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Parameter Optimization during Finish End
Milling of Al Alloy 5083 using Robust Design
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Abstract—The influence of cutter geometry and cutting
parameters during end milling on the surface texture of
aluminium (Al) alloy 5083 was experimentally investigated.
Eighteen pockets were manufactured having different
combination of parameters values according to Taguchi Lgg
standard orthogonal array. Surface texture parameters (R,
Ry, and R,) were measured on three different passes on side
surface of pockets and analyzed using statistical techniques.
The results reveal that the cutting speed, the peripheral 2"
relief angle, and the core diameter have significant effect in
surface texture parameters. In order to establish a relationship
between the performance measures and the process
parameters, a set of additive models was produced. Finally, an
evaluation (verification) experiment was performed. The
acquired experimental values were found to be inside the
confidence intervals provided by the additive models. These
results confirm the accuracy of the proposed modeling
approach.

Index Terms—End mill
surface roughness

cutters, process optimization,

I. INTRODUCTION

L alloy 5083 has excellent resistance to corrosion and

it is used in the manufacture of unfired, welded
pressure vessels, marine, auto aircraft cryogenics, drilling
rigs, TV towers, transportation equipment, and in missile
components. Although no specific machinability data were
existed the Al alloy 5083 is machinable by conventional
means (turning, milling, drilling and grinding).

The machinability of an engineering material denotes its
adaptability to machining processes in view of factors such
as cutting forces, tool wear and surface roughness.
Specifically, surface roughness plays an important role on
the product quality and it is a parameter of great importance
in the evaluation of machining accuracy [1, 2]. The surface
roughness of parts produced by material removal processes
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is affected by various factors such as material properties,
tool geometry, and cutting parameters [3]. Thus parameter
design for a material is useful in order to have best
performance and consequently decrease the quality loss of a
process [4].

A number of attempts, which study surface quality during
end milling, have been reported in the literature, e.g. [5-7].
Most of these studies refer to specific cutting conditions
(tool-workpiece material, and cutting tool geometry).

The current research work investigates the effects of the
process parameters during end milling of Al alloy 5083 on
the surface texture parameters (arithmetical mean
roughness, R,; maximum peak, Ry; and ten-point mean
roughness, R,). The proposed approach combines the
Taguchi design of experiments and statistical analysis of the
results. Two-flute end cutters were used (Fig. 1-2). The
process parameters tested are: A, core diameter (%); B, flute
angle (°); C, rake angle (°); D, peripheral 1* relief angle (°);
E, peripheral 2™ relief angle (°); F, depth of cut (mm); G,
cutting speed (rpm); and H, tool feed (mm/flute). Finally,
optimal values of the process parameters were derived
inside the experimental region, and the optimum end cutter
was manufactured and tested using a validation experiment.
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Fig. 1. Two flute end mill cutter geometry (front view).
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Fig. 2. Two flute end mill cutter geometry (side view).

II. DESIGN OF EXPERIMENT

End milling pockets were performed on a DECKEL
MAHO DMU 50V-monoBLOCK 5-axis universal
machining center. Max power of the machine tool is

experiment producing a pocket which was tested for side
surface roughness (Fig. 4).

The surface texture parameters studied in the present
work are: the arithmetic mean roughness R, (um), the
maximum peak Ry (um), and ten point mean roughness R,
(um). For these parameters lower values are desirable.
These S/N ratios in the Taguchi method are called as the
smaller-the-better characteristics and are defined as follows
(m, dB):

17, =—10-log,,(R,) (D

Each one of the eighteen end mill cutters cut a pocket of
100x64mm and 15mm in depth upon the two faces of an
aluminium 5083 plate of 500x280mm and 60mm in depth.
The cutting parameters values for each pocket are depicted
in the columns F, G, and H of Table 1.

Finally, surface roughness (R,, R,, and R,) were
measured vertically on the face of the pockets using a
RUGOserf tester (Fig. 4).

TABLEI

PARAMETERS DESIGN ACCORDING TO L5 (2'X37) ORTHOGONAL
ARRAY AND PERFORMANCE MEASURES

E F G H
48 38 18 20 25 0.5 5000 0.05

18.9KW, and max spindle speed is 14,000rpm.
The two flute carbide end mill cutters were manufactured
using the five axis Hawemat 2001 grinding machine (Fig.

S|
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o
o

1

3)- 2 48 38 20 22 28 1 6000 0.08
3 48 38 22 25 30 L5 7000 0.1
4 48 45 18 20 28 1 7000 0.1
5 48 45 20 22 30 1.5 5000 0.05
6 48 45 22 25 25 0.5 6000 0.08
7 48 50 18 22 25 L5 6000 0.1
8 48 50 20 25 28 0.5 7000 0.05
9 48 50 22 20 30 1 5000 0.08
10 50 38 18 25 30 1 6000 0.05
11 50 38 20 20 25 L5 7000 0.08
12 50 38 22 22 28 0.5 5000 0.1
13 50 45 18 22 30 0.5 7000 0.08
14 50 45 20 25 25 1 5000 0.1
15 50 45 22 20 28 1.5 6000 0.05
16 50 50 18 25 28 1.5 5000 0.08
17 50 50 20 20 30 0.5 6000 0.1
18 50 50 22 22 25 1 7000 0.05

Fig. 3. Grinding process.

TABLE I [CONTINUE]
PARAMETERS DESIGN ACCORDING TO L5 (2'X37) ORTHOGONAL
ARRAY AND PERFORMANCE MEASURES

According to the number of the selected parameters and
their levels, the standard orthogonal array Ls (2'x37) [4]

was used (Table I). In this method, the main parameters, D Rm) Mew  Rym) mey R.m)  niwy
which are assumed to have an influence on process results, ; 8?? 170~7709 ?gi 0130(; ?B 33657
are located at different rows in a d.651gned 01.’thogonal array, 3 0.18 753 130 114 107 028
and the results can be analyzed using analysis of means and 4 1.66 -2.20 5.73 -7.58 6.83 -8.35
analysis of variances in a similar way as a full factorial 2 g-g 2;; ;-‘l‘g ;gg ??g %‘;3
design was conducted [8]. 7 022 658 180 255 127  -1.03
The geometry parameters values of each one of the 8 133 -1.23 1213 -10.84 7.10 -8.51
eighteen two-flute end mill cutters are shown in the columns 9 0.19 7.21 1.27 -1.03 1.27 -1.03
: : 10 0.13 8.97 1.20 -0.79 0.93 0.30
A to E of Table 1. All of the. eighteen carbide cutters he'we " 015 720 L17 66 123 091
diameter of 8mm. The cutting parameters values during 12 0.17 770 127 -1.03 1.10 2041
eighteen pockets are shown in the columns F to H of Table 13 0.11 9.46 1.03 -0.14 1.10 -0.41
1 14 0.13 8.86 1.27 -1.03 1.03 -0.14
' . 15 0.14 8.54 0.77 1.15 0.70 1.55
1Baged on robust design, the standard orthogonal array Lilg 16 0.22 6.58 137 136 110 041
(2'x37) has been selected in order to perform the matrix 17 0.15 8.14 1.20 -0.79 0.97 0.15
experiment. The core diameter (A), which is measured as a 18 0.16 7.87 1.37 -136 090 046
percentage of the end mill cutter diameter, was selected to Mean _ 0.307 7.02 2.163 -1.99 1696  -1.02
have two values, while the others (B-H) were selected to
have tree values each (Table I). According to the Ljg
orthogonal array 18 experiments were performed with each
ISBN: 978-988-18210-6-5 WCE 2011
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Fig. 4. Surface roughness measurements.

III. ANALYSIS OF RESULTS

For each process parameter A to H (Table I, [4]), the
average surface roughness was calculated (R,, Ry, and R;
Table II). Based on these average values, one can have
Analysis of Means (ANOM) diagrams (Fig. 5) indicating
the impact of each factor level on the side surface roughness
is produced. Thus, based on the ANOM, one can derive the
optimum combination of process variables, with respect to
surface roughness. The optimum level for a factor is the
level that gives the higher value of the objective function ng;
inside the experimental region. Table III shows the optimum
levels of the process parameters.

TABLE II
MEANS OF PARAMETER LEVELS
R, Ry
Level 1 2 3 1 2 3
my; A 5.89 8.06 -3.20 -0.80
mg; B 8.33 6.88 6.17 -0.89 -2.08 -2.66
mci C 6.70 6.68 7.69 -2.02 -2.84 -1.10
mp; D 6.63 8.10 6.33 -1.60 -1.29 -3.06
mg; E 8.11 4.51 8.44 -1.59 -3.45 -0.93
mg; F 7.02 6.40 7.64 -2.62 -2.14 -1.20
mgi G 8.41 7.87 4.79 -0.97 -1.21 -3.79
my; H 7.38 7.59 6.10 -2.20 -1.41 -2.35
TABLE II [CONTINUE]
MEANS OF PARAMETER LEVELS
R,
Level 1 2 3

My A 207 -0.09

mg; B -0.10 -124 -1.37

me; C -143 -l1.61 -0.04

mp; D -121 -027 -1.60

mg; E -0.14 -280 -0.14

mg; F -140 -157 -0.10

mg; G -0.03 -0.04 -3.00

my; H -073 -066 -1.68
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Fig. 5. ANOM diagram.
TABLE III
OPTIMUM LEVELS
A Core diameter (%) 50
B Flute angle (°) 38
C Rake angle (°) 22
D Relief angle 1% (°) 22
E Relief angle 2™ (°) 30
F Cutting depth (mm) 1.5
G Cutting speed (rpm) 5000
H Feed (mm/flute) 0.08

According to robust design, the interaction between two
or more parameters can be classified as: (i) no interaction,
(i) synergistic interaction, and (iii) antisynergistic
interaction. Fig. 6 shows the interaction type between the
cutting speed and peripheral relief angle 2™ It can be seen
that when the peripheral relief angle 2™ is increased from 25
to 28 or 30 (°) the corresponding response of R, varies in
relation to the level of cutting speed (rpm). Thus, it can be
concluded that there is an “antisynergistic interaction”
between the two parameters. The same conclusions can be
obtained from Fig. 7 and 8 about the interaction type
between the cutting speed and core diameter, as well as
between the peripheral relief angle 2™ and core diameter.

16
14
Relief angle
12 2% (%)
S 10
= —_—25
8 4 —28
2 6 ——30
4
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0

5000 6000

Cutting speed (rpm)
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Fig. 6. Interaction charts between cutting speed and relief angle 2™.
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Fig. 7. Interaction charts between cutting speed and core diameter.
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Fig. 8. Interaction charts between relief angle 2™ and core diameter.

Also, using analysis of variances approach (Table IV, [4],
[8]), the impact factor of each process parameter onto the
surface texture parameters revealed.

TABLE IV
ANOVA ANALYSIS
R, Ry
DOF SS MS F % SS MS F %
1. 11. 25. 3. 18.
A 1 21.3 21.3 7 1 25.7 ; 1 6
B 2 14.7 7.4 05 7.7 10.0 5.0 06' 7.2
0. 0.
C 2 4.0 2.0 1 2.1 9.0 4.5 s 6.5
0. 0.
D 2 10.8 5.4 4 5.6 10.7 53 6 7.7
2. 29. 10. 1. 14.
E 2 56.7 28.5 ’ 7 20.5 5 ) Q
F 2 4.6 23 01' 2.4 6.2 3.1 03 4.5
1. 23. 14. 1. 21.
G 2 459 22.9 g o 29.4 7 7 )
H 2 7.8 3.9 03 4.1 3.1 1.5 01' 2.2
191. 138.
Total 17 3 3
Pulled 149. 12.4 8.2
error 12 9 9 9.3 7

DOF: Degrees of Freedom, SS: Sum of Squares, MS: Mean Squares, F: Factor
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TABLE IV [CONTINUE]
ANOVA ANALYSIS
R,
DOF SS MS F %
17. 2. 13.
A 1 17.7 p 1 3
B 2 6.1 3.0 % 4.6
C 2 8.8 4.4 05‘ 6.6
D 2 5.6 2.8 % 42
14. 1. 21.
E 2 28.4 5 7 4
F 2 7.7 3.8 (L' 5.8
17. 2. 26.
G 2 35.1 p 1 p
H 2 3.8 1.9 % 2.9
Total 17 132.
3
P‘:i“e . 100. 83
2 5

error

According to the statistical analysis; R,, Ry, and R, are
affected significantly by the cutting speed (G, 23.9; 21.2;
and 26.5 percent), peripheral 2™ relief angle (E, 29.7; 14.8;
and 21.4 percent), and core diameter (A, 11.1; 18.6, and
13.3 percent). The effect of the other process parameters can
be attributed to error as they have a negligible impact on the
quality indicators inside the experimental region; F factors

are less than one [4, 9].

The variance of the effect of each factor level for this

case is [4]:

Lo r)=11249-416
3 3

1 1
—0,(R,)==-827=2.75
3 703

1 1
—-0,(R,)==-835=2.78
3 3

2
(€)
“4)

Thus, the width of the two standard deviation confidence
intervals, which is approximately 95% of the confidence

interval for each estimated effect, is:

O,y =F2:4/4.16 = £4.1
ep, =22:3275=43.22

ey, =12:2.78 =13.34

)
(6)
(7

In order to establish a relationship between the
performance measure (1) and the process parameters, one

can derive the additive model of the form:

Mg,y = Mg, +(mAi(Ru) _m(Rﬂ)) +(mEj(Ra) —m(Ra))+

(8)

+(qu(Ru) N m(&,)) te,

Ner,y =M,y + (mAi(RJ;) - m(R).)) + (mEj(Rv) - m(R“)) + )
+(qu(RJ,) - m(R,,-)) t )

My =My T (M = M) + (Mg =g ) + (10)
G, =M )) E ez,

whereas:
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® TR NRy» NRy: 18 the Objective Function (OF)
corresponds to R,, Ry and R,

e m: is the overall mean

e my;: is the mean of the OF where factor A (Core
diameter) having the level i (i=1,2)

e mgp;: is the mean of the OF where factor E (Relief
angle 2™) having the level j (j=1,2,3)

® mgq is the mean of the OF where factor G
(Cutting speed) having the level q (q=1,2,3)

For example the prediction of the performance of the
combination [(A2, E3, G3) = (350, 30, 7000)] is:

N33,y =My + (mAZ(RU) - m(R”)) + (mES(Ru) - m(R“)) +

Hmgy gy =Mg,)) T gy = (11)
Massiny =702+ (8.06—7.02) +(8.44~7.02) +
+(4.79-7.02)£4.1=7.24+4.1dB
T3r,) = Meryy (Mg ) = Mg )+ (Mg =g )) +
+(mG3(R\)—m(RJ‘))ie(R\):> (12)
Massiny = —1:99+(~0.80+1.99) + (~0.93+1.99) +
4 +(=3.79+1.99)+3.22 = —1.54+3.22dB
M35k = Miry + Mgy = Mg ) )+ (M = Mg ) +
My ) =M )) €y = (13)

Mossiy = —1.02+(0.09+1.02) + (~0.14+1.02) +
+(=3.00+1.02) £3.34=—1.17+3.34dB

An evaluation (verification) experiment was performed
(R:=0.3, Ry=3.4, R,=2.1) and the experimental values of
M2,3,3(Ra) N2.3.3(Ry)> N2,3.3(Rz) Were found to be as follows:

7’]23’3(130) = 522, 772,3’3(13),) = —397 and 772,3’3(132) = —322

These experimental values are inside the confidence
intervals of the results occurred by the additive models (11),
(12) and (13). These results confirm the accuracy of the
proposed modeling approach.

IV. CONCLUSION

The arithmetical mean roughness (R,), maximum peak
(R,), and ten-point mean roughness (R,) have been selected
as quality indicators for end milling of Al 5083 multi-
parameter investigation using design of experiments and
statistical analysis. The experimental limits were designed in
order for all the combinations suggested in the orthogonal
array to be able to be conducted. This means that if a
combination could not be conducted the orthogonality
would be lost and the conclusions would be unbalanced.

The experimental results show that the cutting speed
(rpm), the peripheral relief angle 2nd (°), and the core
diameters (%) are the most important parameters that affect
the surface texture indicators, having F factors close to or
higher than 2. All the rest process parameters used in this
study had a negligible effect (i.e. F <0.6) on the surface
texture parameters, making them less significant [4].

In addition, the trend lines of the surface roughness
indicators (R,, R, and R,) have similar directions when
process parameters values change from one level to another
(ANOM diagram, Fig. 5). This result shows a correlation
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between these indicators. Another conclusion that is coming
out from this study is that the surface texture parameters are
increased while the cutting speed is increased. However,
this conclusion is not in accordance with the machining
theory [10, 11].

On the other hand, Fig. 6 shows that once the relief angle
2" takes its optimum value (30°) the surface roughness
decreases while the cutting speed increases. The same
happens once the core diameter takes its optimum value
(50%, Fig. 7). These results are in accordance with the
cutting theory.

Finally, multi-parameter investigation of the process
according to other quality indicators such as tool wear,
cutting forces, dimensional accuracy, surface residual
stresses, and machined surface hardness will be studied and
analyzed in future work.
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