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Abstract: Most aerospace parts are thin walled and made of aluminum or titanium alloy that is
machined to the required shape and dimensions. Deformation is a common issue. Although the
reduced cutting forces used in high-speed milling generate low residual stress, the problem of de-
formation cannot be completely resolved. In this work, we emphasized that choosing the correct
cutting parameters and machining techniques could increase the cutting performance and surface
quality and reduce the deformation of thin plates. In this study, a part made of a thin 6061 aluminum
alloy plate was machined by high-speed milling (HSM), and a Taguchi L16 orthogonal array was
used to optimize the following parameters: linear velocity, feed per tooth, cutting depth, cutting
width, and toolpath. The impact of cutting parameters on the degree of deformation, surface rough-
ness, as well as the cutting force on the thin plate were all investigated. The results showed that the
experimental parameters for the optimal degree of deformation were Al (linear velocity 450
mm/min), Bl (feed per tooth 0.06 mm/tooth), C1 (cutting depth 0.3 mm), D4 (cutting width 70%),
and E4 (rough zigzag). Feed per tooth was the most significant control factor, with a contribution
as high as 63.5%. It should also be mentioned that, according to the factor response of deformation,
there was a lower value of feed per tooth and less deformation. Furthermore, the feed per tooth and
the cutting depth decreased and the surface roughness increased. The cutting force rose or fell with
an increase or decrease of cutting depth.

Keywords: aerospace; HSM; Taguchi method; deformation; thin 6061 aluminum plate

1. Introduction

Aerospace parts are no longer as thick and heavy as they were in the early days.
These parts can now be much lighter as a result of geometric improvements made through
finite element analysis simulation and topology optimization. This also results in much
greater strength. The 6000 series of aluminum alloys is the most extensively used primary
material in aerospace. It is used for fuselage framework as well as outer frame structures.
In manufacture, as much as 90% of the material has to be removed by machining, and this
can result in severe deformation of these lightweight parts [1-3]. There are several ways
to reduce the degree of deformation [4], and one involves the reduction of residual stress.
When processing thin components such as plates, residual stress is a major cause of inac-
curate dimensions and deformation and is the most difficult factor to control. The degree
of deformation can be lowered by effective reduction of residual stress. This can often be
achieved by smaller cutting depth, lower cutting force, changes in process strategy, flexi-
ble design, and prompt removal of heat [5-8]. A flexible design can include a frame of
material around the thin part, which is removed after the processing has been completed
[9,10]. Control of machining speed in a machine with two cutters, simultaneously milling
both sides of a flat component, can generate a phase difference that cancels the occurrence
of flutter and lowers the degree of deformation [11]. A smart fixing system with a jig that
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allows the clamping force to be adjusted according to the cutting position and cutting
force, or which allows the clamping force to be evenly distributed over the workpiece by
means of vacuum, can effectively lower the degree of deformation [12,13].

Recent development has led to machine tools that run at high speed and have great
precision, and high-speed machining has now become a mature technology. In the past,
most conventional cutting was done at low speed, with deep cuts and fast feeds. Modern
machines run very fast and take small cuts at a high feed rate. This reduction of cutting
depth and width and high cutting speed reduces the cutting force and also increases the
production speed. More importantly, it can also lower the degree of deformation and re-
sidual stress for parts with poor rigidity. This makes it very suitable for machining thin-
walled parts [14]. Furthermore, because the cutting chips are removed quickly from the
surface of the workpiece during high-speed cutting, the tool and workpiece do not get so
hot and are less prone to thermal distortion [15].

The selection of cutting parameters is also one of the factors that affects the defor-
mation, surface roughness, and cutting force encountered in thin plate machining, such
as linear velocity, feed per tooth, cutting depth, cutting width, and toolpath, etc. In the
path strategies field, Ali, R. A. et al. aimed to investigate the influence of different path
strategies of the tool in face milling. The cutting speed, feed rate, and depth of cut were
considered as quantitative factors, and the toolpath strategy was the qualitative factor.
Three strategies of the toolpath were zig, zigzag, and contour [16]. Magdalena Z. M. et al.
aimed to examine the impact of selected machining techniques, including high-perfor-
mance cutting, high-speed cutting, conventional cutting, and combinations of these tech-
niques. The results show that applying a correctly selected machining technique mini-
mizes the deformation of thin-walled elements [17]. Dejan L. et al. aimed to use the Taguchi
method for the experimental plan and comparative analysis of multi-criteria decision-
making (MCDM) methods. The input machining parameters were wall thickness, cutting
parameters, and toolpath strategies. The three toolpath strategies were climb milling, con-
ventional milling, and mixed milling [18]. Wirawan S. et al. aimed to optimize the com-
puter numerical control (CNC) milling machining time from the machine parameters and
toolpath strategy. The machine parameters were speed, feed rate, and width of cut. The
toolpath strategy was zigzag in pocket roughing [19]. Kazimierz Z. et al. aimed to compare
the conventional strategy to the machining strategy regarding chip shape, surface rough-
ness, cutting torque, passive force, and process efficiency [20]. As mentioned above, the
cutting speed, feed rate, and depth of cut were the effect factors of the deformation of the
thin plate, besides the toolpath strategies, which are also important factors for the defor-
mation. Furthermore, the correctly chosen machining techniques could minimize the de-
formation of the thin plate.

In the surface roughness field, Adel T. A. et al. aimed to optimize the cutting param-
eter in CNC face-milling operations on high-strength grade-H steel using artificial neural
network (ANN) with the Edgeworth-Pareto method. The results show that a positive ef-
fect of spindle speed and feed rate and a negative effect of depth of cut on surface rough-
ness were emphasized [21]. Shakir A. et al. aimed to investigate sustainable manufactur-
ing and conduct a parametric analysis of mild steel grade 60 using five-axis CNC milling
and the Taguchi method. The spindle speed, the depth of cut, and the feed rate were con-
sidered as input variables for process optimization. The ANOVA results show that the
spindle speed was the main factor that affects the surface roughness of mild steel molds,
and the feed rate was insignificant [22]. Angeelos P. M. et al. aimed to investigate the
sustainability assessment and the modelling of feed peer tooth, cutting speed, cutting of
depth on surface roughness, cutting force, cutting power, machining cost, and carbon di-
oxide during the slot milling process of AISI Ol-hardened steel. The results show that the
lower depth of cut and feed per tooth resulted in higher surface roughness. In addition,
the cutting force increased with increasing feed per tooth and depth of cut and decreased
with increasing cutting speed [23]. Daniel C. et al. aimed to verify the strategy of removing
the outer material layers of EN AW-6082-T6 aluminum alloy sheets, and how this affects
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the surface roughness, taking into account the rolling direction after the face-milling pro-
cess. The results show that the best values of the surface roughness were measured in the
up-milling direction, but in the area of the smooth execution of the process [24]. As men-
tioned above, the spindle speed, feed rate, and depth of cut were the factors of the surface
roughness. Although the spindle speed was the main positive factor of the surface rough-
ness, the lower feed rate and depth of cut also could obtain a higher surface roughness.

In the cutting force field, Jarosz K. et al. aimed to optimize of face-milling operations
of an Al-6061-T6 aluminum flange with commercial software. The results show that the
effect of variable radial depth of cut on cutting force values in milling processes and the
cutting force were related to workpiece geometry and toolpath type [25]. Wojciechowski,
S. et al. aimed to achieve a reduction of forces and the improvement of efficiency during
finish ball end milling of hardened 55NiCrMoV6 steel. The results show that the surface
inclination angle has a significant influence on all the forces. In addition, the cutting speed
only had a significant influence on the thrust force [26].

The review of the literature above has shown that milling process optimization pro-
cedures focus mainly on milling strategies, surface quality, deformation, and cutting force.
However, the process efficiency of the milling thin plate was less considered. It should be
emphasized that choosing the correct cutting parameters and machining techniques could
increase the cutting performance and surface quality and reduce the deformation of thin
plate. However, there may be hundreds of matching possibilities for the cutting parame-
ters and the use of the optimization method allows for the required results to be obtained
quickly and with the fewest number of experiments. Traditional trial and error methods
waste inordinate amounts of time. The basic Taguchi concept is the design of a manufac-
turing process that will result in a robust product and at the same time resist uncontrolla-
ble and noisy interference by the regulation of source quality [27].

In this study, 6061 aluminum alloy was used as the test substrate in machining ex-
periments using a high-speed machining center. The cutting parameters taken into con-
sideration were linear velocity, feed per tooth, cutting depth, cutting width, and toolpath.
The Taguchi method was used to determine suitable cutting parameters for the experi-
ments. The impact of the cutting parameters on the degree of deformation, surface rough-
ness, as well as the cutting force on the thin plate were all investigated.

2. Materials and Methods
2.1. Cutting Tool and Workpiece

The workpiece used was a flat plate of 6061-T651 aluminum alloy, and the chemical
composition is given in Table 1 [28]. The size was selected to give a predetermined thick-
ness to length ratio of 18.5 [4,29]. The original dimensions of the plate were 185 mm x 130
mm x 10 mm. The final thickness of the workpiece after machining was 1.4 mm, giving a
thickness to length ratio of 128. The cutter used for machining was 10 mm in diameter, the
length of the cutter was 75 mm, and the end mill had a 3-flute solid carbide cutter for
aluminum alloy, as shown in Table 2 (Shuan Yu Co., Ltd, Taichung, Taiwan).

Table 1. Chemical composition of the workpiece material reproduced from [28].

Si Fe Cu Mn Mg Cr Zn Ti Al
0.40 0.40 0.10 050 2.6-36 0.30 0.20 <0.15 bal.
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Table 2. Basic dimensions of the cutting tool.

Name of Dimension Value Unit
Diameter 10 mm
Length of cutter 75 mm
Number of teeth 3 -
Rake angle 15 degree
Helix angle 50 degree
1st relief angle 10 degree
2nd relief angle 25 degree
3rd relief angle 32 degree

2.2. Equipment and Setup of the Experiment

The equipment used included a model TC-20a Feeler machining center (FEELER,
Taichung, Taiwan), a clamping arrangement for holding the workpiece to the bed of the
machine, and instruments for measuring tool cutting force, workpiece deformation, and
surface roughness.

The TC-20a was controlled by an M100 Touch system (ITRI, Taichung, Taiwan) de-
veloped by the Industrial Technology Research Institute. The spindle was driven by a 4.9
Hp motor and could reach speeds of more than 20,000 rpm, and the hydraulic tool holder
was BT30, as seen in Figure 1. The workpiece was held by a vacuum clamping system.
These systems are designed mainly for non-magnetic materials that cannot be easily
clamped mechanically, and they are effective in reducing workpiece deformation. A Mi-
tee-Bite Vacmagic VM-100 (Mitee-Bite Products, Carroll, USA), which has a large holding
surface, was used in these experiments and the size of the base unit was 315 mm x 140
mm x 25 mm. The dimensions of the workpiece used were 185 mm x 130 mm and the
holding air pressure applicable to this area was 1 bar, which provided a holding force of
227 kgf.

Figure 1. The FFG model TC-20a machining center.
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A Kistler 9255C (Kistler Holding AG, Winterthur, Switzerland) triaxial cutting force
dynamometer and amplifier was used to measure the cutting force and to analyze the
generated voltage. The values of cutting force in the X-axis, Y-axis, and Z-axis were ob-
tained by signal conversion, and the data were captured using an NI 9162 single-module
junction box and an NI 9162 data capture card (National Instruments, Austin, TX, USA).
The force components were defined in the machine tool’s coordinate system as X —hori-
zontal force (Fx), Y—vertical force (Fy), and Z—axial force (Fz). The built-in MAL DAQ
module in Cutpro (Manufacturing Automation Laboratories, Vancouver, Canada) was
used for the drawing. As it was necessary to attach the dynamometer to the VM-100, an
adapter was devised to do this, as seen in Figures 2 and 3.

Figure 3. The overall setup of the adapter tray fixture.
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A Mitutoyo Crysta-Apex C122010 three-dimensional measuring instrument (Mi-
tutoyo Corporation, Kanagawa, Japan) was used with a SP25M measuring probe, and a
SM25-2 adapter lever was also used with a Renishaw ruby probe (Renishaw plc, England,
UK). The measurements were made at 25 different points, as shown in Figure 4, and from
A1-A5 to E1-E5. A tendency chart of deformation of the thin plate was created, and colors
were used to indicate the degree of deformation. A Mitutoyo 5J400 Surftest roughness
tester (Mitutoyo Corporation, Kanagawa, Japan) was used to measure the surface of the
workpiece after machining. Before starting the measurement, the tester was calibrated us-
ing the reference specimen. In this study, 16 values of Ra were measured twice from work-
piece and the parameter of measurement as the length of measurement was 4.8 mm, the
speed of the measurement was 1.0 mm/s, and the total measurement points were 9600
points.

The overall setup of the experiment is shown in Figure 5. The 6061-T651 aluminum
alloy workpiece was held by vacuum to the top surface of the VM-100. During the cutting
experiments, the holding force was regulated by high-pressure air flow through a control
valve. The output of the dynamometer, held by the adapter between the VM-100 and the
machine bed, was sent to the computer. At the same time, the workpiece was cooled by
high-pressure air for dry machining. The degree of workpiece deformation was measured
as well as the surface roughness of the workpiece after processing.

Figure 4. The measuring points.
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Figure 5. Schematic diagram of the experimental machining setup.

2.3. Optimization of the Cutting Parameters

The adjustable milling process parameters included linear velocity, cutting amount
per tooth, cutting width, cutting depth, and toolpath. The uncontrollable factors were the
source of noise such as differences between individual milling cutters, ambient tempera-
ture, material properties, the vibrations of fixtures and tools, etc. The Taguchi method
used in the experiment had five four-level factors, L16(4%). The selected parameters for the
factors were linear velocity V (m/min), feed per tooth Fz (mm/tooth), cutting depth Ap
(mm), cutting width Ae (mm), and toolpath, as shown in Table 3. The linear velocity V
was considered by maximum spindle speed of the machine, so the level 4 was 600 m/min
(19,099 rpm). The value of Fz was considered by References [16,17]. The value of Ap was
considered by maximum hold force of VM-100. If the value of Ap exceeds 1.2 mm, the
workpiece displaces during machining. The value of Ae was considered in conventional
way, so the level 2 was 50% of the tool diameter.

The smaller the better (STB) technique was used as a quality characteristic, simply
put, the smaller the degree of workpiece deformation, the better. In addition to workpiece
deformation, the impact of these five factors on workpiece surface roughness was also
taken into consideration.

Siemens NX computer-aided design and computer-aided manufacturing
(CAD/CAM) software was used, and the four selected toolpaths for Taguchi parameter
configuration were used as shown in Figure 6. These were as follows: one-way contour
milling from left to right (Figure 6a); Z-level follow cavity milling, which traces the shape
of the part from the center to the outside (Figure 6b); Z-level follow core milling based on
the shape of the workpiece that follows a path from the middle to the left and then from
the middle to the right (Figure 6c); and a rough zigzag path, which runs back and forth
from the left (Figure 6d).

Table 3. Configuration of the Taguchi cutting parameters.

Factor Process Parameter Level 1 Level 2 Level 3 Level 4
A V (m/min) 450 500 550 600
B Fz (mm/tooth) 0.06 0.09 0.12 0.15
C Ap (mm) 0.3 0.6 0.9 1.2
D Ae (mm) 4 5 6 7
E Toolpath One-way contour Z-level follow Z-level follow Rough zigzag

cavity core
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Figure 6. The four toolpaths: (a) one-way contour, (b) Z-level follow cavity, (c) Z-level follow core, and (d) rough zigzag.

3. Results and Discussion

Height measurements were made at 25 different sites on each workpiece, after which
machining and tendency charts that show the extent of deformation of the thin plates were
created. The maximum amount of deformation of each group was used as the value for
the orthogonal array. Figure 7 shows the deformation tendency chart for the first trial
workpiece from the experimental parameters of groups 1 to 4. The distribution of defor-
mation (N1) based on the experimental parameters A1B1C1D1E1 (Figure 7a) showed
maximum deformation to be in the middle of the plate with a value of 0.484 mm. With
experimental factor A1B2C2D2E2 (Figure 7b), the maximum deformation was also in the
middle of the plate with a value of 0.385 mm. With experimental factors A1B3C3D3E3 and
A1B4C4D4E4 (Figure 7c,d), the maximum deformation was on the upper left of the plates
with values of 0.385 mm and 0.435 mm, respectively. The main factor of the deformation
was residual stress, and Figure 8 shows that as the Fz, Ap, and Ae increase, the defor-
mation the thin plate did not change much. Besides, as the toolpath changed, the position
of the maximum deformation was also in a different place, such as the one-way contour
and Z-level follow cavity, which were in the middle of the thin plate. Likewise, the Z-level
follow core and the rough zigzag were in the upper left of the thin plate. Different toolpath
strategies affect the residual stress and then change the position of maximum deformation
of the thin plate [8]. The 16 sets of maximum deformation measurements were compiled
as data for the Taguchi analysis.

The surface roughness of the first trial workpiece with the experimental parameters
A1B1C1D1E1 was Ra = 0.2 um (see Figure 8a). The toolpath can be clearly seen. For ex-
perimental factor A1B2C2D2E2 (Figure 8b), it was Ra=0.906 um; for A1B3C3D3E3 (Figure
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8c), it was Ra = 1.869 um; for A1B4C4D4E4 (Figure 8d), it was Ra = 1.518 um. Although
the spindle speed was the positive effect of the surface roughness, the lower depth of cut
and feed per tooth also resulted in better surface roughness. From Figure 8a-d, it can be
seen that, as the Fz and the Ap decreased, the Ra increased [23]. The 16 sets of roughness
measurements were compiled as data for the Taguchi analysis.

Measurement of cutting forces Fx, Fy, and Fz were made (see Figure 9) with experi-
mental factor A1IB1C1D1E1 (N1) and the forces, in the three dimensions, were added to a
force value, as shown in Equation (1) [30]. Figure 9c shows that, as the thickness of the
workpiece was removed, the Fz decreased. In this study, we used the vacuum chuck to
clamp the workpiece; thus, as the thickness of the workpiece becomes thin, the stiffness
the workpiece also decreases.

Max deformation: 0.385 mm

ax deformation: 0.484 mm

80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

X (mm)

60

Max deformation: 1.23 mm| ax deformation: 0.435 mm|

125 120 - 045
115
105 100 04
095 035
085 80
075 E 03
£
065 > 60 - 025
055
045 0 02
0.35 0.15
025
2 01
015
‘ 005 0 : 005
80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

X (mm) X (mm)

(©) (d)

Figure 7. The deformation distribution of experimental groups 1 to 4 (N1). (a) A1B1C1ID1E1, Max = 0.484 mm. (b)
A1B2C2D2E2, Max = 0.385 mm. (c) A1B3C3D3E3, Max = 1.23 mm. (d) A1B4C4D4E4, Max = 0.435 mm.
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Figure 8. The surface roughness of experimental groups 1 to 4 (N1). (a) A1B1C1D1E1, Ra=0.2 um. (b) A1B2C2D2E2, Ra =
0.906 pm. (c) A1B3C3D3E3, Ra = 1.869 um. (d) A1B4C4D4E4, Ra=1.518 um.
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Figure 9. Cutting force diagram of (a) Fx, (b) Fy, and (c) Fz using the experimental factor AIBICID1E1(N1).

The measured amount of deformation, surface roughness, and cutting force from the
16 sets of experiments are shown in Table 4.

F= /sz + F2 + F? 1)

Table 4. Results of L16 orthogonal array for deformation, surface roughness, and cutting force.

Ex Control Factor Deformation (mm) Surface Roughness (um) Cutting Force (N)
A B C D E N1 N2 SNR(dB) N1 N2 SNR (dB) N1 N2
1 1 1 1 1 1 0484 0386 7.19 0.2 0.162 14.80 22.68 21.43
2 1 2 2 2 2 038 059 5.99 0906  0.532 2.58 73.37 71.71
3 1 3 3 3 3 1.23 1.02 -1.06 1.869  1.613 -4.84 85.51 88.12
4 1 4 4 4 4 0435 0567 5.93 1518  1.237 -2.83  120.9 (169.09) 118.78 (165.86)
5 2 1 2 3 4 0506 0.365 7.11 0.41 0.468 7.13 34.98 (49.21)  36.45 (50.96)
6 2 2 1 4 3 0459 0.353 7.76 0.685  0.667 3.40 18.55 19.69
7 2 3 4 1 2 0892 0704 1.90 1.142 0952 -0.43 95.34 98.1
8 2 4 3 2 1 1.03 1.08 -0.47 1.302  1.352 -2.46 70.66 68.11
9 3 1 3 4 2 049 0379 7.17 0.632  0.897 2.20 81.76 79.15
0 3 2 4 3 1 0728 0716 2.83 0.567  0.851 2.82 98.34 103.1
1 3 3 1 2 4 0655 0578 418 0.827  0.832 1.62 19.75 (24.32)  20.46 (26.7)
12 3 4 2 1 3 0829 0925 1.13 1.036  1.036 -0.31 31.73 35.64
13 4 1 4 2 3 052 0.39% 6.65 0.732  0.671 3.07 105.4 99.48
14 4 2 3 1 4 0454 0333 8.00 1245 1.219 -1.81 89.46 (141.56) 86.12(134.7)
5 4 3 2 4 1 097 1175  -0.65 1364  1.379 -2.74 72.86 70.66
16 4 4 1 3 2 0.7  0.786 2.57 0.65 0.463 497 49.2 45.12

3.1. Orthogonal Array Experiment and ANOVA

The maximum value of deformation from the 16 groups is used for the data of or-
thogonal array and the Taguchi analysis was used to make this value “the smaller the
better”. The deformation data from the 16 groups are shown in Table 4. The SNR with the
smaller the better formula in the Taguchi analysis is shown in Equation (2).

SNR = —10log(72 + 52) @)

A high S/N ratio indicates a smaller loss of quality and higher stability, which is an
optimal combination of influence factors. Table 5 and Figure 10 show the deformation
factor response chart from which the optimal factor A1IB1C1D4E4 can be obtained. In the
analysis of variance, the F value allows for the determination of the importance priority,
order of the error variance factor. The percent contribution can be used to find the error
index level from the factor. Based on the analysis shown in Table 6, the F value of factor
A was 255.75, that of factor B was 26,733.68, that of factor C was 2953.97, that of factor D
was 2818.09, and that of factor E was 9278.3, all of which are greater than Fo.s;1,16 = 4.49.
The significance of the five factors in the experiments was clear: the linear velocity, feed
per tooth, cutting depth, cutting width, and toolpath were all involved in the occurrence
and the degree of deformation. The level of contribution from these five factors were 0.6%
for factor A, 63.5% for factor B, 7% for factor C, 6.7% for factor D, and 22% for factor E,
respectively. The quality contribution of feed per tooth against deformation was the high-
est, followed by toolpath; the significance level of cutting depth and width were almost
the same, and linear velocity had the lowest level of influence.
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Table 5. SN ratio values for deformation.

Factor Process Parameter Level 1 Level 2 Level 3 Level 4
A V (m/min) 4,51 4.07 3.83 4.14
B Fz (mm/tooth) 7.03 6.14 1.09 2.29
C Ap (mm) 5.42 3.39 341 4.33
D Ae (mm) 4.55 4.09 2.86 5.05
E Toolpath 2.23 441 3.62 6.31

Al A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C3 D1 D2 D3 D4 E1 E2 E3 E4

Parameter levels

Figure 10. The deformation factor response diagram.

Table 6. Analysis of deformation variance.

Factor SS DOF F-Test Percent Contribution  Significant
A 0.95 3 255.75 0.6% Yes
B 100.25 3 26,733.68 63.5% Yes
C 11.07 3 2953.97 7% Yes
D 10.56 3 2818.09 6.7% Yes
E 34.79 3 9278.3 22% Yes
Error 0.02 16 - 0.2% -
Total 157.64 31 - 100% -

In addition to the degree of deformation, the surface roughness of the workpiece also
must be considered. The data are shown in Table 4 and the smaller the better value was
calculated using Equation (1). The higher the S/N ratio indicates less quality loss and
higher stability of quality, which is the optimal combination of the influence factors, as
shown in Table 7 and Figure 11, and the optimal respective factor AIBIC1ID1E1 can be
obtained. Based on the analysis in Table 8, the F value of factor A was 1360.136m, the F
value of factor B was 43,041.61, the F value of factor C was 35,270.49, the F value of factor
D was 6007.252, and the F value of factor E was 5001.849, and all were greater than Fo.s;1,16
= 4.49. The significant effects of these five factors shown in the experiments indicate that
factors such as linear velocity, feed per tooth, cutting depth, cutting width, and toolpath
all need consideration if a good surface finish is to be achieved.

The level of contribution from these five factors was 1.5% for factor A, 47.4% for factor
B, 38.8% for factor C, 6.6% for factor D, and 5.5% for factor E, respectively, in which the
quality contribution of feed per tooth on the surface roughness was the highest, followed
by the cutting depth; the significant level of cutting width was very close to that of the
toolpath, and the linear velocity had the least level of influence.

The optimal factor for the degree of deformation was A1B1C1D4E4, the optimal fac-
tor for surface roughness was A1B1C1D1E1, and the common factor between the two was
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A1BI1C1. The degree of deformation is critical to workpiece dimensional accuracy and the
level of factors for D and E were dependent on the degree of deformation, making the
optimal combination A1B1C1D4E4.

Table 7. SN ratio values for surface roughness.

Factor Process Parameter Level 1 Level 2 Level 3 Level 4
A V (m/min) 243 1.91 1.58 0.87
B Fz (mm/tooth) 6.8 1.75 -1.60 -0.16
C Ap (mm) 6.2 1.67 -1.73 0.66
D Ae (mm) 3.06 1.2 2.52 0.01
E Toolpath 3.1 2.33 0.33 1.03

8
7 -
6 -

~ 5 -
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Figure 11. Surface roughness factor response diagram.

Table 8. Analysis of variance in surface roughness.

Percent

Factor SS DOF F-test Contribution Significant

A 51 3 1360.136 1.5% Yes

B 161.406 3 43,041.61 47 4% Yes

C 132.264 3 35,270.49 38.8% Yes

D 22.527 3 6007.252 6.6% Yes

E 18.756 3 5001.849 5.5% Yes
Error 0.02 16 - 0.2% -
Total 340.054 31 - 100% -

The optimal combination A1B1C1D4E4 was not in the L16 array, so it was necessary
to carry out experimental verification. This combination was compared with actual exper-
imental and quality assessment, the calculation method for which is as shown in Equa-
tions (3) and (4). The experimental quality of 11.697 dB can be obtained from Table 9, and
it was within the range of the confidence interval calculated by the formula (the selected

confidence interval was 95%).

Nopt = Na1 + g1 + Nc1 + Npa + Nga — 4N ave

®)

Nopt = (4.51) + (7.03) + (5.42) + (5.05) + (6.31) — 4 x (4.14) = 11.765 (dB)
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N

— 4
1+ DOF,p, @

1 1
Cl= |Fap, X Ve X (_+_):neff =
Nerr T

7 1
Cl= jFo_gs;m X 0.00125 X (77 +3) = 0.074

where Fi102 =F value of level a with significant effect; a = significance level, with the con-
fidence level 1-a; V2=1evel of freedom of pooled error variance; V.= pooled error variance;
nef = valid observation number; nett = total number of experiments/1 + [sum of level of
freedom of factors for the average estimation]; and r =number of samples for experimental
verification.

Table 9. A comparison of the experimental verification of deformation and the predicted value.

S/N
Experiment  Predicted
Optimal 0.267 0.254 0.261 0.007 11.697 11.765 + 0.074

Exp. N1 N2 y S

Figure 12 shows that processing with the optimized parameter A1B1C1D4E4 gave
the least workpiece deformation and surface roughness. The first set of experiments (N1),
showed the degree of deformation of the thin plate was the largest at C3 with a value of
0.267 mm, and the smallest at E5 with a value of 0.094 mm, as shown in Figure 12. In the
second set of experiments (N2), the degree of deformation was largest at C3 with a value
of 0.253 mm, and smallest at A2 with a value of 0.08 mm, as shown in Figure 12b. The
distribution of deformation from these two sets of experiments was consistent, being high
in the middle and low in the surroundings. Figure 12c,d shows the surface appearance of
the first group (N1) and the second group (N2) after processing: a roughness of Ra =0.261
um for group (N1), and Ra =0.291 pm for the second group (N2).
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o
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Figure 12. Deformation and surface roughness with the optimized experimental factor A1B1C1D4E4. (a) Max = 0.267 mm.
(b) Max = 0.254 mm. (c) Ra=0.261 um. (d) Ra =0.291 pm.

3.2. The Impact of Cutting Parameters on the Cutting Force

The 16 cutting force sets are shown in Table 4. In rough zigzagging, the cutting forces
in parentheses indicate the cutting force during up milling. It can be seen from the figure
that during down milling, the forces are lower. Figure 13 demonstrates the relationship
between the four parameters—linear velocity, feed per tooth, cutting depth, and cutting
width—and the forces during down milling. An examination of Figure 13a also shows
that the cutting force increases when the cutting depth increases because more cutting
force is necessary for deeper cuts [25,26,31].

160 18 160 10
Ap  —e—Force [1Ae  —e—Force
140 1 16 140 | 1°
| {8
120 14 120 |
o - - — — 47
z { 12 z l‘
< 100 _ S 100 | _ _
2 11 § g 6 E
£ 80 & < 80 | P {15 E
4 08 =
£ < £ N e %
£ 60 | 1 0e Z 60 |
© ’ o \ N4 3
w0 | 1 04 40 | |,
20 4 02 20 F J 11
0 0 0 0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Trail No. Trail No.
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[Fz —e—Force 40 700
idi L { 018 1 1
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Trail No.
(0) (d)
Figure 13. The impact of cutting parameters on the cutting force: (a) Ap (mm), (b) Ae (mm), (c) fz (feed/tooth), and (d) V
(m/min).

4. Conclusions

This study presented a 6061 aluminum alloy that was used as the test substrate in
machining experiments using a high-speed machining center. In this work, we empha-
sized that choosing the correct cutting parameters and machining techniques could in-
crease the cutting performance and surface quality and reduce the deformation of the thin
plate. The cutting parameters taken into consideration were linear velocity, feed per tooth,
cutting depth, cutting width, and toolpath. The Taguchi method was used to determine
suitable cutting parameters for the experiments. The Taguchi method employed in these
experiments used a L16(4°) orthogonal array and the five factors were as follows: linear
velocity V (m/min), feed per tooth Fz (mm/tooth), cutting depth Ap (mm), cutting width
Ae (mm), and toolpath. We used the Taguchi method to decrease the number of experi-
ments from 256 to 16, which reduced the time-consuming process. The characteristics of
the smaller the better concept were used, and the smaller the degree of workpiece defor-
mation, the better the results. ANOVA was used in the analysis of significant impact of
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the design parameters and their factors and levels on the deformation and surface quality
of the thin plate. The following conclusions can be inferred from this work.

From the deformation factor of ANOVA analysis, the feed per tooth was found to be
the most significant control factor with a contribution rate as high as 63.5%. Following the
feed per tooth, the toolpath exerted a 22% contribution, and then cutting depth exhibited
a 7% influence, the cutting width exhibited a 6.7% influence, and lastly, the linear velocity
had a 0.6% influence. The optimized parameters of deformation obtained in the Taguchi
experiments were Al = 450 mm/min, B1 = 0.06 mm/tooth, C1 = 0.3 mm, D4 =7 mm, and
E4 = rough zigzag. The degrees of deformation of the thin plate using the optimized pa-
rameters were 0.267 mm (N1) and 0.253 mm (N2), and are better than the results obtained
with the original 16 sets of parameters. The degrees of surface roughness of the thin plate
using the optimized parameters were 0.261 um (N1) and 0.291 um (N2, which were simi-
lar to those obtained with the A1B1C1D1EL. The contribution of this study can be consid-
ered as a guideline in the high-performance end milling process, especially when less de-
formation and good surface quality are required. It is also worth mentioning that, accord-
ing to the factor response of deformation, the lower the value of factor B, the less defor-
mation.

From the surface roughness of the ANOVA analysis, the feed per tooth was found to
be the most significant control factor with a contribution rate as high as 47.4%. Following
the feed per tooth, the cutting depth exerted a 38.8% contribution, the cutting width ex-
hibited a 6.6% contribution, the toolpath exhibited a 6.7% contribution, and lastly, the lin-
ear velocity had a 1.5% influence. The optimized parameters of surface roughness ob-
tained in the Taguchi experiments were Al =450 mm/min, B1 = 0.06 mm/tooth, C1 =0.3
mm, D1 =4 mm, and E1 = one-way contour. The degrees of surface roughness of the thin
plate using the A1B1C1D1E1 were 0.2 um (N1) and 0.162 um (N2), and they are better
than the results obtained with the original 16 sets of parameters. Furthermore, the Fz and
the Ap decreased and the Ra increased.

In the future, the purposed work strategy will be applied for difficult to cut materials,
such as titanium alloy or Inconel alloy.
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