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INTRODUCTION

 
1.1 Aluminium-silicon alloy: 
 Aluminium-silicon (Al-si) alloys are the 
important casting alloys mainly due to their superior 
casting characteristics as compared with other alloys. 
Aluminum alloys are classified under two classes: 
cast alloys and wrought alloys. Furthermore, they can 
be classified according to the specifi
alloying elements involved, such as strain
alloys and heat-treatable alloys. Most wrought 
aluminum alloys have excellent machinability. While 
cast alloys containing copper, magnesium or zinc as 
the main alloying elements can cause 
machining difficulties, the use of small tool rake 
angles can however improve machinability. Alloys 
having silicon as the main alloying element involve 
larger tool rake angles, lower speeds and feeds, 
making them more cost-effective to machine
(Songmene, V.,). Aluminium-silicon alloys have 
excellent castability, machinability and corrosion 
resistance. The high strength-to-
aluminum alloys provide automotive and aerospace 
applications with an opportunity to replace the 
traditional role of steel and cast iron components 
used in the transportation industry with these light
weight substitutes. Automotive components made of 
cast aluminum alloys effectively decrease fuel 
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A B S T R A C T  
This paper deals with the effect of machining responses such as thrust force and 
roughness during drilling of 10mm thick aluminium silicon plate  using HSS and 
Carbide drill bits. All experiments were conducted on a CNC vertical machining centre 
under wet drilling condition. A metal removal fluid concentrate known as SAE40 oil 
was applied to avoid the effects of heat generated during drilling. An experimental plan 
of four factors with mixed level has been tabulated using MINITAB 16
Taguchi L18 orthogonal array have been proposed to improve the efficiency of design.. 
The optimum levels of machining parameters were carried out in order to illustrate the 
effect of thrust force and surface roughness for drilling of aluminium silicon alloy.
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INTRODUCTION  

si) alloys are the most 
important casting alloys mainly due to their superior 
casting characteristics as compared with other alloys. 
Aluminum alloys are classified under two classes: 
cast alloys and wrought alloys. Furthermore, they can 
be classified according to the specification of the 
alloying elements involved, such as strain-hardenable 

treatable alloys. Most wrought 
aluminum alloys have excellent machinability. While 
cast alloys containing copper, magnesium or zinc as 
the main alloying elements can cause some 
machining difficulties, the use of small tool rake 
angles can however improve machinability. Alloys 
having silicon as the main alloying element involve 
larger tool rake angles, lower speeds and feeds, 

effective to machine 
silicon alloys have 

excellent castability, machinability and corrosion 
-weight ratio of 

aluminum alloys provide automotive and aerospace 
applications with an opportunity to replace the 

ole of steel and cast iron components 
used in the transportation industry with these light-
weight substitutes. Automotive components made of 
cast aluminum alloys effectively decrease fuel 

consumption by reducing the total mass per vehicle 
(Jayesh deshpande, 2006). 
 Aluminium casting alloys can be classified into 
three groups based on their silicon content: 
Hypoeutectic alloys, in which the silicon content is 
between 5-11% , Eutectic alloys, in which silicon 
content is between 11-13%, and Hypereutectic 
alloys, in which the silicon content is between 13
20%, their machinability is improved as the silicon 
particles become finer and more evenly distributed. 
The microstructure of hypereutectic aluminium
silicon alloys could be considered as metal matrix 
composites ( Ejiofor, J.U. and 
Strengthening of these alloys is achieved by small 
additions of elements such as magnesium, copper, 
and nickel, which also bring about changes in other 
properties. For example, in hypoeutectic alloys, 
silicon provides good casting properties, and copper 
improves tensile strength, machinability, and thermal 
conductivity at the expense of a reduction in ductility 
and corrosion resistance. 
 The most important methods of producing cast 
aluminium-silicon alloys are die casting, permanent 
mold casting, sand casting, lost foam casting etc., 
Aluminium-silicon is an importan
commercial automotive applications (pistons, 
cylinder liners, cylinder blocks, cylinder heads, 
pistons, and valve lifters etc.) Al
the most versatile of all common foundry cast alloys 
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three groups based on their silicon content: 
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11% , Eutectic alloys, in which silicon 
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and nickel, which also bring about changes in other 
properties. For example, in hypoeutectic alloys, 
silicon provides good casting properties, and copper 
improves tensile strength, machinability, and thermal 

vity at the expense of a reduction in ductility 

The most important methods of producing cast 
silicon alloys are die casting, permanent 

mold casting, sand casting, lost foam casting etc., 
silicon is an important alloy for many 

commercial automotive applications (pistons, 
cylinder liners, cylinder blocks, cylinder heads, 
pistons, and valve lifters etc.) Al-Si casting alloy are 
the most versatile of all common foundry cast alloys 
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in the production of pistons for automotive engines 
(Suresha, S. and B.K. Sridhara, 2010) 
 
1.2 Metal removal fluid: 
 Metal removal fluids have been used in the 
machining process to improve the tribological 
characteristics of the workpiece–tool–chip system. 
The use of metal removal fluid for machining was 
first reported by Taylor, who achieved up to 40% 
increase in cutting speed when machining steel with 
high speed steel tools using water as coolant (Taylor, 
F.W., 1907). Metal removal fluids improve the 
efficiency of machining in terms of increased tool 
life, improve surface finish, and reduce cutting force 
(De chiffre, L., 1988) 
  Metal removal fluid reduce friction between the 
cutting tool and workpiece material, preventing tool 
wear and reducing adhesion to the tool in the case of 
aluminiumalloys.The dry drilling is a drilling process 
without the use of metal removal fluid satisfies 
aforementioned circumstances for the steel and other 
ferrous materials , but the dry drilling of aluminium 
and especially the dry machining of aluminium 
silicon alloy has difficult due to aluminium’s 
adhesion to the drill bit. The chips that adhere 
particularly to the HSS drill create obstacles to chip 
evacuation through the drill flutes. Such chip 
adhesion often results in drill failure. To minimize 
the adhesion of aluminium chips to the drill, this can 
be achieved to certain degree with the wet drilling, a 
drilling process with the use of metal removal fluid. 
 Metal removal fluids increase the tool life and 
improve the efficiency of the production systems 
providing both cooling and lubricating the work 
surface. Metal removal fluids are extensively used in 
drilling operations as they remove chips from inside 
the holes, thus preventing drill breakage. Higher 
surface finish quality and better dimensional 
accuracy are also obtained from Metal removal fluids 
[8]. Many types of Metal removal fluids such as 
straight oils, soluble oils, synthetic, and semi 
synthetic are widely used in metal cutting processes. 
 Davim  et al. [9] studied the dry drilling of 
commercial purity aluminum (AA1050) compared 
with minimum quantity lubrication (MQL) drilling, 
for which emulsion oil was applied at a rate of 250 
ml/h, and wet (flooded) drilling, using the same fluid 
at a rate of 1200 l/h. Dry drilling in all speed and 
feed rate combinations was characterized by the 
generation of high cutting power and thrust force 
(3000 MPa), while minimum quantity lubrication 
(MQL) and wet (flooded) drilling reduced the thrust 
forces to a similar level of 2000 MPa. No difference 
in hole surface roughness was observed between 
MQL and wet drilling. 
 Bardetsky  et al. (2005)] reported that the 
flooded mineral oil supplied at a rate of 40 ml/min 
outperformed the minimum quantity lubrication 
(MQL) (synthetic phosphate ester) supplied at a rate 
of 10 ml/h during the high speed milling of 319 Al 

alloys using cemented carbide inserts. Specifically, a 
lower resultant cutting force of 300 N was measured 
in the case of the wet milling, compared to 350 N for 
the MQL. 
 Dosbaeva  et al. (2008) used diamond-like 
carbon (DLC) coated drills and compared the effect 
of vegetable oil-based MQL with conventional wet 
(flooded) condition when drilling 319 Aluminium 
alloy. The average torque recorded for the flooded 
drilling was 3.71 N m. 
 The studies reviewed above emphasize the 
benefits of using wet (flooded) machining for 
aluminum alloys. The feasibility of wet machining of 
aluminium alloys used for automotive and aerospace 
castings has yet to be determined. Accordingly, the 
objective of this work is to assess the wet drilling of 
aluminium silicon alloys on CNC vertical machining 
centre and also to analyse and optimize the effects of 
machining parameters and their levels. 
 
1. Experimental Work And Design: 
2.1 Experiment Procedure: 
 The drilling experiments have been carried out 
in computer numerical control (CNC) Vertical 
Machining Centre (ARIX VMC 100). The 
experimental setup for drilling of aluminium silicon 
alloy as shown in the Fig.1.The independently 
controllable machining parameters such as drill bit, 
spindle speed, feed rate and drill diameter, which 
were having greater influences on thrust force and 
surface roughness while drilling of aluminium silicon 
plate. The machining sample was prepared in the 
form of 150mm × 150mm × 10mm block as work 
piece material. The tool material HSS and carbide 
drill bits of 8mm, 10mm and 12mm diameters, a 
helix angle of 30° and point angle of 118° were used. 
All the drilling operations were carried out under wet 
drilling conditions. A metal removal fluid 
concentrate known as SAE40 oil mixed with water 
(95% water plus 5% SAE40 oil) was applied to avoid 
the effects of heat generated during drilling. The 
experiments were conducted as per the L18 
orthogonal array. The computer controlled data 
acquisition system was used to collect and record the 
data of the experiments. The thrust forces during 
drilling of aluminium silicon plate were recorded by 
using a Kistler dynamometer. 
 
2.2 Material: 
 Aluminium silicon cast alloy plate of 
150x150x15mm is used as a work piece in drilling 
operation. The optical emission spectrometry was 
used to test the chemical composition of cast alloy. 
The chemical composition of aluminium silicon alloy 
is shown in below Table 1.The hardness of 
aluminium silicon alloy plate was measured at three 
points using Brinell hardness testing equipment as 
111, 114 and 112 HBW.Brinell hardness number 
(BHN) is designated by the most commonly used test 
standards (ASTM E10-12 and ISO 6506–1:2005) as 
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HBW (H from hardness, B from brinell and W from 
the material of the indenter, tungsten (wolfram) 
carbide). The standard format for specifying tests can 
be seen in the example "HBW 10/1000". "HBW" 
means that a tungsten carbide ball indenter was used, 

as opposed to "HBS", which means a hardened steel 
ball. The "10" is the ball diameter in millimeters. The 
"1000" is the force in kilograms. 
  

 

 
 
Fig. 1: The experimental setup for drilling of aluminium silicon alloy. 
 
Table 1: Chemical composition of aluminium silicon alloy. 

S.No Elements Contents (%) 
1 Silicon, Si 12.20 
2 Magnesium, Mg 1.0 
3 Copper , Cu 0.90 
4 Nickel, Ni 0.9 
5 Aluminium, Al Bal 

 
2.3 Taguchi Experimental Design Approach: 
 Genichi Taguchi developed a framework for a 
statistical design of experiments adapted to the 
particular requirements of engineering design. 
Taguchi suggested that the design process consists of 
three phases: system design, parameter design, and 
tolerance design. In the system design design, the 
basic concept is decided using theoretical knowledge 
and experience to calculate the basic parameter 
values to provide the performance required. Taguchi 
separated variables into two types, namely control 
factors and noise factors. Control factors are those 
variables which can be practically and economically 
controlled, such as a controllable dimensional, or 
electrical parameter. Noise factors are those variables 
which are difficult, or expensive to control in 
practice, though they may be controlled in an 
experiment, e.g.  parameter variation within a 
tolerance range (Patrick, D.T.O., 2002). 
 Taguchi methods have been widely utilised in 
engineering analysis and experimental plan. The 
main advantage of this method is the saving of effort 
by conducting experiments, saving experiment time, 

reducing the cost and finding significant factors 
quickly than factorial experiment. The steps applied 
for Taguchi optimisation in this work are as follows:  
• Select control factors. 
• Select levels for each factor. 
• Select Taguchi orthogonal array 
• Assign selected factor levels to the selected 
orthogonal array. 
• Conduct the experiments. 
• Thrust force measurement.  
• Surface roughness measurement. 
• Analyse results. 
• Optimum performance. 
 
2.4 Design of Machining Parameters and Levels: 
  The machining parameters such as drill bit, 
spindle speed, feed rate and drill diameter were 
selected for drilling of aluminium silicon plate on 
CNC vertical machining centre. The design of 
machining parameters and their levels are shown in 
Table 2. 

 
Table 2:.The design of machining parameters and their levels. 

 
S.No 

 
Code 

 
Factors/Parameters 

Levels 
1 2 3 

1 A Drill bit  Hss Carbide - 
2 B Spindle speed (r.p.m) 1000 1500 2000 
3 C Feed rate (mm/min) 50 75 100 
4 D Drill diameter ( mm) 8 10 12 

 
2.5 Selection of an Orthogonal Array: 
 The degrees of freedom for four parameters were 
calculated as shown in the Table 3.  
Degrees of freedom, Vf = Number of levels   – 1 

 
 The degrees of freedom of 2-level factor have 
one degree of freedom and a 3-level factor has two 
degrees of freedom. One 2-level and three 3-level 
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factors require 7 degrees of freedom. The smallest 
orthogonal array with at least 7 degrees of freedom is 
the L8 (2

7) orthogonal array. However this orthogonal 
array can accommodate seven 2-level factors, it 
cannot accommodate any 3-level factors. Therefore 
L8 orthogonal array cannot use for this experiment. 
The next possibility is the L18 (21 x 37) orthogonal 
array. This array can accommodate one 2-level and 
seven 3-level factors. Therefore, it is possible to 
assign one 2-level factor to 2-level column and three 
3-level factors to the three of seven 3-level columns 
by leaving four 3-level columns un assigned. Also, it 
is possible to select an L36 orthogonal array. However 
it results inefficient experimentation since 36 
experiments have to be conducted. So, an L18 
orthogonal array is better choice for this experiment. 

Design layout of L18 orthogonal array is shown in 
Table 4. 
Degrees of freedom of an orthogonal array, VOA 

 = Number of experiments   – 1 
= 18-1 
=17 
Where, 
V fis degrees of freedom of  factor levels, 
VOA is degrees of freedom of an orthogonal array. 
 Vf<VOA, Degrees of freedom calculated by 
number of factor levels is less than the degrees of 
freedom calculated for the orthogonal array. This is 
becauseL18 (2

1 x 37) has special property where two 
degrees of freedom are taken up between a 2-level 
factor and 3-level factor (Belavendram, N., 1995). 

 
Table 3: Degrees of freedom of factor levels. 

S.No Factors Vf 
1 Drill bit  2-1=1 
2 Spindle speed 3-1=2 
3 Feed rate 3-1=2 
4 Drill diameter 3-1=2 

Total degrees of freedom 7 

 
Table 4:Design layout of L18 orthogonal array. 

Exp.No Drill Bit Spindle Speed (r.p.m) Feed Rate (mm/min) Drill Dia (mm) 
1 Hss 1000 50 8 
2 Hss 1000 75 10 
3 Hss 1000 100 12 
4 Hss 1500 50 8 
5 Hss 1500 75 10 
6 Hss 1500 100 12 
7 Hss 2000 50 10 
8 Hss 2000 75 12 
9 Hss 2000 100 8 
10 Carbide 1000 50 12 
11 Carbide 1000 75 8 
12 Carbide 1000 100 10 
13 Carbide 1500 50 10 
14 Carbide 1500 75 12 
15 Carbide 1500 100 8 
16 Carbide 2000 50 12 
17 Carbide 2000 75 8 
18 Carbide 2000 100 10 

 
2. Experimental Results And Discussions: 
3.1 Thrust Force Measurement: 
 Kistler Dynamometer was used to record the 
thrust forces during experiments. Time is fixed to 40 
sec for recording the thrust forces for each 
experiment. DYNOWARE 7.511.328 software was 
used to calculate mean value of thrust force for each 
experiment. Thrust force values for each experiment 
are shown in Table 5. 
 
3.2 Surface Roughness Measurement: 
 Surface roughness of machines work piece can 
be carried out by means of different measurement 
techniques .These techniques can be classified in to 
following: 
1. Direct measurement techniques 
2. Comparison based techniques 
3. Non-contact methods 
4. On-process measurement techniques 

 Stylus type profilometer (Surtronic Taylor 3+) is 
an direct measurement instrument which is used to 
measure surface roughness of hole. Roughness 
measurements in the transverse direction, on the 
work piece have been repeated four times and 
average of surface roughness, Ra values has been 
recorded. Surface roughness, Ra values are show in 
Table 5. 
 
3.3 Analysis of Experiment: 
 The Thrust force, Fz and Surface roughness, Ra 
values was collected according to the L18 orthogonal 
array design layout. MINITAB 16® software was 
used to create the design layout and analyse the 
Taguchi design of L 18 orthogonal array. 
 Signal to noise ratio (S/N ratio) measures how 
the response varies relative to the nominal or target 
value under different conditions.  They are: 
• Smaller the better  
• Larger the better 
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• Nominal the best 
 For calculating the Signal to noise ratio of 
Thrust force, ‘Fz’ and Surface roughness, ‘Ra’ a 
smaller the better condition has been selected. The 

Main effects plots for thrust force and Main effects 
plot for surface roughness are shown in Figure 2 and 
Figure 3. 
 

Table 5: Machining responses. 
Exp.No Thrust Force, Fz (N) Surface Roughness, Ra (µm) 

1 56.11 2.97 
2 98.90 5.41 
3 179.56 6.30 
4 43.49 2.88 
5 69.43 2.22 
6 92.60 3.07 
7 38.22 1.18 
8 58.20 2.84 
9 57.91 4.09 
10 69.10 2.19 
11 71.07 1.96 
12 108.50 2.14 
13 31.15 2.30 
14 55.70 0.92 
15 62.97 1.27 
16 38.20 0.55 
17 28.78 2.14 
18 56.00 2.92 

 

 
 
Fig. 2: Main effects plot for thrust force means. 
 

 
 
Fig. 3: Main effects plot for surface roughness means. 
 
 Figure 2 and Figure 3 shows the main effects 
plot for thrust force and surface roughness means. 
The greater S/N ratio corresponds to the smaller 
variance of the machining response around the 
desired value. Therefore, based on the S/N ratio, the 
optimal parameters for Thrust force were the drill bit 
at level 2 (carbide), the spindle speed at level 3 
(2000 rpm), the feed rate at level 1 (50 mm/min) and 
the drill diameter at level 1 (8 mm). Similarly, the 
optimum parameters for surface roughness were the 
drill bit at level 2 (carbide), the spindle speed at level 

2 (1500 rpm), the feed rate at level 1 (50 mm/min) 
and the drill diameter at level 1 (8 mm). 
 
Conclusion: 
The following conclusions have been drawn from 
response table and main effects plots. 
• Carbide drill bit at  a spindle speed of 2000 rpm 
and  feed rate of 50 mm/min and drill dia of 8mm, 
gives optimum thrust force because hardness of 
carbide drill bit is higher than the HSS drill 
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bit.Thrust force decreases with increase in spindle 
speed and vice versa. 
• Carbide drill bit at a spindle speed of 1500 r.p.m 
, feed rate  of 50 mm/min and drill dia of 8mm gives 
optimum surface roughness.Surface roughness 
increases with decrease in feed rate and vice versa. 
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