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Abstract

The surface roughness of the machined parts is the most important parameter to predict
the performance of mechanical components. Moreover, predicting the optimal machining
parameters conditions is the preferable method for cost reduction and achieving the desired
surface quality of the product. This study investigates three cutting parameters, such as
depth of cut, spindle speed, and feed for the milling aluminium alloy AA6061, to predict the
surface roughness quality. The experimental work utilized a manual milling machine with a
coated carbide cutter. Furthermore, the experiments were arranged using the Taguchi Lo
orthogonal array (OA) method. The average surface roughness (Ra) was measured and
converted to signal-to-noise (S/N) ratio and then analyzed in the statistical method of
analysis of variance (ANOVA). Finally, the optimal combination set speed, feed, and depth of
cut was 2400 rpm, 30 mm/min, and 0.5 mm, respectively. Also, according to the ANOVA test,
the most influential parameter was the spindle speed among the selected parameters, with
the highest P value of (66.42%). In comparison, the lowest P value is a depth of cut (5.34%).
Furthermore, spindle speed was the only significant factor statistically. By selecting a high
spindle speed (2400 rpm), surface quality was enhanced, but the preferable level was low
for depth of cut and feed.

Keywords: Aluminum alloy, Surface roughness, Taguchi method, Analysis of variance,
Milling machine, S/N ratio.
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1. INTRODUCTION

Metal cutting, which is the basis of the manufacturing industries, is the most widely used
method for creating a variety of parts, from vehicles to exact components for the electronics
and instrumentation sectors worldwide (Danesh Narooei and Ramli, 2022; Raju et al,,
2011; Shukla et al.,, 2020). Most researchers in the metal cutting field mentioned the
characteristics of tools, machine parameters, and work materials that significantly impact
the product's processing efficiency and output quality (Abdelrazek etal.,2020; Ostapenko
and Vasilega, 2013). Hence optimization of the suitable processing parameter enhances the
machining process. Machining operations such as milling, boring, broaching, turning,
drilling, grinding, honing, and lapping are the most important value-added operations in
metal cutting (Hussein, 2014; Mukherjee and Ray, 2006). One of the most widely used
material removal methods is milling machines in the industrial field as a traditional
machining process. Most suitable machined surfaces are frequently utilized to relate with
other components in machinery design, die, and manufacturing industries (Altintas, 1994;
Lee and Lin, 2000). Surface roughness is a fundamental indicator of product technological
2
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quality and an important factor in cost reduction. The mechanism underlying the formation
of surface roughness is process-dependent, extremely changing, and intricate, so the
theoretical analysis is complex (Abdulridha et al., 2020; Tsai et al., 1999).
Furthermore, surface roughness is a crucial aspect of mechanical design because it affects
the performance of mechanical parts such as wear, corrosion resistance, heat generation,
fatigue strength, creep life, etc. (Kadirgama et al., 2012; Khan and Kaiser, 2022; Khudair
and Hussein, 2021). Also, it significantly impacts the adaptive of two components that
connect. Moreover, it improves the tribological properties of the product surface finish, such
as corrosion resistance, fatigue strength, and aesthetic appeal. The metal-cutting technique
aims not only to shape the part but also to manufacture machined parts in such a way that
depends on surface considerations such as dimensional and geometric constraints
(Khorasani et al,, 2012; Nouveau et al., 2005). Several tools and techniques are utilized
for optimization parameters, such as the Taguchi method, Grey Relational Analysis (GRA),
Analysis of variance (ANOVA), Response Surface Methodology (RSM), Simulated Annealing
Algorithm (SAA), Failure Modes and Effects Analysis (FMEA). Therefore, Obtaining the best
surface finish in the shortest amount of time requires parametric optimization to improve
and enhance machining processes (Kadhim, 2019; Patel et al., 2021; Ribeiro et al., 2017;
Sabree Bedan et al., 2016).
Nevertheless, Genichi Taguchi developed the statistical methods known as "Taguchi
methods" for the quality of manufactured parts. Recently, these approaches have been
utilized in engineering (Rosa et al., 2009), advertising and marketing (Selden, 1996), and
biotechnology (Rao et al., 2008). Aluminum 6061 is a well-known alloy that contains
magnesium (Mg) and silicon (Si) as the main alloying elements. The main properties are
lightweight, low cost, and flexibility for the machining process, with a high strength-to-
weight ratio. Therefore, it is widely applied in the bioengineering, structural aerospace, and
automobile industries (Al Attaby et al.,, 2013; Faris, 2017; Pan et al.,, 2020; Salman,
2017).
Furthermore, (Oztiirk and Kara, 2020) investigated experimentally and statistically the
energy consumption and surface roughness for machining aluminum alloys 6061 by milling
machine process utilizing parameters such as cutting speed, feed, and depth of cut. The
results revealed that the best surface roughness (Rz) for cutting speed, feed, and depth of cut
were (180 m/min) (0.15 mm/rev), and (0.5 mm) respectively. They deduced that according
to (ANOVA) results, the speed significantly impacts surface roughness with a range of
39.07% of surface roughness. Also, the surface roughness decreased as the spindle axis
motor's energy consumption increased during cutting. (Najiha et al., 2016) investigated the
influence of wear mechanisms by cutting parameters in the end milling of aluminum alloy
AA606. The resultrevealed that a higher feed rate and depth of cut resulted in more adhesion
and edge chipping. MQL based on water is impactful for edge integrity. Tool life can be
extended by minimizing damages with the assistance of the TiO2 nanoparticles of a volume
fraction of 2.5% (lubricant) (Chinnasamy et al., 2022). Therefore, improving the life of
cutting tools is required to lower manufacturing costs. Also (Tsai et al., 1999) mentioned
factors that impact surface smoothness, such as tool wear, depth of cut, cutting speed, feed
rate, cutter force, cutter runout, and cutter geometry. According to (Fuh and Wu, 1995),
the surface quality enhanced a statistical model for aluminum materials in the end milling
process using tool nose radius, cutting speed, depth of cut, feed rate, and flank as control
parameters. The result illustrated that the tool nose radius and feed significantly affect
surface roughness. (Ghani et al.,, 2004), carried out studies to enhance the cutting
parameters for hardened steel in semi-finish and complete conditions. They used
3
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measurable responses such as cutting force and surface roughness. It showed optimal
cutting conditions are cutting speed, feed rate, and depth of cut, respectively. The previous
review shows that many investigations have been carried out to develop and improve cutting
conditions in milling machines. However, a few were performed to enhance Taguchi's
Orthogonal Array (OA) method of the surface roughness of AA6061 using milling operation.
In the present work, the influence of cutting parameters such as feed, spindle speed, and
depth of cut are investigated. Hence, the cutting parameters are converted into the signal to
noise (S/N) ratio to assess the Lowest is Better (LB) characteristics of the average surface
roughness. Finally, the analysis of variance (ANOVA) has been applied to predict the
effectiveness ratio of the proposed cutting parameters and select the optimal combination.

2. MATERIALS AND METHOD
2.1 Materials

The material used for the present study is AA6061 alloy, and its chemical composition is
given in Table 1. AA6061 aluminum alloy presents high strength, excellent resistance to
corrosion, and excellent plane strain fracture toughness. (Kumar et al., 2019).

Table 1. Chemical composition of AA6061 (Kumar et al., 2019).

Mn Cr Mg Si Cu Fe Zn Ti Al
0.17 | 016 | 0.88 | 0.64 | 0.24 | 0.16 | 0.05 | 0.01 | 97.67

Furthermore, the tool used is a Carbide cutter type of “Sandvik Coromat (R216.33-08045-
AC16P 1630),” is illustrated in Fig. 1. Also, the property of this type of carbide cutter is
demonstrated in Table 2.

- = DCDNMS

i

APNX/LU

Py

- 0

Figure 1. Schematic of Sandvik coromat cutter (R216.33-08045-AC16P 1630)
(Sandvik, 2023).
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Table 2. Properties of the cutter (Sandvik, 2023).

Cutter property Value Unit
Cutting diameter (DC) 8 mm
Corner chamfer (KCH) 45 degree
Corner chamfer width (CHW) 0.1 mm
Depth of cut maximum (APMX) 16 mm
Usable length (LU) 16 mm
Connection diameter (DCON) 8 mm

2.2. Control Parameters and Their Levels

The control parameters that affect the surface roughness of the machined surface are spindle
speed, depth of cut, and feed. Three adjustable parameters are addressed in this study, and
each parameter is adjusted to three levels. The parameters and their levels are shown in
Table 3.

Table 3. Control parameters and their levels

Parameter Level Unit
Low Center High

Speed (A) 1200 1800 2400 rpm

Depth of cut (B) 0.5 1.0 1.5 mm

Feed (C) 30 110 180 mm/min

Fig. 2 shows the dimensions of the AA6061 workpiece machined by milling machine
operation. Fig. 3 demonstrates the experimental work on the AA6061 workpiece. The nine
experiments were carried out on a milling machine with no cutting fluid. Surface roughness
was evaluated using a tester for surface roughness. For accurate surface roughness readings,
every experimental procedure was repeated three times with the new cutting to be more
reliable.

Surface Measurement 1

Surface Measurement 2

Surface Measurement 3

Figure 2. The AA6061 workpiece with locations of surface roughness measurement
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Figure 3. Experimental work on the AA6061 workpiece machined
by milling machine operation.

The variety of ways used to express the most typical measurements of surface roughness of
workpieces include arithmetic average (Ra), peak roughness (RP), or average peak-to-valley
height (Rz), among others. The current study utilized an arithmetic average (Ra) defined by
ISO 1302. A portable roughness tester model V2.0 with the serial number K01122033001
was used to measure the surface roughness (Ra). Three surface measurements with different
locations were taken to determine the average surface roughness of cuts, as illustrated in
Fig. 2. Moreover, the experiments are set using the Taguchi fractional factorial design of Lo
design of experiment (DOE) because there are three factors, each with three levels. Table 4
illustrates the OA.
Table 4. The orthogonal array of L.

Run | Spindle Speed (rpm) (A) | DOC (mm) (B) | Feed (mm/min) (C)
1 1200 0.5 30
2 1200 1.0 110
3 1200 1.5 180
4 1800 0.5 110
5 1800 1.0 180
6 1800 1.5 30
7 2400 0.5 180
8 2400 1.0 30
9 2400 1.5 110

3. RESULTS AND DISCUSSION

The cutting parameters, such as feed, depth, and spindle speed of cut on the surface
roughness of the aluminum alloy AA6061, were investigated. The tests were performed
using a coated carbide cutting tool on a milling machine. Each experiment was repeated
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three times, and the data was converted to the S/N ratio for analysis, as shown in Table 5.
Moreover, Fig. 4 demonstrates the finished samples, which are machined by the milling
machine process, which are the number of experiments selected on samples after 3rd trial
for each sample.

J1

Figure 4. Finished sample after the milling machine process.

Table 5. The test results with S/N ratio and standard deviation

Run | Spindle | Depth Feed 1st 2nd 3rd Average | S/N Standard
speed | ofcut | (mm/min)| Trial | Trail | Trail surface | Ratio | deviation
(rpm) | (mm) (@) roughness

(A) (B) (nm)

1 1200 0.5 30 0.79 | 0.79 | 0.80 0.79 2.04 0.01

2 1200 1.0 110 2.01 | 1.75 | 1.59 1.78 -5.02 0.21

3 1200 1.5 180 3.65 | 3.63 | 3.55 3.61 -11.14 0.06

4 1800 0.5 110 2.76 | 2.50 | 2.66 2.64 -8.43 0.13

5 1800 1.0 180 2.86 | 290 | 3.01 2.92 -9.31 0.08

6 1800 1.5 30 2.03 | 2.08 | 1.94 2.01 -6.08 0.07

7 2400 0.5 180 0.90 | 0.79 | 0.82 0.84 1.54 0.06

8 2400 1.0 30 042 | 044 | 043 0.43 7.31 0.01

9 2400 1.5 110 0.66 | 0.71 | 0.87 0.75 2.55 0.11

Relating to the surface finish of machine parts, the highest surface roughness number by
(um) was indicated with the run number 3. While run number 8 has the smallest surface
roughness number. In addition, Table 5 displays the surface roughness value, S/N ratio, and
standard deviation of the experimental work. It was known that surface roughness must be
low for power consumption, cost reduction, and product quality (Karabulut, 2015). The
results were changed to the S/N ratio; surface roughness is required to be a small amount to
get the best surface quality; therefore, “smaller the better” is chosen as in Eq. (1):

S 1
2= —1010g [F31, V7] (1)

Fig. 5 shows the surface roughness variation with the number of experiments and surface
roughness. The surface roughness rises due to the lower speed and decreases due to the
increasing spindle speed.
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Figure 5. Variation of surface roughness with experiment number.

Table 6 and Fig. 6 show the most desirable levels of the factors individually. The optimum
set of the milling parameters is A3/B1/C1.

Table 6. Response table.

Level A B C
1 -4.704 -1.623 1.105
2 -7.935 -2.328 -3.647
3 3.781 -4.905 -6.314
Delta 11.716 3.282 7.419
Ranking 1 3 2

5.0

2.5

0.0

-2.5

Mean of SN ratios

-5.0

-1.5

1200

Main Effects Plot for SN ratios

1800

B

BN

2400 05 1.0 1.5

30 10

Signal-to-noise: Smaller is better

Figure 6. Average performance plot. A: Spindle speed B: Depth of cut C: Feed

Conversely, the optimum cutting parameters are 2400 rpm, 0.5 mm, and 30 mm/min for
spindle speed, DOC, and feed, respectively. Additionally, spindle speed is the most influential
parameter that impacts the surface roughness of AA 6061 cutting with a coated carbide
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cutter in the milling machine. Followed by feed, and the least effective one is the depth of cut.
As can be seen, the spindle speed significantly influences surface roughness. Changing the
spindle speed, highly decreases the surface roughness compared with the other two
parameters. The effect of depth of cut and feed has a proportional relation with surface
roughness, as illustrated in Fig.7. Increasing the depth of cut or feed results in an increase in
the surface roughness. The spindle speed has different effects, which have a reverse relation
with surface roughness. For instance, the surface roughness will decrease when the spindle
speed increases. Minitab 18 software is used to examine the output characteristic and
surface finish, and ANOVA is created to illustrate the percentage contribution of each
influencing factor on surface roughness. The ANOVA test was designed from
Stat>ANOVA>General linear model>Fit general linear model. In the ANOVA test, the
indicator of the significance of the parameter is the P-value. In the current work, a 95.0%
confidence level was chosen; therefore, any factor with a P-value under 0.05 is statistically
significant and has a great role in the response variable. The data in the analysis of variance
table are from Eq.s (2) 2 to 14. Degrees of freedom for each factor and the error of each factor
are calculated as follows:

3.0 2.4
2.5 1
2.1 A
= 2.0 A -
El g
% 1.5 A % 1.8 -
f: =
%o 1.0 A ”Eo
o 8 1.5 A
~ 05 A (a) ~
(b)
OO T T T T T 12 T T T
900 1200 1500 1800 2100 2400 2700 0 05 1 15 2
Spindle speed (rpm) Depth of cut (mm)
3.0
2.5 A
~
=
2 2.0 -
1] —
b4 »
S 1.5 4
=
%
o 1.0 4
[~
0.5 -
(c)
0-0 T T T T T T
0 30 60 90 120 150 180 210

Feed (mm/min)

Figure 7. Main Impact Surface roughness plot for (a) Spindle speed, (b) Depth of cut, and
(c) Feed
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DOF;=N-1 (2)
DOF¢= number of levels-1 (3)
DOF.= DOFr- total of DOF; (4)

The deviation of each factor from the overall average mean gives the relative significance of
that factor:

T= 3L, (5)
CF=T (6)

The total sum of squared deviation is:
SSr=(XiL, ¥i") — CF (7)
The sum of the squared deviation of each factor is:
2 2
SS; =(A+22°4 )-CF (8)
nq ny
Then, the sum of squared deviations of the error term is identified by:

SSe = SSt — total of SS¢ (9)

The variance or the mean square of each factor is:

SS¢

Ve = DOF¢ (10)
The error of variance is defined by:
SSe
€ DOF, (11)
The variance ratio of each factor is determined by:
-
Fy = (12)

The percentage contribution of each factor in the total sum of squared deviations is:

SS
P= of x100 (13)

The error of the percentage contribution of the process is:

SSe

P.=
€ sst

x 100 (14)

Furthermore, the ANOVA test was tabulated in Table 7. It can be seen the highest value is
66.42% for spindle speed, as shown in Fig. 8. Moreover, Fig. 7a demonstrates that by raising
the spindle speed, the surface quality will be enhanced. This result agrees with the result
(Karabulut, 2015) that cutting speeds exceeds the limit of the built-up edge constitution.
Based on the probability, spindle speed is the only significant factor with a P-value of 0.0422.
For the same depth of cut and feed, by increasing spindle speed, the milling cutter could
remove more material and reduce built-up edge (BUE) formation. Therefore, the surface
becomes smoother, which enhances the surface quality. By increasing the speed from 1200

10
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rpm to 1800 rpm, surface roughness increased by 0.46 pum only. But by increasing it from
1800 to 2400, surface roughness decreased sharply. Table 5 reported that as the spindle
speed rises from run 7 to 9, the surface finish is considerably improved. While in the other
runs, as that for runs 4 to 6, the machined part has poor surface quality. It can be seen in Fig.
7b that the depth of the cut impacts surface roughness, which is increased by increasing the
depth of the cut gradually.

Spindle

speed,
Depth of V
cut, 5.34 66.42

Figure 8. The percentage contribution.

Fig. 7creported that the surface quality decreased by increasing feed. Besides, working time
is one of the most essential measures in the manufacturing process. Setting the parameters
properly could reduce cutting time and surface roughness simultaneously to minimize the
total cost of the manufacturing process. For instance, the machined surface has a low surface
roughness for run number 7 of the feed of 180 mm/min (highest value). Also, run number 9
in a higher depth of cut of 1.5 mm, the lowest surface roughness was obtained due to the
effect of spindle speed.

Table 7. Analysis of variance (ANOVA) Data.

Source 0 SS \% F-test P % P-value
A 2 220.6 110.33 22.6824 66.42 0.0422
B 2 17.74 8.87 1.8235 5.34 0.3542
C 2 84.07 42.0 8.6421 25.30 0.1037
Residual error 2 9.72 4.86 2.92

Total 8 332.20

4. CONCLUSIONS

The average surface roughness performance of the Aluminum alloy AA6061 workpiece was

studied experimentally under the effect of three parameters (speed, feed and depth of cut).

Nine experiments are tested according to Taguchi’s OA. The experimental data were

analyzed in the statistical method of ANOVA. The concluded results show that:

1) Each cutting parameter influences the surface roughness of the machine part. In contrast,
the most influential parameter was spindle speed, with a percentage contribution of
(66.42%), whereas the depth of cut was the least influential (5.34%).

2) Among the selected factors, only spindle speed was significant, with a P-value of 0.0422

3) the optimum levels of the parameters were spindle speed with (2400 rpm), depth of cut
(0.5 mm), and feed (30 mm/min).

4) It was demonstrated that the surface quality of machined parts can be improved using
proper cutting parameters.

11
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5) Design of the experiment using the Taguchi method enabled to optimize surface
roughness of the machine product while minimizing the time and cost of production.

NOMENCLATURE

Symbol | Description Symbol | Description

ANOVA | Analysis Of Variance P% | Percentage contribution
C.F Correction Factor P-value | Calculated probability
C.l Confidence interval Ra | Surface roughness
DOF | Degree of freedom S/N | Signal-to-noise ratio (dB)

DOF. | Degrees of freedom of error term| SS Sum of square

Degrees of freedom of the ith

DOF; P T Grand total of all results
significant parameters

DOFn | Degree of freedom means \Y Variance

F-test | Variance ratio Ve The error variance

N The total number of Ve The variance or mean square of each
experiments factor

n Number of observations of the _ The result value of the Surface
result yi roughness for ith trial (um)

Yopr | Expected result of the optimal

0A Orthogonal Array combination according to the S/N ratio
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