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Due to its ability to remove material quickly while maintaining optimum surface quality, end milling is
considered one of the most frequent metal cutting procedures in industry. The present study aimed to
investigate the impacts of cutting parameters and tool geometry on milling of Aluminum Alloy 6061-T6
to examine the impact surface roughness by utilizing response surface methodology (RSM). RSM was
used to create a second-order mathematical model of surface roughness for this purpose. A multiple
regression analysis used the analysis of variance to demonstrate the effect of machining settings on
surface roughness and determine experiment performance. The trials for optimizing surface roughness
were set up utilizing the central composite design (CCD) method and various cutting parameters such as
spindle speed, feed rate and depth of cut. Also the parameters used in tool geometry are the radial rake
angle (10, 13, 16, 19 and 22 degrees), and nose radius (0, 0.2, 0.4, 0.6 and 0.8 mm). The result shows
that the nose radius has more significant effect on the surface roughness followed by the radial rake
angle. Moreover, the effect of the depth of cut on surface roughness is more dominant than cutting speed.
The optimum combinations of cutting and tool geometry parameters were cutting speed (60.53 m/min),
feed rate (0.025 mm/tooth), depth of cut (0.84 mm), radial rake angle (12.72 degree) and nose radius
(0.34 mm).
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1. INTRODUCTION machining process [4,5]. The general machining process
are turning, milling, boring, drilling, planning, shaping,

The oldest process to shape components is metal cutting broaching, and sawing [6]. One of the common

or machining in the manufacturing industry [1]. It is
evaluated that 15% of the all-mechanical part produced
worldwide is derived from machining operation. Metal
cutting is a general term applied to a group of processes
that includes material removal and shaping process to
generate parts with various methods [2]. Material
removal is desirable necessary in manufacturing
operation for multiple reasons such as dimensional
accuracy, high surface finish, and sharp corners and
flatness [3]. The machining process can produce a variety
of shapes and parts. The machining operation can be
defined as a system including workpiece, cutting tool and
the machine. The interactions among these elements are
necessary to determine an efficient and economical
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machining processes is milling to produce complicated
parts in the various industries [7,8].

In the last decade, the metal cutting process continued
to grow significantly with time to obtain optimum
machining process efficiency. The offering optimum
machining parameters is often the primary factor in
attaining this specific purpose to develop along with
implement a high effective procedure control intended
for machining operations through parameter optimization
[9]. The cutting process is affected by several factors
such as tool geometry, cutting parameters, temperature
and tool wear. The tool geometry parameters have high
influence when compared by other factors on the quality
of surface product [10,11].
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The milling process is capable of producing a variety
of configuration with the utilized different milling cutter.
The basic types of milling cutters with common milling
operation are slab milling, face milling and end milling
[10]. In milling process the main goal is to produce the
parts with high quality in minimum machining time. In
minimizing the machining time, the researcher utilized
various optimization methods to determine the optimum
airtime motion. The optimization method employed to
determine the minimum distance between each node. The
quality and machining time in milling process may be
affected by various cutting conditions and tool geometry.
The cutting conditions are feed rate, cutting speed, axial
depth of cut and radial depth of cut. The main tools of
geometry are radial rake angle, nose radius, helix angle,
radial relief angle and axial relief angle [12] as shown in
Figure 1. These parameters play a significant role in
success of aforementioned matters in machining.

The qualities of machining, production rate and
operational cost are the main three objectives in
machining application. These three objectives are
conflicting objectives for the machining process. Setting
up effective machining parameters and appropriate
airtime motion has been an issue for industrial companies
for approximately a century and is still the focus of
several studies. Obtaining optimal cutting conditions is a
major challenge in the manufacturing industry, where the
economy of machining operations is critical in a
competitive market. In terms of improving machining
quality, dimensional accuracy and surface roughness are
mentioned [13, 14]. The effectiveness of the machining
process and the optimal surface roughness are always
dependent on selecting the proper cutting conditions [15,
16]. This cutting condition is divided into two parts:
cutting parameters and tool geometry. Cutting
parameters are cutting speed, feed rate and cutting depth
of cut [17, 18]. Nose radius, helix angle and radial rake
angle are considered the three most important tool
geometries parameters.

Given the importance of the milling operation in
contemporary manufacturing industries, it is required to
improve machining quality and minimize machining time
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Figure 1. Tool geometry definition

for such an operation. However, an attempt has been
made in this work to investigate the effect of tool
geometry (nose radius and radial rake angle) and cutting
parameters (feed rate, cutting speed, and depth of cut) on
the surface quality achieved during the end milling
process.

A functional series of advantageous statistical and
mathematical methods that are successfully employed to
model and optimize the issues and problem related to the
engineering field is called RSM. RSM is a technique
whose major aim is to enhance and optimize the obtained
responses which were affected by different factors
related to the input process [19]. Besides, the connections
between received responses and the factors related to
manageable input are quantified by RSM. RSM has some
significant practical functions. Among the applications
assigned to the RSM, the ones in new products designing,
improving and organizing as well as in the existing
product designing and improving can be mentioned [20].
Independent variables work in isolation or in
combination. These variables cause some influences that
affect the processes. Here, RSM clarifies these effects on
the processes created by the independent variables. When
manufacturing processes need to be modelled and
optimized by RSM technique, enough data and
information is gathered using planned experimentation.

2. MATERIALS AND METHODS

2. 1. Materials Aluminium is the third most
abundant element in the earth's crust, as well as the
second most consumed metal by weight, trailing only
iron and its alloys [21]. Modern aluminum alloys are
useful for structural applications and as steel
replacements to their low density and attractive features
such as high ductility and corrosion resistance. Table 1
shows the commercial designations of many aluminum
alloys, together with their principal alloying elements and
applications in industry.

T temper is further classified into ten conditions. T6,
which has been solution treated and artificially aged, is
one of the most frequent tempers [22]. Magnesium and
silicon are components of the aluminum alloy-T6.
Aluminium alloy-T6 has medium strength, good
machinability, formability, and weldability, as well as
high corrosion resistance. The chemical properties of AA
6061-T6 are summarized in Tables 1.

2. 2. Preparation The experiment were designed
based on five factors feed rate, cutting speed, depth of
cut, noise radius and radial rake angle in five factor levels
as listed in Table 2. These five levels for each cutting
condition selected from literature review determined by
previous researcher as mentioned as optimum range of
cutting conditions. These five factors in five levels
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TABLE 1. Chemical composition of AA 6061-T6

Component Weight, %
Silicon 0.8
Iron 0.7
Copper 0.4
Manganese 0.15
Magnesium 12
Chromium 0.35
Zinc 0.25
Titanium 0.15
Other elements 0.15
Remainder Aluminium 95.85
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selected to design experiment for surface roughness test
by central composite design method (CCD). The
experiments were performed on AA 6061-T6 using high
speed steel end mill cutter based on central composite
design containing of 32 coded value as summarized in
Table 3. The Minitab 19.1.1 software version 2019 was
utilized to arrange the experimental design and analyses
the results obtained.

2. 3. Characterization After the finished milling
machining process according to the experimental design,
the R, arithmetic surface roughness was adopted and
measured on the machined surface roughness. The
measurements were taken after finished all the 32
experiments with surface roughness tester Mitutoyo SV-
C3100W4 as shown on Figure 2. Averaging surface

TABLE 2. Process parameters and their levels

Factor levels

Parameters Symbol Unit
-2 -1 0 1 2
Cutting speed N m/min 314 39.25 47.1 54.95 62.8
Feed rate F mm/tooth 0.025 0.03 0.035 0.04 0.045
Depth of cut D mm 0.4 0.6 0.8 1 1.2
Radial rake angle a degree 10 13 16 19 22
Nose radius r mm 0 0.2 0.4 0.6 0.8
TABLE 3. Experimental design for central composite design in 17 2 0 0 0 0
coded value
Coded value 18 2 0 0 0 0
Run 19 0 2 0 0 0
N F D o r
20 0 2 0 0 0
1 -1 -1 -1 -1 1
21 0 0 2 0 0
2 1 -1 -1 -1 -1
22 0 0 2 0 0
3 -1 1 -1 -1 -1
23 0 0 0 2 0
4 1 1 -1 -1 1
24 0 0 0 2 0
5 -1 -1 1 -1 -1
25 0 0 0 0 2
6 1 -1 1 -1 1
26 0 0 0 0 2
7 -1 1 1 -1 1
27 0 0 0 0 0
8 1 1 1 -1 -1
28 0 0 0 0 0
9 -1 -1 -1 1 -1
29 0 0 0 0 0
10 1 -1 -1 1 1
30 0 0 0 0 0
11 -1 1 -1 1 1
31 0 0 0 0 0
12 1 1 -1 1 -1
32 0 0 0 0 0

roughness values at sites located (D1, D2, and D3) on the
cutting path of the workpiece generated the R, values of
the machined surface roughness. Figure 3 illustrated the
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surface roughness experiment and measured region for
surface roughness test. The failure criterion for the
surface roughness experiment was kept at 6 pm.

For the prediction of R,, a second-order polynomial
response is designed. Finally, ANOVA is used to assess
the model's appropriateness. The optimization methods'
objective function results in the lowest value of R,.

3. RESULTS

R, was evaluated in the dry milling process of AA 6061-
T6 using HSS tool under various cutting parameters. The
surface roughness predicted model developed based on
five response cutting parameters, which are N, F, D, a
and r. The milling process in the dry machining process
utilized for this experiment. All constant parameters
selected from the data handbook. The parametric study
and design optimization were performed utilized RSM in
the design of the experiment statistical methods. This
method is simple to use and provides a thorough review
of the factors that influence a specific response.

The experiment is carried out to collect the required
data, and regression analysis is utilized to generate a
realistic surface roughness prediction model. Table 4
shows the design matrix with the results of completed

fiSa~=Fi |}

Figure 2. Surface roughness tester Mitutoyo SV-C3100W4

Figure 3. The surface roughness experiment in milling
process

TABLE 4. Design matrix and results for surface roughness

Response
Coded value Surface

Run roughness

N F D a r R,
1 -1 -1 -1 -1 1 1.66
2 1 -1 -1 -1 -1 1.74
3 -1 1 -1 -1 -1 2.69
4 1 1 -1 -1 1 1.95
5 -1 -1 1 -1 -1 2.92
6 1 -1 1 -1 1 2.50
7 -1 1 1 -1 1 220
8 1 1 1 -1 -1 3.13
9 -1 -1 -1 1 -1 3.01
10 1 -1 -1 1 1 2.44
11 -1 1 -1 1 1 2.36
12 1 1 -1 1 -1 3.30
13 -1 -1 1 1 1 227
14 1 -1 1 1 -1 3.28
15 -1 1 1 1 -1 3.33
16 1 1 1 1 1 2.06
17 -2 0 0 0 0 2.79
18 2 0 0 0 0 2.83
19 0 -2 0 0 0 3.31
20 0 2 0 0 0 3.58
21 0 0 -2 0 0 3.46
22 0 0 2 0 0 4.07
23 0 0 0 -2 0 1.16
24 0 0 0 2 0 2.04
25 0 0 0 0 -2 275
26 0 0 0 0 2 1.34
27 0 0 0 0 0 3.11
28 0 0 0 0 0 3.07
29 0 0 0 0 0 3.03
30 0 0 0 0 0 2.88
31 0 0 0 0 0 327
32 0 0 0 0 0 325

surface roughness. The minimum and maximum surface
roughness were 1.16 m and 3.58 m for runs 23 and 20,
respectively. The minimum surface roughness
determined by combination of cutting conditions N (47.1
m/min), F (0.025 mm/tooth), D (0.8 mm), and tool
geometry r (0.4 mm) and o (10 degree).
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In this research, the MINITAB software is employed
to analyze and generate a prediction mathematical model.
The analysis of variance (ANOVA) of statistical analysis
results of R, is shown in Table 5. In Table 5, the F and P
values from the model are 52.42 and <0.0001,
respectively; indicates that the selected model is
significant. The other p-values higher than 0.05 implies
the model terms are insignificant. In this case, N, the
interaction of the cutting condition and tool geometry,
NF, ND, Na and interaction of the Nr are insignificant.
These five effects have p-values of higher than 0.05,
which means that they are insignificant for a confidence
level of 95%. The ANOVA table shows the linear, square
and interaction components. The linear, square and

TABLE 5. ANOVA table for surface roughness test

Source Ssl::;i_ DF ::[1321; F-Ratio v:l;e

Model 1429 20 0.71 5242 <0.0001
N 6.943E-005 1  6.943E-005 5.093E-003 0.9444

F 0.13 1 0.13 9.41 0.0107

D 0.59 1 0.59 4332 <0.0001
a 1.05 1 1.05 77.08  <0.0001
r 322 1 322 23596 <0.0001
N*N  3.595E-003 1  3.595E-003 026 06177

F*F 0.019 1 0.019 140 02620

D*D  4.076E-003 1  4.076E-003 030  0.5954

aa 0.059 1 0.059 433 0.0615

r*r 0.18 1 0.18 13.05  0.0041

N*F 0.074 1 0.074 546 0.0394

N*D 0.20 1 0.20 1501 0.0026

N*q 0.52 1 0.52 37.83  <0.0001
N*r 0.11 1 0.11 784 00173

F*D 0.16 1 0.16 1178 0.0056

F*a 0.24 1 0.24 1734 0.0016

F*r 0.14 1 0.14 1026 0.0084

D*q 0.66 1 0.66 4832 <0.0001
D*r 452 1 452 33131 <0.0001
akr 231 1 231 169.11 < 0.0001
aRleSid“ 0.15 11 0.014

}L:iatCk of 0041 6  6.907E-003 032 09021

E‘r‘rrgr 0.11 5 0.022

tor 1444 31 <0.0001
Total

interaction components are significant with small p-

values. Also, the R’ with 98.96% and Adj R’with
97.07% are shown the other adequacy of the experiment.

The large p-value 0.9021 compared to the pure error
indicates that the model does not effectively fit the
response surface. In addition, Table 5 demonstrates that
the a and r have the greatest influence on surface
roughness, with F-values of 77.08 and 235.96,
respectively. Furthermore, with a P-value of 0.9444 and
greater than 0.05, N is negligible.

R® statistic indicates that the fitted second-order
model accounts for 98.96 percent of variability in surface
roughness by the independent variables. For model
adequacy; they were checking utilized normal. They used
normal probability and residual versus predicted graphs
to test model adequacy.

Figure 4, the normal probability plot of the
standardized residuals demonstrates that the errors from
the R, model are normally distributed, since the points on
the plot are pretty close to the straight line. It can be used
to ensure that the basic assumptions underlying the
analysis are met. Figure 5 demonstrates that the residuals
for a specific location in standardized residuals vs.

Normal Probability Plot
(response is Surface Roughness)
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Figure 4. Normal probabilities of residuals for surface

roughness
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expected values of R, are fairly distributed, and the plot
revealed no obvious patterns or distinctive structures. As
a result, it is possible to conclude that the suggested

model is adequate.

Therefore, according to the previous definition, can
confidently generate the predicted mathematical model.
It can be utilized to perform the parametric study from
the model and response optimization. The predicted
mathematical model of the surface roughness generated
by RSM as shown by Equation (1).

R, =-19.0651+0.00164844 N+0.00692201 F+2.4234 D
+1.87551 x+9.65229 »—0.000000359095 N*
+0.000027617 F*+3.74607 D* —0.043598 o
~7.00831 * —0.00000059955 NF +0.000345113 ND )
+0.0000106408 Nex+0.000607637 Nrr—0.0105439 FD
—0.000454575 For—0.0113086 Fr—0.299227 Do
-2.04341 Dr—0.166981 ar

where R indicates the surface roughness in pm, N

represents the cutting speed (m/min), F shows the feed
rate (mm/tooth), D is the depth of cut (mm), @ shows the
radial rake angel (degree), and r is the nose radius (mm).
Equation 1 can be used to estimate the influence of the
chosen cutting parameters on surface roughness and to
determine the best range of values.

The three-dimensional surface plots were used to
determine the effect of the cutting parameter on R.. Based
on a model equation, these charts explain how a response
variable interacts with the two components. Additionally,
these graphs can be used to determine ideal response
values and design circumstances. Figure 6 depicts the
surface plot's interaction effect on N and D on R,. This
graph indicates that the faster the N, the lower the R,. The
cure has a steeper upward slope in the side to the D,
according to this plot. However, the D has a wide range
of effects on R,. To establish the minimal R,, it is
important to keep the D at a lower value and the N at a
greater value. These trends are similar to the finding of
Reddy and Rao [23] and Kumar et al. [24]. The surface
plot of the effect of a and N on R, as shown in Figure 7.
As shown in this figure, the curve has a greater upward
slope on the a side and a slight curvature on the N side.
The quadratic terms in the N and o directions cause the
curvatures in the N and o directions, respectively. This
appears to determine the minimal R,; the o must be
maintained at lower levels. These trends are similar to the
finding of Maheshesh et al. [15].

The interaction effects on the r and N on the R, are
depicted on a surface plot as shown in Figure 8. In the
side of the r appeared convex curve from lower for higher
values. According to surface plot, the N increases from
31.4 to 62.8 m/min has an insignificant effect of the R..
As shown, the minimum R, was produced at lower and
higher values of r of the higher value of N. These trends
are similar to the finding of Reddy and Rao [23].

Hold Values

F 0.025
a 10

Surface Roughness 3

#  Dephth of cut (D)

Cutting Speed (N)

Figure 6. The three-dimensional surface of the surface
roughness against N and D

Surface Roughness  °

Cutting Speed (N)

Figure 7. The three-dimensional surface of the surface
roughness against N and o

Hold Values
F n.025

a 12

Surface Roughness = ¢

" Nose raduus (1)

471

Cutting Speed (N)
Figure 8. The three-dimensional surface of the surface
roughness against N and r

The interaction impact of o and D on R, is depicted in
Figure 9. The minimal R, calculated for lower a and D
values. As shown, the variation in o has considerable
different effects on R, at lower values at the D. The
curvature on the o side demonstrates that a change in this
value reduces the R, quality. In addition, increasing the
D value decreases the R, quality on the side to the D
values. These trends are similar to the finding of Raja and
Baskar [25].

The interaction effect of D and r on R, is shown on
Figure 10. The curve shows the curvature from the r side
view while it shows the steeper upward curve from the D
side view. Considering the D effects, as can be seen, the
R, quality decreases as the D increase. This trend is
similar to the finding of Li et al. [26]. The three-
dimensional surface of the R, in a micrometer against to
the two cutting parameter's o and r are shown in Figures
11. The curve is shows the convex curvature from the r
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Figure 11. The three dimensional surface of the surface
roughness against o and r

side view while it shows the steeper upward curve from
the D. As shown, increasing the o has a significant
diverse effect of the R, with a peak at about 16 degrees.
Then the R, quality starts to increase in 3 um on the r of
22 mm. In the side of r, the convex curvature shows the
optimum R, determined as lower and higher r values.
These trends are similar to the finding of Maheshesh et
al. [15] and Zain et al. [27].

4. CONCLUSION

In this research, the optimization of R, under the various
cutting parameters in the dry milling process on AA
6061-T6 has been investigated. An investigation of the
cutting parameters which are N, D, F, r and a, it is found

that the r has a more significant effect on the R, followed
by a. R, is least affected by N. It was observed that the
R. increased at the F, o and D increased. Moreover, the
Ra was decreased as the N increased. In the r parameters,
the R, has minimum values on lower and higher values
of the r factors. The minimum R, determined by
combination of cutting condition N (47.1 m/min), F
(0.025 mm/tooth), D (0.8 mm) and in tool geometry, r
(0.4 mm) and a (10 degree).
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