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Abstract: The quality of the surface finish of the machined job is one of the most important product quality
characteristics. In the present study the Taguchi methodology has been used for modelling and optimization of
surface roughness in end milling of aluminium silicon carbide composite plates (Al2024-SiCp) using carbide end
mills. Four machining parameters, the spindle speed (rev. /min.), the feed rate (mm/min.), the depth of cut (mm)
and number of flutes were used in the experiment. The average surface roughness (Ra) was chosen as a measure of
surface quality. The experiment was designed and carried out on the basis of standard L27 Taguchi orthogonal
array. The data set of the experimental values was used for conducting the optimization using Taguchi design
methodology. The results of calculations were in good agreement with the experimental data. A minor discrepancy
between the experimental results and calculations could be inferred due to the presence of random errors and
uncontrollable errors of the machining process, as well as environmental effects. Using Taguchi method for design
of experiment (DOE), other significant effects such as the interaction among milling parameters are also
investigated.
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1. Introduction

into a work piece either vertically, like a drill, or
horizontally using the side of the end mill to do the
cutting. This horizontal cutting operation imposes
heavy lateral forces on the tool and the mill, so both
must be rigidly constructed. By making a series of
horizontal cuts across the surface of a work piece,
the end mill removes layers of metal at a depth than
can be accurately controlled to about one onethousandth of an inch (.001"). The surface generated
during milling is affected by different factors such as
vibration, spindle run–out, temperature, tool
geometry, feed, cross-feed, tool path and other
parameters. During finish milling, the depth of cut is
small. Technological parameter range plays a very
important role on surface roughness [1]. In end
milling, use of high cutting speed, low feed rate and
low depth of cut are recommended to obtained
better surface finish for the specific test range in a
specified material [2]. Cutting feed is the most
dominated factor for surface finish. The most
important interactions, that effect surface roughness
of machined surfaces, are between the cutting feed
and depth of cut, and between cutting feed and
cutting speed [11]. Surface Roughness is affected
negatively if the applied force is increased [14].
Surface roughness at the same feed rate becomes
higher when a small nose radius is used [13]. With
the more precise demands of modern engineering
products, the control of surface texture together with
dimensional accuracy has become more important.
The experiment is conducted on Al 2024-SiCp stir
cast plates. The processing of the job is done by solid

*The advancement in automation and accuracy of
machine tool has made it possible to produce high
quality industrial products. One of the main
perceptions of quality in mechanical products is its
physical appearance. One of the most important
factors in physical appearance is the surface
roughness. A number of research publications
addressed this issue of surface roughness
measurement and analyses. This paper evaluates
surface quality in end milling operation of Al 2024SiCp metal matrix composite. This material is
selected as this is most widely used in automobile
and aerospace industry. The effect of spindle speed,
feed rate, depth of cut, number of flutes with respect
to varying percentage weight of silicon carbide is
studied on surface roughness. Alloy 2024 plate
products are used in Sheet products, usually Alclad,
are used extensively in commercial and military
aircraft for fuselage skins, wing skins and engine
areas where elevated temperatures to 250°F (121°C)
are often encountered.
Among several CNC industrial machining
processes, milling is a fundamental machining
operation. End milling is the most common metal
removal operation encountered. The most common
cutting tool used with a vertical milling is an endmill, which looks like a stubby twist drill with a
flattened end instead of a point. An end mill can cut
*
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carbide two, three and four fluted end-mill tools
under finishing conditions. The machining
parameters evaluated are spindle speed, feed rate,
depth of cut and number of flutes. The experiments
are conducted by using L-27 orthogonal array as
suggested by Taguchi. Signal-to-Noise (S/N) ratio
and Analysis of Variance (ANOVA) is employed to
analyse the effect of milling parameters on surface
roughness.

3.1.1. Taguchi design approach
The Taguchi technique involves reducing the
variation in a process through robust design of
experiments. To achieve desired product quality,
Taguchi suggested a three-stage process:
1. System Design: Right combination of materials,
parts, processes and design factors that will satisfy
functional and economical specifications.
2. Parameter Design: To find the appropriate
control factor levels to make the system less
sensitive to variations in uncontrollable noise
factors, i.e., to make the system robust.

2. Literature review
P.S. Sivasakthivel et al. (2010) conducted
experiments on aluminum Al 6063 by high speed
steel end mill cutter and tool wear was measured
using tool maker’s microscope. The helix angle is the
most significant parameter which reduces tool wear.
The tool wear is minimal in between 400 – 450 helix
angles. The increase in spindle speed and axial depth
of cut reduces the tool wear. The decrease in radial
depth of cut reduces tool wear. Sundara Murthy et al.
(2010) studied provides the optimum cutting
conditions for end milling of Aluminum 6063 under
minimum quantity lubrication machining. The
highest cutting speed, medium feed rate and medium
depth of cut produces lowest surface roughness.
Kromanis et al. (2008) developed a technique to
predict a surface roughness of part to be machined
according to technological parameters & find
relationships between surface roughness (Average
absolute deviation of the surface) of machined
workpiece and used technological parameters
(cutting speed; feed; depth of cut). They concluded
that technological parameter range also plays a very
important role on surface roughness. Study results
can be used by technologists and other
manufacturing specialists to set up cutting
parameter in end-milling. Jaharah A. G et al. (2008)
found that new challenge in machining (High speed
milling of Ti-6Al-4V using coated carbide tools) is to
use high cutting speed in order to increase the
productivity. Effect of feed rate on surface roughness
is more significant compared to other cutting
parameters. The top layer of the machined surface
experiences work hardening process, which is higher
than the average hardness of the work piece
material.

Fig. 1: Taguchi loss function

4. Tolerance design
Tolerances of those factors which have the
largest influence on variation are adjusted to achieve
the target quality level.
The overall objective of the method is to produce
high quality product at low cost to the manufacturer.
Taguchi’s parameter design offers a single and
systematic technique to optimize the design
performance, quality and cost (Phadke, 1989).
Determine the quality characteristics to be optimized
Ð
Identify the noise factors and test conditions.
Ð
Identify the control factors and their alternative levels
Ð
Design the matrix experiment and define the data analysis
procedure.
Ð
Conduct the matrix experiment.
Ð
Analyse the data and determine optimum levels for control
factors.
Ð
Predict the performance at these levels.
Fig. 2: Steps in Taguchi design methodology

3. Methodology
3.1. Quality as par Taguchi
According to Taguchi, quality of a manufactured
product is loss by that product incurred to the
society from the time it is shipped. Financial loss or
Quality loss may be given by:
L(y) = k(y-m) ²
Y
objective characteristic
M
target value
K
constant
k = Cost of defective product / (Tolerance)
²=A/Δ²

Two major tools used in robust design are:
1. Orthogonal arrays(OA), which accommodate many
design factors simultaneously ;
2. Signal to noise ratio(S/N), which measures quality
with emphasis on variation.
The columns in the OA indicate the control factor
and its corresponding levels and each row in the OA
forms an experimental trial run which is performed
at the given factor settings. To select the number of
levels and amount constitutes the major effort in
7
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planning robust design experimentss. The S/N raatio
oosing contro
ol levels thatt best cope w
with
helps in cho
noise. The SS/N ratio maay be defined
d as the ratioo of
the mean (ssignal) to thee standard de
eviation (noisse).
S/N ratio iss given by a formula hav
ving negativee of
logarithmic value, which
h is a monottonic decreassing
o S/N ratio should be always keptt at
function. So
maximum vvalue. While statistical process
p
conttrol
attempts to
o control the factors which
w
affect the
quality of m
manufacturingg, Taguchi methods focuss on
creating
superior
nce
desiggns
performan
ons of outtput produccts and in
nput
(combinatio
machining o
or manufactu
uring processses) to produ
uce
better qualitty.
Normallyy three S/N equations arre applicablee in
the various ssituations as described be
elow: Smallest is better quality characterisstic
nation, surfacce finish) = −10log ∑
(contamin

The group mean
m
for grouup is:

The grand mean
m
is:

yi,j = the me
easurement fr
from group i, observation‐‐
index j.
k = number of groups
ni = numberr of observati ons in group i
n = total num
mber of obseervations,
The hypoth
hesis that m
means of a given sett
of normally disstributed poppulations, alll having thee
me standard deviation, iss equal. Thiss is perhapss
sam
thee best-known
n F-test, and pplays an impo
ortant role in
n
thee analysis of variance [177]. The name
e was coined
d
by George W. Snedecor,
S
in honour of Sir
S Ronald A..
i
deveeloped the sta
atistic as thee
Fissher. Fisher initially
varriance ratio in the 1920s.
F=

 Nominal-iis-best qualitty characterisstic (dimensi on)
: = 10logg

 Largest-iss-better

qu
uality
charracteristic(yieeld,
material rremoval), = −10log 1/ ∑

4.1. Standarrd orthogon
nal array L27
7
The orth
hogonal arraay is selected
d based on the
DOF. Here, For 4 param
meters each at three levvels
(degree of ffreedom =2+2+2+2) and two interacttion
(degree of ffreedom=4+4
4), so the tottal DOF=16, the
number of DOF for orrthogonal arrray should be
n or equal to the
t number of
o DOF requirred.
greater than
L27 orthogo
onal array haas got 26 degrees of freed
dom
which is o
obviously more than 16. Hence h
here
L27 orthogo
onal array is selected. In this experim
ment
with three ffactors at three levels each, the fractioonal
factorial deesign used is a standa
ard L27 (3x 13)
orthogonal array. The standarrd L27 (3x 13)
n Table 2) w
with
orthogonal array table (as shown in
peed), B(feed
d) , C(depth
h of cut) and
d D
factors A(sp
(number of flutes) arran
nged in colum
mns 1, 2,5 an
nd 9
ong factors are
respectivelyy. The interaactions amo
indicated ass in column 3,
3 4, 6, 7, 8, 9 and 13(Sin
ngh
and Kumar, 2004).

A type I erro
or (raising a false alarm), also known
n
as an error of the first kinnd, occurs when
w
the nulll
d. The type I
hypothesis (H0) is true, buut is rejected
errror rate or significance leevel is the probability off
rejjecting the null
n
hypothessis given tha
at it is true..
[19
9]. It is denotted by α (alppha) and is allso called thee
alp
pha level. By
y convention,, the significance level iss
sett to 0.05 (5%
%), implyingg that it is acceptable
a
to
o
have a 5% pro
obability of incorrectly rejecting
r
thee
ull hypothesiss. [18]
nu
A type II error, also knnown as an error
e
of thee
seccond kind, occcurs when thhe null hypothesis is false,,
bu
ut erroneoussly fails to be rejected
d. (e.g., firee
breeaking out an
nd the fire alaarm do not ring).The ratee
of the type II error is denotted by the Greek letter β
h
(beeta) and rellated to thee power of a test (which
equals 1−β).

4.2. Analysiis of variancce (ANOVA)

3. P‐values
4.3

In addittion to the Signal to No
oise Ratio (SS/N
ratio), the reesults have been
b
subjecte
ed to Analysiss of
Variance (A
ANOVA) to ev
valuate the im
mpact of conttrol
ocess parameeters) on surrface roughneess.
factors (pro
In addition to the Signal to Noise Ra
atio (S/N rattio),
the obtained results have been tested ussing
Analysis of Vaariance (ANO
OVA) to indiccate
statistical A
the impactt of processs paramete
ers on surfface
roughness.

o check thee
Hypothesis tests are ussed to test or
vallidity of a cla
aim that is maade about a data
d
set. Thiss
claaim that’s on
n trial is caalled the nulll hypothesis..
Th
he alternative hypothesiss is the one you would
d
believe if the nu
ull hypothesiss is untrue.
The evidence in the triial is your data
d
and thee
staatistics that go
g along witth it. All hypothesis testss
ulttimately use a p-value to w
weigh the strrength of thee
eviidence [20]. The p-value is a number between 0
and 1 and interrpreted in thee following way:
w
ue (typically ≤ 0.05) indiicates strongg
• A small p-valu
ev
vidence again
nst the null hhypothesis, so
s you rejectt
th
he null hypothesis.
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• A large p-value (> 0.05) indicates weak evidence
against the null hypothesis, so you fail to reject the
null hypothesis.
• P‐values very close to the cut-off (0.05) are
considered to be marginal (could go either way).
Always report the p-value so your readers can draw
their own conclusions.
This ANOVA analysis was done for a significance
level of 0.05 (α), i.e., for a confidence level of 95%.
5. Experimental details
5.1. Materials and method of fabrication

Fig. 3: Plates of Al 2024

5.1.1. Matrix material
Aluminium alloy Al 2024 was used as matrix
material. Density of Al 2024 alloy is 2.78 g/cm³ and
Young's Modulus is 73 GPa .The main alloying
element of Al 2024 alloy is copper. The second is
magnesium, which is predominantly added to
increase the wetting between matrix and
reinforcement. Composition of Al 2024 is shown in
Table 1.
5.1.2. Reinforcement material
Silicon carbide particulates are used as
reinforcement material. Silicon carbide was
purchased from Thermo-Technologies, Ghaziabad.
The type of the silicon carbide is F320. Density of
silicon carbide is 3.6 g/cm3 and the mesh size is 29.2
± 1.5 μm. The Fig. 3 shows the Al-2024 slabs
whereas Fig. 4 shows the SiC powder.

Fig. 4: SiC powder

5.2. Stir casting
The silicon carbide (SiC) is used as the
reinforcement material in the preparation of the Al2024-SiC metal matrix particulate composite. The
process involves heating up of the Al-2024 metal to a
temperature higher than the melting point about
850°C.This was done in an underground furnace and
once aluminum melts; the SiC is added to the molten
aluminum. It was degassed by purging
hexachloroethane tablets. The furnace is then
enclosed by the cover and a stirrer is introduced
upon the cover of the furnace. The stirrer is attached
to the motor which rotates the stirrer blades which
are inserted into the molten metal. The motor
rotates the blades at the speed of 500 rpm for about
5 minutes. The molten composite is then poured into
the mould made by sand moulding of pattern 8” x 6”
x 1”.The molten composite is then allowed to solidify
which takes some 25 minutes and then the solidified
composite is then allowed to cool in atmospheric
temperature and pressure.

Fig. 5: Stir casting Arrangement

Fig. 7: Stir Cast Plate of Al 2024 -SiC Composite

5.3. Characterization of Al 2024‐ SiCp Plates

Table 1: Chemical composition of Al 2024 [% elements]
Si
Fe
Cu
Mn
Cr
Mg
0.5
0.5
3.8-4.9
0.30-0.9 0.1
1.2-1.8
Zn
Ti
Others (each) Others (total)
Balance
0.25 0.15
0.05
0.15
Aluminum

5.3.1.
Metallographic
characterization
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Microstructures of stir cast aluminium composite
samples were examined by metallography. The
photographs of samples were taken. Samples were
freshly cut and mounted. Then they were grinded,
polished and etched with Keller solution which
contains 1.5% HCl, 2.5% HNO3, 1% HF and 95% H2O.
At the end, micrographs (Figs. 8 & 9) were taken by a
metallurgical microscope fitted with a digital
camera.

Fig. 10: LOM OF Al 2024- 10 % SiCp @10 X

5.3.2. SEM, EDX & XRD testing of the prepared
composite plates:
In order to get detailed and close views of
interior structures of aluminium samples SEM
studies were done. Especially the precipitates that
should form after casting were examined. The
percentages of alloying elements were analysed and
their graphs were obtained (Fig. 13). SEM studies
were done with JSM-6400 Electron Microscope
(JEOL). XRD analysis was carried out on X-ray
diffraction machines of Shimadzu make (model XRD
6000) whereas SEM EDAX was carried out on Oxford
instrument’s ZEISS EVO 18 series machine (Figs.11 &
12). For SEM an accelerating voltage of 10 KV was
used.

Fig. 11: XRD Data of Al 2024- 10% SiC
Table 3: Interpretation of the Composite Plates
S. No
Peak
Reference Peak
Measures Peak
1
Al, Si-C
38.452
38.5993
2
Al
44.8451
44.8451
3
Al
65.004
65.2552

5.4. XRD Observations
Table 2: XRD data of Al 2024- 10% SiC
S. No.
Peak No.
2 Theta (deg)
d (A)
01
1
38.5993
2.33065
02
2
39.0200
2.30649
03
3
44.5400
2.03261
04
4
44.8451
2.01948
05
5
65.2552
1.42866
06
6
65.5800
1.42237
07
7
78.4419
1.21823

Fig. 12: XRD Data of Al 2024- 10% SiC

Fig. 8: Cut Specimens for characterization

Fig. 13: SEM &EDS (Energy Dispersive Spectroscopy) of Al
2024-10%SiC

Fig. 9: Underground furnaces for melting Al & SiC
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Fig. 17: Minitab Logo

5.5. Machining (end milling) conditions
From Table 3 it is confirmed that Aluminium,
Silica and Carbon are present in the sample.
The experiments were carried with 2, 3 & 4 fluted
carbide end mills on a highly precise CNC Vertical
Machining Center of TAKUMI make with Maho
controller (Fig. 14). The maximum travel of X-Y stage
is 70mm whereas the maximum travel of Z stage is
100 mm.
The spindle speed varies from 100 to 24000 rpm.
Total 27*2=54 runs were performed on Al 2024 10% SiC and Al 2024 -15%SiC plates having
dimensions 8” x 7” x 1”. Carbide end mill tools of
diameter 12.7 mm (1/2 inch) were used to make
horizontal slots as can be seen in the Fig. 13. The
process parameters or control factors used were
speed of the spindle (rpm), feed (mm/min), depth of
cut (mm) and number of flutes as detailed in the
Table 4.Three levels were used for each control
factor. End milled plates having slots can be seen in
Fig. 16.
The output characteristics considered was
surface roughness. The surface roughness (Ra) of the
end milled surface was measured using ITI surftest
(see Fig. 18)

Fig. 14: TAKUMI CNC vertical machining centre

Fig. 15: End Mills used in the study

Fig. 16: End Milled (Slot) Al 2024-SiC plates
Table 4: Process parameters (factors) and their levels
Machining Parameters & Abbreviation

Code

Units

Spindle Speed (SPEED)
Feed (FEED)
Depth of Cut (DOC)
No. of flutes (NFL)

A
B
C
D

rev./min
mm/min
mm
Nos.

The output characteristics considered was
surface roughness. The surface roughness (Ra) of the
end milled surface was measured using ITI surf test

1
1000
400
0.3
2

Levels
2
2000
600
0.6
3

3
3000
800
0.9
4

6. Results and discussions
6.1. Characterization
composite plates

5.6. Software used for analysis (Minitab 14)
In this project we have used the Minitab 14
software for the Taguchi design of experiment with
signal to noise ratio and ANOVA approach

of

the

Al

2024‐SiCp

The results of LOM, SEM, SEM-EDAX and XRD
showed that:
1. There is proper dispersion of SiC reinforcement in
Aluminium matrix material as per LOM.
2. Mechanical characterization proved that there is
increase in hardness and strength after
reinforcement.
3. XRD and EDX showed the presence of SiC in alloy
matrix
6.2. Analysis of surface roughness
The number of degree of freedom (DOF) for
orthogonal array should be greater than or equal to

Fig. 18: ITI Surftest to measure Surface roughness
11
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the number of DOF required. Hence here
L27 orthogonal array is selected. In this experiment
with three factors at three levels each, the fractional
factorial design used is a standard L27 (3x13)
orthogonal array. The standard L27 (3x13)
orthogonal array table (as shown in Table 2) with
factors A, and C arranged in columns 2, 5, and 6
respectively. The interactions among factors are
indicated as in column 1, 7, 8,9,11 and 12. (Singh and
Kumar, 2004).This orthogonal array is chosen due to
its capability to check the interactions among the
factors. The factors and levels are assigned as in
Table 4.
The experimental results are then transformed
into a signal-to-noise (S/N) ratio. The S/N ratio can

be used to measure the deviation of the performance
characteristics from the desired values. Regardless
of the category of the performance characteristic, a
larger S/N ratio corresponds to better performance
characteristic. Therefore, the optimal level of the
process parameters is the level with the highest S/N
ratio.
6.2.1. Surface roughness of end milled Al 2024‐
10% SiC plates
Predicted surface roughness = 0.96333: D3=
0.987category of the performance characteristic, a larger
S/N ratio corresponds to better performance
characteristic. Therefore, the optimal level of the process
parameters is the level with the highest S/N ratio.

Table 5: Experimental data of Surface roughness of End Milled Al 2024-10% & 15% SiC plates
Coded Factors
Mean Ra
η = S/N ratio Mean Ra(15%
η = S/N ratio
Trial
(10% SiC) µm
(dB)
SiC) µm
(dB)
A
B
C
D
1
1
1
1
1
0.8
1.9378
0.92
0.7238
2
1
1
2
2
1.23
-1.7995
1.56
-3.8664
3
1
1
3
3
1.46
-3.2877
4.6
-13.298
4
1
2
1
2
1.71
-4.673
3.34
-10.486
5
1
2
2
3
2.37
-7.5019
4.13
-12.362
6
1
2
3
1
1.23
-1.7987
0.98
0.175
7
1
3
1
3
2.7
-8.6342
3.94
-11.953
8
1
3
2
1
2.97
-9.4828
4.37
-12.853
9
1
3
3
2
3.13
-9.9386
4.75
-13.577
10
2
1
1
2
2.88
-9.1948
1.15
-1.2144
11
2
1
2
3
1.52
-3.65
2.11
-6.4965
12
2
1
3
1
1.83
-5.2621
2.53
-8.0733
13
2
2
1
3
2.01
-6.0748
2.86
-9.1382
14
2
2
2
1
1.91
-5.6315
1.98
-5.9372
15
2
2
3
2
1.84
-5.3072
2.95
-9.4073
16
2
3
1
1
3.38
-10.613
4.1
-12.299
17
2
3
2
2
3.5
-10.909
4.86
-13.776
18
2
3
3
3
2.99
-9.5411
3.57
-11.097
19
3
1
1
3
1.03
-0.2582
1.19
-1.5114
21
3
1
3
2
1.22
-1.7286
1.85
-5.3473
22
3
2
1
1
1.17
-1.3651
1.3
-2.2793
23
3
2
2
2
2.11
-6.4965
3.86
-11.775
24
3
2
3
3
1.32
-2.4121
1.63
-4.2477
25
3
3
1
2
3.07
-9.7705
3.5
-10.892
26
3
3
2
3
2.43
-7.7191
3.18
-10.059
27
3
3
3
1
1.95
-5.8115
1.4
-2.9265

Predicted surface roughness = 1.3078 µm:
Optimum values of factors & predicted values of
response: A3-B1-C1-D1= 1.354 µm

Table 6: Predicted values (10% SiC)
Mean
St Dev
Log(St Dev)
1.30778
0.0550758
-3.97225
Factor levels for predictions
Speed
Feed
DOC
NFL
3000 (A3)
400 (B1)
0.3 (C1)
2 (D1)
S/N Ratio
-1.82224

Table 7: Predicted Values (15% SiC)
S/N Ratio
Mean
St Dev
Log(St Dev)
-0.0205295
0.963333
0.0157512
-4.28208
Factor levels for predictions
Speed
Feed
DOC
NFL
3000 (A1)
400 (B1)
0.6 (C2)
4 (D3)

6.2.2. Surface roughness of end milled of Al 2024‐
15% SiC plates

Source

DF

Speed (A)
Feed (B)

2
2

Table 8: ANOVA of Surface roughness of Al 2024-10% SiC plates
Seq. SS ( sum of
Adj. SS
Adj. MS (Variance
F
squares)
(Variance)
ratio)
55.291
55.291
27.6455
3.63
205.986
205.986
102.993
13.52
12

P
0.093
0.006

% SS ( %
contribution)
15.68 
58.4154 
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DOC ( C)
NFL (D)
A*B
A*C
A*D
Residual Error
Total

2
2
4
4
4
6
26

Where S
R2 ( R-Sq)

Adjusted R2 ( R-SqAdj)

4.654
4.654
2.327
0.31
0.748
1.3199
3.423
3.423
1.7115
0.22
0.805
0.9708
17.429
17.429
4.35725
0.57
0.694
4.9427
4.346
17.429
1.086
0.14
0.96
1.2325
15.779
4.346
3.945
0.52
0.727
4.4748
45.716
45.716
7.619
12.9646
352.623=SST
100
S = 2.760 R-Sq = 87.0% R-Sq(adj) = 43.8%
Critical F-ratio F0.05,2,6= 5.14, F0.05,4,6= 4.53
Significant factor – Feed; Sub- significant factor – Spindle Speed
An estimate of σ, the estimated standard deviation of the error in the model. Note that S
2= MS Error.
Coefficient of determination; indicates how much variation in the response is explained
by the model. The higher the R2, the better the model fits your data. The formula
is:1 −
Another presentation of the formula is : R = 1 −

Table 9: Response Table for Signal to Noise Ratios of Al 2024-10% SiC plates
Levels for 10% SiC
Process Parameters
Code
Delta (Δ) MAX. - MIN.
1
2
3
Speed
A
-5.02
-7.354 -3.922
3.432
Feed
B
-2.553 -4.585 -9.158
6.605
Depth of Cut
C
-5.826 -4.858 -5.611
0.968
No. of Flutes
D
-5.405 -5.881
-5.05
0.871

RANK
2
1
3
4

Fig. 19: Plot of SN Ratios of Al2024-10%SiC

Fig. 21: Plot of SN Ratios of Al2024-15%SiC

Fig. 20: Plot of Interactions of Al2024-10%SiC

Fig. 22: Plot of Interactions of Al2024-15%SiC
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Fig. 23: Residual Plots for SN ratios of Al 2024- 10% SiC

Source
Speed (A)
Feed (B)
DOC ( C)
NFL (D)
A*B
A*C
A*D
Residual
Error
Total

DF
2
2
2
2
4
4
4
6

Fig. 24: Residual Plots for SN ratios of Al 2024- 15% SiC

Table 10: ANOVA of Ra of Al 2024-15% SiC plates
Seq. SS
Adj. SS
Adj. MS
F
54.862
54.862
27.431
0.86
195.71
195.71
97.855
3.07
47.697
47.697
23.8485
0.75
20.733
20.733
10.3665
0.33
9.48
9.48
2.37
0.07
56.284
56.284
14.071
0.44
15.228
15.228
3.807
0.12
191.121

191.121

P
0.469
0.121
0.513
0.734
0.987
0.776
0.97

31.8535

% SS
9.282 
33.109 
8.07
3.508
1.604
9.522
2.577
32.333

26

591.114=SST
S = 5.644R-Sq =67.7% R-Sq(adj) = 39.4%
Critical F-ratio F0.05,2,6= 5.14, F0.05,4,6= 4.53
ÖÖ Significant factor – Feed;
Ö Sub- significant factor – Spindle speed

100

Table 11: Response Table for S/N Ratios of Ra of Al2024-15% SiC plates
Process
Parameters

Designation

Speed
Feed
Depth of Cut
No. of Flutes

A
B
C
D

Levels For 15% SiC
1
-8.611
-4.478
-6.631
-6.561

2
-8.604
-7.273
-6.689
-8.704

3
-5.584
-11.048
-9.479
-7.533

Delta (Δ) =
MAX. - MIN.

RANK

3.027
6.57
2.848
2.143

2
1
3
4

The S/N ratio helps in choosing control levels
that best cope with noise. The S/N ratio may be
defined as the ratio of the mean (signal) to the
standard deviation (noise). S/N ratio is given by a
formula having negative of logarithmic value, which
is a monotonic decreasing function. So S/N ratio (see
tables 9 &11) should be always kept at maximum
value. So, in finding the optimum parameter setting,
the levels of input factors are chosen in such a way
that the S/N ratios for those levels have maximum
values for each input factor (Antony & Kaye, 1999).

ANOVA is a computational technique which gives
relative contribution of each control factor on the
overall output response. ANOVA generalizes t-test to
more than two groups.
The sum of squares SST estimates the square of
deviation with respect to grand mean. Mean sum of
squares are obtained by dividing SST by degree of
freedom (DOF). F-ratio indicates adequacy of the
model. When p-value is less than 0.05 (for 955
confidence level) the tested model can be said to
statistically significant. The % contribution gives the
effect of a control factor on the output. Factor with
maximum % contribution is termed as most
significant factor.
The ANOVA analysis (see Tables 8 & 10) revealed
that feed is the most significant factor followed by
speed and depth of cut for obtaining optimum
surface finish, i.e., minimum value of Ra. Interactions
do not have much effect on the output response.
Only interaction between feed and speed affects the
surface roughness to some extent.

6.3.2. ANOVA tables

6.3.3. Plots

6.3. Discussion on above results
Using Taguchi method for design of experiment
(DOE), other significant effects such as the
interaction among milling parameters are also
investigated.
6.3.1. Response tables
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The optimum parameter levels of input factors
are given by S/N ratios having maximum values (for
each input factor) (Antony & Kaye, 1999). So,
Maximum value of a factor on an S/N plot of that
particular factor indicates optimum level of that
factor.

6.3.6. Residual plots
Residuals were scattered above and below the
zero-line of the residual plot implying that the
proposed models are adequate and the variance of
the experimental measurements is constant at all
values of responses. Hence, there is no reason to
suspect any violation of the independence or
constant variance assumption (Montgomery, 2013).
As clear from residual plots (Fig. no. 23 & 24)
residual form a straight line distribution implying
model fits the data well. In second plot of Figs. 23 &
24 fitted values vs. residuals the values are scattered
randomly below and above zero line showing data is
independent.

6.3.4. S/N plots
Figs. 19 & 21 clearly indicate the level of a control
factor for optimum output. From Fig. 19; a
combination of speed of 3000 rpm, feed of 400 mm
/min, DOC of 0.6 mm and 4 flute end mill will
provide better surface finish for Al 2024-10%SiC
composite.
From Fig. 20; a combination of speed of 3000
rpm, feed of 400 mm /min, DOC of 0.3 mm and 2
flute end mill will provide better surface finish for Al
2024-15% SiC composite. As the content of SiC
increases; end mill tool with lesser flutes generates a
better surface finish.

7. Confirmation tests of optimum levels of the
surface roughness
7.1. Experimental verification
The combination of input control factor levels, for
which optimum output responses will be obtained, is
given in Table 12 which shows the results of the
confirmation test with optimized input control
factors for output responses namely surface
roughness. The verification between the predicted
values and experimental data for both MMCs is in
good agreement for a 95% confidence level.

6.3.5. Interaction plots
Figs. 20 & 22 show the effect of interaction
among various input control factors. In Fig. 20, plot
of factor A & C intersect each other indicating
interaction of speed and DOC. In Fig. 22, plot of
factor A & D intersect indicating interaction of speed
and number of flutes. But as can be seen from
ANOVA table the quantum effect of interaction is not
major.

Table 12: Confirmation test results
Expt. No.

Spindle speed

Feed

Depth of cut

No. of flutes

1
2

3000
3000

400
400

0.6
0.6

4
2

Surface roughness (Ra)
10% SiC
15% SiC
0.987
----1.354

• In end milling, use of high spindle speed (3000
rpm), low feed rate (400 mm/min.) and low depth
of cut (0.3 mm) and 4 fluted end mill tool are
optimized parameters to obtained better surface
finish for the specific test range in a Al2024-10%
SiC composite while the values of same control
factors for Al 2024-15%SiC are (3000 rpm), low
feed rate (400 mm/min.) and low depth of cut (0.3
mm) and 2 fluted end mill tool.
• The feed rate and spindle speed are by far the most
dominant factor than the depth of cut for surface
finish.

A minor discrepancy between the experimental
results and calculations could be inferred due to the
presence of random errors and uncontrollable errors
of the machining process, as well as environmental
effects.
8. Conclusions
The analysis of the result of the surface
roughness shows that the optimal combination
higher spindle speed, low feed rate, lower depth of
cut (DOC) and for number of flutes it’s a mixed one.
But as the content of SiC increases in the metal
matrix composite an end mill with lesser flutes
generates better surface finish. The following
conclusions were drawn from the analysis:
• Taguchi’s robust design method is suitable to
analyse the end milling problem as described in the
present work.
• In end milling, increase in spindle speed, decrease
in feed rate and decrease in depth of cut and less
flutes will decreases the surface roughness within
specified test range.
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