measuring system.

The results of deviation can be presented in
numerical and graphical form [30, 31, 32]. The main
advantage of this method is fast and simple control over
the geometric accuracy and surface quality of machined
parts and of complex geometry parts in particular. Form
deviation of samples from the second phase of
experimental research is shown below, Figures 13-18. A
graphical representation of deviations implies maps of
form deviations with color-marked areas with the
greatest deviations, Figures 12 and 13.

As mentioned above, the analysis of EXP1 shows
the greatest deviations of geometry in zone 4. In this
area, the high roughness of the machined surface was
measured on the workpiece from EXP1. Approximately
the same roughness Ra was measured in zones 2 and 3
on this sample, and geometry deviations in the zones
were approximately the same. It has to do with the
toolpath of the ball mill during finishing. Changed
cutting parameters in EXP4, which was machined with
the same combination of roughing and finishing
strategies as in EXPI, resulted in smaller form
deviations in general, Figure 13.
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Figure 12. Global compare EXP1
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Figure 13. Global compare EXP4

Numerical form deviations of randomly selected
points at the machining surface are shown in Figures 14
and 16. Estimating cross-sectional deviation includes
determining a deviation vector whose intensity
corresponds to deviation levels 15 and 17. This way of
displaying deviation is visually less clear but gives a
better insight into deviation values in specific areas.
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Figure 14. Numerical form deviation of randomly selected points for EXP1
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3D: -0.023 mm
Sigma: 0.017 mm
Nr. 55
Nominal Measured
Y: 28.279 28.300 0.021 mm
3D: -0.028 mm
Sigma: 0.017 mm

Figure 16. Numerical form deviation of randomly selected points EXP4
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Nominal Measured Dev.

¥ 26.710 26.757 0.047 mm
: -0.048 mm
0.017 mm

Nominal Measured Dev.
Y: 29.600 29.607 0.007 mm
3D: -0.007 mm
Sigma: 0.017 mm

Nominal Measured Dev.
Y: 25.997 26.036 0.040 mm
3D: -0.040 mm
0.017 mm

Nominal Measured Dev.
Y: 30.711 30.703 -0.008 mm
3D: 0.009 mm
Sigma: 0.017 mm

Nominal Measured Dev.
W 29.896 29.905 0.009 mm
3D: -0.009 mm

Sigma: 0.011 mm

Nominal Measured Dev.

X 35.229 35.194 -0.034 mm ¥:
3D: 0.034 mm 3D:
Sigma: 0.011 mm Sigma:

Nominal Measured Dev.
Y: 29.071 29.095 0.025 mm
3D: -0.025 mm
Sigma: 0.011 mm

Nominal Measured Dev.
34.381 34.361 -0.020 mm
0.021 mm
0.011 mm

Figure 17. Evaluation of the deviations in the cross-section X=18 mm (above) and cross-section X=58 mm (below) for EXP4

The analysis of figures 14-17 shows that geometric
deviations are significantly smaller on the workpiece
sample in EXP4 (SR1+SF1) with changed cutting
parameters compared to EXP1 (SR1+SF1). The cross-
sectional analysis for experiment 4 in x=58 mm
indicates that the largest deviations of geometric
accuracy are in zones 2 and 3, where the higher
roughness parameters Ra and Rz value was measured.
Compared to the highest values of the geometric
deviations in EXP1, it can be concluded that deviations
in EXP4 are significantly smaller.

Therefore, the results of this analysis show that,
together with the choice of roughing and finishing
strategies, the choice of cutting process parameters
significantly impacts output parameters, i.e., machining
quality and geometric accuracy. A detailed analysis of
the main machining time, machined surface roughness
parameters, and complex machined surfaces' geometric
accuracy on the tested samples in the second
experimental phase has shown that with the same
roughing and finishing strategies and selecting the most
favorable cutting process parameters, can significantly
increase the productivity, accuracy, and machining
quality when milling complex surface parts.

4. CONCLUSION AND PROPOSAL FOR FUTURE
RESEARCH

In this paper, experimental research was performed to
study the influence of machining strategies and cut

FME Transactions

parameters on machining time, machined surface
quality, and dimensional accuracy. Experimental work
and analysis was performed in two phases: first, the
influence of machining strategies analysis, and second,
cutting parameters influence analysis. The first
experimentation phase aimed to select the best strategy
for roughing and finishing due to machining time and
machined surface roughness. It can be concluded that
EXP1 (SR1+SF1) has given the best results. EXP3
(SR1+SF3) has led to acceptable results according to the
mentioned aspects, while EXP2 (SR2+SF2) has the
worst results. EXP1 from the first experimentation
phase has provided the most favorable results.

A new second-phase experiment run noted as EXP4
was machined with a combination of roughing and
finishing strategies and with the same milling tool as in
EXP1 but with different cutting parameters. The point
was to examine the influence of machining parameters
on the productivity and quality of machined surfaces,
but also on the accuracy of machining because the
largest deviations in shape were measured in the places
where the roughness was the greatest, that is, at the
transitions from concave to convex regions and vice
versa.

For workpieces in EXP1 and EXP4, it can be noted
that the roughness parameter Ra has the highest values
in measuring zone 1 due to a simple ball milling path
and surface geometry. The measured values of the
parameter Ra for the workpiece in EXP1 are from 1.5 to
2 times higher than in the workpiece in EXP4. This
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indicates that, with the same roughing and finishing
strategy, the selected cutting parameters have a
significant impact on the machined surface quality.

The geometric accuracy of machined surfaces was
analyzed by using the CAD inspection method based on
a systematic approach to geometry analysis. The results
of deviation have been presented in numerical and
graphical form. Comparing results for the digitalized
model of complex surfaces and the CAD model shows
that smaller surface form deviations are generated in
EXP4. The main advantage of this method is fast and
simple control over the geometric accuracy and surface
quality of machined parts and of complex geometry
parts in particular.

Detailed analysis of the machining time, roughness

parameters, and geometric accuracy of complex
machined surfaces has shown that the choice of
roughing and finishing strategy and the choice of the
most favorable cutting parameters significantly
increases productivity and accuracy, and surface quality.
This analysis showed that, in the examined conditions,
the most favorable results according to all three
considered processing aspects (productivity, accuracy,
and quality) are obtained by EXP4, with roughing
strategy contour and finishing strategy constant step
over with adopted cutting parameters). The importance
of selecting cutting parameters in the conditions of the
same machining strategies applied, according to all
considered aspects of measured output parameters
(productivity, quality of processing, and geometric
accuracy) was also pointed out.
By analyzing numerous papers dealing with the issue of
choosing the optimal machining strategy to achieve the
required quality of machined surfaces and machining
accuracy, as well as based on our representative
research, it is possible to propose a methodology for
future research:

1. Based on the geometry of a part, choose the
most acceptable strategies from the existing
library of standard machining strategies in
commercial CAM software and perform an
overview of the selected strategy in virtual
machining, which requires spending relatively
little time.

2. Choose the most favorable roughing and
finishing strategy based on the best simulation
results. In the case of significant deviations
from the simulation, it is clear that the same
strategy cannot be successfully applied to all
surfaces, so it would be advantageous to
sequence a complex surface into regions and
select the most favorable strategy for each
region [4].

3. Perform workpiece machining according to the
adopted roughing and finishing strategies.
Also, an appropriate milling strategy can be
adopted for machining the observed workpiece
complex surface region.

4. Perform a CAD inspection and detect the
biggest deviations in the accuracy of the shape
and roughness of the surfaces.

Correct the machining parameters and create a new

sample on which the CAD inspection will be performed.

632 = VOL. 50, No 4, 2022

Longer programming time and the time needed for the
CAD inspection of a workpiece extend the total
preparation time needed to produce complex geometry
parts. However, compensation for the lost time is
certainly obtained by producing parts where the number
of machining errors and the time for their elimination is
reduced to a minimum or eliminated, which is the main
advantage of the proposed methodology.
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NOMENCLATURE

a. radial depth of cut

a, depth of cut

d. diameter of cutting tool
HB Brinell hardness

l, length of tool cutting part
n number of revolutions

r radius of cutting tool

Ry, tensile strength

R, mean roughness value

R, ten-point mean roughness
vy feed rate

ve cutting speed

Greek symbols
y  rake angle of cuttung wedge

o angle of helix
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Pspec Specific mass of material

ABBREVATIONS

CAD  Computer Aided Design
CAM  Compiter Aided Manufacturing
BUE  Built Up Edge

KOMITAPATUBHA AHAJIM3A CTPATETUJA
IIOJABA ITOBPIINHA CJIOKEHE
I'EOMETPUJE

I'. T'no6ouku-Jlakuh, b. Cpenanosuh, I'. Joruh,
C.T'oToBan

634 = VOL. 50, No 4, 2022

VY pagy ce aHanM3uMpa yTHIA] CTpaTervja MalIMHCKe
obpazse u mapameTapa pe3ama MpH 00pagul TIOIaHkEM
ATYMHHHU]JCKUX JHjEJI0Ba CIOXKCHE reomerpuje. Y MpBoj
¢da3m exkcrepuMmeHTa AMjesNioBH cy oOpaljeHn KoM—
OuHanujama JBUje cTpaTervje rpyde U Tpu crpareruje
3aBpiIHe 00paje, y3 NPUMjeHy MPENOpydYCHHX Mapa—
MeTpa obpazae. MjepeHo je Bpujeme oOpaje, XpamnaBocT
oOpalleHe TOBpIIMHE W TEOMETPUjCKa  TayHOCT
moBpimmHEe. Y apyroj ¢asm, HOBH amo (y30pak) je
oOpaleH ca KOpWUTOBaHMM TIapamMeTapuMa pe3armba
MIpUMjeHOM HajOO0JbUX cTpaTerdja oOpae YCBOjEHUX H3
mpBe ¢asze. Pesynratm cy mokasamum mga omabup
cTpareruje oOpaje W mapamerapa pe3amba 3Ha4dajHO
yTU4Ye€ Ha MNPOAYKTUBHOCT, KBaIUTET U TayHOCT IIpU
0o0paju ujesioBa CI0KeHe reoMeTpHje.
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