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OPTIMIZATION OF PROCESS PARAMETERS DURING END
MILLING AND PREDICTION OF WORK PIECE TEMPERATURE RISE

During the machining processes, heat gets generated as a result of plastic defor-
mation of metal and friction along the tool–chip and tool–work piece interface. In
materials having high thermal conductivity, like aluminium alloys, large amount of
this heat is absorbed by the work piece. This results in the rise in the temperature
of the work piece, which may lead to dimensional inaccuracies, surface damage and
deformation. So, it is needed to control rise in the temperature of the work piece. This
paper focuses on the measurement, analysis and prediction of work piece temperature
rise during the dry end milling operation of Al 6063. The control factors used for
experimentation were number of flutes, spindle speed, depth of cut and feed rate. The
Taguchi method was employed for the planning of experimentation and L18 orthogo-
nal array was selected. The temperature rise of the work piece was measured with the
help of K-type thermocouple embedded in the work piece. Signal to noise (S/N) ratio
analysis was carried out using the lower-the-better quality characteristics. Depth of cut
was identified as the most significant factor affecting the work piece temperature rise,
followed by spindle speed. Analysis of variance (ANOVA) was employed to find out
the significant parameters affecting the work piece temperature rise. ANOVA results
were found to be in line with the S/N ratio analysis. Regression analysis was used
for developing empirical equation of temperature rise. The temperature rise of the
work piece was calculated using the regression equation and was found to be in good
agreement with the measured values. Finally, confirmation tests were carried out to
verify the results obtained. From the confirmation test it was found that the Taguchi
method is an effective method to determine optimised parameters for minimization of
work piece temperature.
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1. Introduction

Modern machining processes are facing continuous pressures of cost reduc-
tions and quality improvements. So, the industries are always searching for the
ways to reduce the production costs without compromising on the quality of the
end product. To achieve these goals, improvement in the overall performance of
cutting operations is required. End milling is one of the most versatile machining
operations in industries. In the case of end milling operations, metal is usually
removed from a work piece by a multiple point cutting tool. The process of end
milling is employed in aerospace and automotive industries for making deep slots,
profile recesses, steps etc. [1]. End mills are those tools which have cutting teeth
at one end, as well as on the sides. End mills can be used on horizontal milling
machine, but it is recommended to use them on vertical milling machine. Their
diameter varies from about 3 mm to 50 mm. They are usually made of high speed
steel (HSS) or carbide, and have one or more flutes.

The process of metal cutting is a complex thermo-mechanical phenomenon.
During the machining processes, heat gets generated as a result of plastic defor-
mation of metal and friction along the tool–chip and tool–work piece interface.
The complexity of machining mechanics makes it difficult to predict the intensity
and distribution of heat. The complex coupling between plastic deformation and
temperature fields is an area of research for many years. The plastic deformation
of metals during machining is concentrated in a narrow zone and thus very high
temperature is expected in this region. The maximum temperature occurs at the
tool–chip interface. The tool–wear rate and fracture considerably increase at higher
temperatures thereby reducing the tool life. High cutting temperature is harmful in
numerous respects. Therefore, it is needed to decrease the cutting temperature as
much as possible. This can be achieved by several ways like:

• correct choice of material and geometry of the tool(s),
• the most favourable choice of cutting speed and feed combination without
reducing material removal rate,

• appropriate choice and use of cutting fluid,
• application of special method, if necessary and practicable.
Cutting fluids are widely used during machining to take away the heat gener-

ated; getting better tool life, for superior surface finish and dimensional accuracies;
to reduce the possibilities of built-up edge development [2]. The selection and use
of proper cutting fluids is the key for the same. But, the use of the cutting fluids
is restricted because of several environmental, economical and health issues. Also,
the expenses for cooling and lubrication have reached to 16.9% of the entire man-
ufacturing expenses. Costs of procurement, care and disposal of cutting fluids are
two times more than tooling costs [3].

Some of the alternative techniques, which can reduce or eliminate the use of
the cutting fluids, are minimum quantity lubrication (MQL), cryogenic cooling
and dry cutting [4]. In MQL, a small amount of air–cutting fluid blend, called
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aerosol, is fed onto the machining zone. As compared to dry machining, MQL
improves tool life and quality of the machined parts [5]. The cryogenic machining
uses coolants in the form liquefied gases. Each of these techniques has advantages
and limitations [4]. MQL shows good thermal stability and lubrication effects,
but poor cooling capability. The cutting fluids are not eliminated completely in
MQL. Cryogenic cooling is environment friendly but, results in changes in the
properties of tool and work piece materials. In dry cutting the use of the cutting
fluids is completely eliminated, thus it is an environment-friendly technique [2, 4].
Due to certain advantages and limitations of each of these cooling techniques, the
choice of the technique is dependent on several economical, ecological factors. In
dry cutting, as the cutting fluids are completely eliminated, thus the dry cutting is
environment-friendly, economical and healthy for the operators as compared to the
flood cooling. Though MQL reduces the use of cutting fluids drastically, still their
use is not completely eliminated. Thus, in the current work, dry machining was
adopted.

Higher value of the thermal conductivity of aluminium and its alloys make
them the most critical materials with regard to dry machining. In materials having
high thermal conductivity, like aluminium alloys, large amount of this heat is
absorbed by the work piece. Due to this heat absorption, a rise in the temperature
of the work piece occurs and it may result in dimensional inaccuracies, surface
damage and deformation [2]. Therefore, it is important to reduce the rise in the
work piece temperature during themachining of aluminium alloys. If drymachining
is employed then, the cutting temperatures can be reduced by proper selection of
cutting parameters and tool geometry.

Optimization of the machining parameters was a topic of extensive research
since long. Large numbers of input and output variables are affecting the machin-
ing processes. Input variables may include variables like tool material, coatings,
tool geometry, cutting speed, feed, and depth of cut, work piece hardness, tensile
strength etc. The output variables may include surface roughness, cutting forces,
tool wear, cutting power, vibrations; cutting temperature, material removal rate etc.
The parameters like cutting temperature, and work piece temperature rise were
considered as response variables in some of the recent works.

Tamilarasan et al. [6], have used cutting speed, feed rate, axial depth of cut
and radial depth of cut as variables during the end milling of tool steel. The
response variables were cutting temperature, tool wear and metal removal rate. It
was observed that the cutting temperatures were more influenced by cutting speed
and feed per tooth. In another work, Tamilarasan et al. [7, 8] have determined
optimum cutting conditions for hard milling. The response variables were cutting
temperature, toolwear andMRR.The analysiswas carried out using combination of
response surface methodology (RSM) and evolutionary optimization techniques.
Tamilsaran et al. [9, 10] also carried out multi objective optimization of work
piece surface temperature, cutting forces and sound pressure level. The material
used for this study was 100MnCrW4 tool steel. The input parameters used for the
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experimentations were work material hardness, nose radius, feed per tooth, radial
and axial depth of cut. It was concluded that the most influential parameter was
feed, followed by work piece hardness and depth of cut.

Sukumar et al. [11], have carried out experimentation on aluminium metal
matrix composite. The surface roughness, cutting force, vibrations and cutting
temperature were the response parameters. The cutting speed was identified as the
most influential parameter affecting the cutting temperature. Sivasakthivel et al.
[12, 13], used RSM and genetic algorithm (GA) combination for optimizing the
geometrical and process parameters for end milling of Al alloys. The geometric
parameters like helix angle, rake angle and nose radius were used along with
machining parameters like speed, feed and depth of cut. Helix angle and rake
angles were found to be the most dominating parameters affecting the temperature
rise of the work piece. The work piece temperatures were recorded using a K-type
thermocouple embedded in a hole drilled in the work piece.

Kadirgama et al. [14], have used RSM and developed first-order temperature
model while machining HASTELLOY C-22HS with carbide coated cutting tool.
Finite element analysis (FEA) was employed for confirmation of the temperature
distribution on cutting tool. Feed rate was found to be the most dominating pa-
rameter affecting the cutting temperature, followed by the axial depth and cutting
speed. Patel et al. [15], did similar kind of studies using cutting speed, feed rate and
axial depth as control factors and work piece temperature as output parameter. The
end milling experiments, were carried out on mild steel using carbide cutters. The
study reveals that depth of cut is the most significant parameter which affects the
work piece temperature. Jayakumar et al. [16], carried out end milling on Al–SiCp
by varying cutting speed, feed, depth of cut and volume of SiC particles. The cut-
ting forces and tool–work interface temperature were recorded and modelled using
RSM. The cutting temperatures were found to be increasing with increase in the
percentage of SiC particles.

In the case of other machining operations, R. Çakiroğlu et al. [17], have carried
out experimentation for optimization of the cutting parameters for reducing the drill
bit temperature during drilling of Al 7075 work piece. The cutting speed, feed rate
and cutting tool (uncoated and coated carbide drills) were used as control factors.
Taguchi L18 orthogonal array was used for determining the settings of cutting
parameters. The most significant control factor affecting the drill bit temperature
was found to be feed rate. Das et al. [18], have optimized the cutting parameters
for reducing tool wear and work piece surface temperature during turning of AISI
D2 steel. Cutting speed, feed and depth of cut were used as input factors. Depth
of cut and speed were found to be critical factors for reducing the tool wear and
work piece temperature. Temperature was used as signal factor, while roughness
was used as response factor; speed, feed and depth of cut as the control factors in
a work carried out by Suhail et al. [19]. Medium carbon steel was used as material
and it was found that feed rate has strong influence on roughness and the depth of
cut has strong influence on temperature.
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So, cutting temperature and work piece temperature were used as the response
variables. In order to control the temperatures during dry machining proper selec-
tion of the cutting and geometrical parameters is needed.

Beside the common input factors like cutting speed, feed and depth of cut, the
number of flutes on the milling cutter can be an additional input variable. Yahya
[20], had carried out experimentation on Al 6061 alloy with high speed steel end
milling cutters having two, three and four flutes. The cutting forces and surface
roughness were measured. It was found that numbers of flutes were affecting the
surface roughness.

Sarikaya et al. [21], have carried out experiments on milling of AISI 1050 steel
by varying depth of cut, feed rate, cutting speed, and number of insert. The responses
like vibration signals, cutting force, and surface roughness were measured and feed
rate was found to be the most influential factor affecting all the responses.

Erkan et al. [22], have carried out experiments by varying number of flutes,
feed, depth of cut and cutting speed during milling of glass fibre reinforced poly-
mer composite (GFRP) materials to obtain the required surface roughness. A de-
crease in the surface roughness with increasing cutting speed and decreasing feed
rate was noticed. Improved surface quality was observed with increasing number
of flutes.

Anhai et al. [23], have developed the computer-aided quick design of solid end
mill using UG platform. Using finite element simulation, the effect of geometrical
parameters of tool such as helix angle, rake angle, and number of flutes on cutting
forces and cutting temperaturewas studied. It was found that the cutting temperature
reduces with increase in number of flutes up to 4 flutes and then starts to increase
because of availability of less chip flow space. Minimum cutting temperature was
observed when a cutter having four number of flutes was used.

From above discussions, it was noticed that the number of flutes affects the
surface roughness, vibrations, cutting forces and cutting temperature. Though, the
effect of the tool geometry on work piece temperature rise was studied [12, 13],
the effect of variation of the number of flutes on work piece temperature rise is not
studied yet.

So, in the current work the number of flutes was selected as a control factor
along with spindle speed, depth of cut and feed rate. The effect of variation of these
control factors on the work piece temperature rise during end milling of Al 6063
alloy was studied experimentally. Taguchi method was used for design and analysis
of experiments.

Taguchi method reduces the number of experiments significantly by using or-
thogonal arrays and also minimizes the effects of factors that cannot be controlled.
It gives a easy, disciplined and efficient approach to identify the optimum cutting
parameters in the manufacturing process [24]. A well designed set of experiments,
in which all parameters of significance are varied over a specified range, is a
much better approach to obtain organized data. Such a complete set of experiments
gives expected results. The time, material and cost associated with experimenta-



332 N.L. BHIRUD, R.R. GAWANDE

tion can be reduced using design of experiments (DOE) techniques. Dr. Taguchi
has developed a method based on “orthogonal array” experiments that gives much
reduced “variance” for the experiment with “optimum settings “of control param-
eters. Thus, the combination of DOE with optimization of control parameters to
obtain optimized results is achieved in the Taguchi method.

Kivak [24] used the Taguchi method for optimizing the surface roughness
and flank wear in milling of Hadfield steel. Physical vapour deposition (PVD) and
chemical vapour deposition (CVD) coated inserts alongwith cutting speed and feed
rate were selected as control factors. Feed and cutting speed were as found to be
the most dominant factors affecting surface roughness and flank wear, respectively.
The Taguchi method was used for determination of optimum parameters for getting
better surface finish and micro hardness of magnesium alloy for dry end milling.
Cutting speed, feed and depth of cut were selected as process parameters and an
analysis was carried out using the gray relational arrays. It was noticed that the
feed rate is the most leading factor affecting the surface integrity in milling of
magnesium alloys [25].

Taguchi-based gray relational arrays were successfully used for optimization
of parameters for end milling of Inconel 718 and aluminium alloy 6061 [26, 27].
Process parameters were optimized for improving the surface finish in end milling
of different materials like GFRP, AISI 1060, composites, operations using Taguchi
method [22, 28–31]. Cutting forces and roughness were used as the performance
parameters in optimization of process parameters in end milling of titanium alloy
and hardened steel [32]. During this study, it was noticed that depth of cut is
the most significant parameter affecting cutting forces and feed is main parameter
affecting surface roughness. In a similar study, for AISI H 13 is machined with
coated carbide inserts and high cutting speed, low feed and low depth of cut were
recommended for better finish and low forces [33]. In another study, by Moshat et
al., a principal component analysis (PCA) based Taguchi method was employed for
optimization of parameters for CNC end milling for increasing MRR and surface
quality [34].

Applications of the Taguchi method are not limited to conventional metal
cutting operations. It can also be used effectively in other field. This method was
used for the optimization of the kerf width and taper during laser thick foam cutting
operation with cutting speed, laser power, frequency, duty cycle, and gas pressure
as the control factors [35]. This brief review clearly demonstrates the capabilities
of Taguchi method for DOE and optimization of the parameters.

In the current work, the designed experiments were carried out by varying
the control factors, like the number of flutes, spindle speed, depth of cut and feed
rate. Taguchi L18 array was selected for design of experimentation. Signal to noise
ratio was used to determine optimal machining conditions of number of flutes,
depth of cut, spindle speed and feed rate. ANOVA was employed for determination
of significant parameters and regression analysis was used for prediction of work
piece temperature rise.
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2. Details of experiments

2.1. Experimental procedure

The experiments were conducted on AMS make (model tool room) vertical, 3
axes CNC milling machine (Fig. 1) having maximum spindle speed of 6000 rpm
and 7.5 kW drive motor. The work piece material selected was aluminium alloy
(Al 6063), a commonly available metal used in automobile and valve industries.
The chemical composition of the material is given in Table 1. The dimensions of
test specimen were 32 × 32 mm in cross section and 40 mm in length. The work
piece dimensions were adopted from the works of Sivasakthivel et al., [12, 13].
A central slot was milled in the work piece during the experimentation. Thus, the
radial depth of cut was equal to the cutter diameter.

 

Fig. 1. AMS milling machine

Table 1.
Composition of Al 6063 (chemical, % wt.)

Al Cr Cu Fe Mg Mn Si Ti Zn
96.9 to 97.8 0.1 0.1 0.6 0.4 to 0.9 0.3 0.3 to 0.7 0.2 0.2

Measuring the temperature during machining is a critical task. In operations
like milling and grinding, where the tools are revolving at very high speeds, the
task of temperature measurement becomes even more difficult. In the literature,
[36–42], variety of methods were suggested and used for the measurement of tem-
perature during machining. Calorimetric method, use of tool-work thermocouples,
embedded thermocouples; single wire thermocouple, infrared thermometers, in-
frared cameras and PVD film were in some of the methods used for measurement
of temperature during machining. For operations like grinding and milling, it is
recommended to use the thermocouple embedded in the work piece to measure
rise in work piece temperature. Richardson et al. [43], have noticed uniform rise of
the work piece temperature and thus used one central thermocouple to measure the
temperature rise. The similar strategy was used in the current work. Similar to the
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work carried by Sivasakthivel et al. [12, 13], the temperature rise of the work piece
was measured by using a K-type thermocouple placed at a distance of 4 mm below
the machining surface. The measuring range of the thermocouple was −50◦C to
1300◦C with accuracy of 0.1◦C. The thermocouple was inserted in a 2 mm hole
drilled in the work piece and it was ensured that the thermocouple will remain at
4 mm distance from machined surface during each experimental run. Fig. 2 shows
the work piece mounted on machine along with the thermocouple wire. Initial
temperature of the work piece before machining and maximum temperature of the
work piece during the machining were measured. The difference between the initial
and maximum temperature was termed as work piece temperature rise (∆T◦C).

 

Fig. 2. Work piece mounted on machine with thermocouple

2.2. Cutting tools and levels of the control factors

The cutting tool used were high speed steel (HSS) end mill cutters and ma-
chining was performed under dry conditions. The tools were supplied by a local
manufacturer. Two sets of cutting tools were used, one having 2 flutes and other
having 4 flutes. The diameter of the tool was 10 mm. The helix angle and rake
angle of the cutter were 45◦ and 4◦, respectively. The ranges of the control factors
and their units were selected with reference to the work carried out by Zhang et
al. [31] for Al alloy. The range of the parameters were modified suitably using the
machine limitations and the recommendation of tool manufactures. Table 2 shows
the details of the levels of the control factors and their units.

Table 2.
Control factors and their levels

Parameters Designation Unit Level 1 Level 2 Level 3
Number of flutes N – 2 4 –
Depth of cut D mm 0.5 1.5 2.5
Spindle speed S m/min 2000 3000 4000
Feed rate F mm/min 20 60 100
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3. The design of experiments and optimization

3.1. Taguchi method and design of experiments

The Taguchi experimental design method is widely used for design and analy-
sis of experiment and process optimization. Taguchi method was developed using
factorial design of experiments and extensively employed for manufacturing do-
main. The Taguchi design procedure consists of three stages: a. System design,
b. Parameter design, and c. Tolerance design. The parameter design is the most
important stage [17]. According to the number of levels of the control factors, the
most appropriate mixed orthogonal array L18(21 × 33) was selected for the present
work. The L18 array used for experiments is shown in Table 3.

Table 3.
Experimental design with L18 array

Run N D S F Run N D S F
1 1 1 1 1 10 2 1 1 3
2 1 1 2 2 11 2 1 2 1
3 1 1 3 3 12 2 1 3 2
4 1 2 1 1 13 2 2 1 2
5 1 2 2 2 14 2 2 2 3
6 1 2 3 3 15 2 2 3 1
7 1 3 1 2 16 2 3 1 3
8 1 3 2 3 17 2 3 2 1
9 1 3 3 1 18 2 3 3 2

The Taguchi method uses a loss function to find the difference between ex-
perimental and desired values. The loss function is further converted to signal to
noise (S/N) ratio (η) [24]. The term signal means the required value and term noise
means the non required value, thus, S/N ratio gives the dispersion in the region
of the required value [44, 45]. The aim of the current work was minimization of
temperature rise of work piece during end milling. So, out of the three quality char-
acteristics (the lower-the-better, the higher-the-better and the nominal-the-better),
the lower-the-better was used. For this, the S/N ratio is defined in Taguchi method
as:

η = −10 log *
,

1
n

n∑
i=1

y2
i
+
-

(1)

where η is S/N ratio in dB, yi is the observed data in ith experiment and n is the
number of repetitions in the trial [24].
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4. Results and discussions

4.1. Analysis of S/N ratio

The experiments were conducted according to the plan and the work piece
temperature rise (∆T) was recorded. The analysis was carried out using MINITAB
V-17 statistical software package. In order to achieve the goal of minimization of,
the S/N ratios were calculated by using eq. (1). Table 4 shows the experimental
results and the corresponding values of S/N ratios in dB. It can be noticed that the
measured values of ∆T were small, as the thermocouple was mounted 4 mm below
the surface to be machined.

Table 4.
Experimental results and S/N ratio values

Number Depth Spindle Feed rate Temperature S/N
Expt.

of flutes of cut speed (F) rise ratio
number

(N) (D) mm (S) rpm (F) mm/min (∆T ) ◦C (dB)
1 2 0.5 2000 20 3.1 –9.82723
2 2 0.5 3000 60 3.6 –11.1261
3 2 0.5 4000 100 3.9 –11.8213
4 2 1.5 2000 20 5.4 –14.6479
5 2 1.5 3000 60 6.4 –16.1236
6 2 1.5 4000 100 7.0 –16.9020
7 2 2.5 2000 60 9.7 –19.7354
8 2 2.5 3000 100 8.5 –18.5884
9 2 2.5 4000 20 12.2 –21.7272
10 4 0.5 2000 100 2.9 –9.24796
11 4 0.5 3000 20 3.4 –10.6296
12 4 0.5 4000 60 5.0 –13.9794
13 4 1.5 2000 60 5.3 –14.4855
14 4 1.5 3000 100 5.5 –14.8073
15 4 1.5 4000 20 8.4 –18.4856
16 4 2.5 2000 100 9.0 –19.0849
17 4 2.5 3000 20 12.1 –21.6557
18 4 2.5 4000 60 14.6 –23.2871

The effect of variation of the control factors on ∆T was analyzed using the S/N
response table (Table 5) obtained by using the Taguchi method. In this table, the
value of delta (∆) was maximum (∆ = 9.59) for depth of cut, followed by spindle
speed (∆ = 3.2), feed (∆ = 1.38) and number of flutes (∆ = 0.57). The higher
value of ∆ for a particular control factor indicates significant effect of variation of
that factor on work piece temperature rise. So, in the current range of the control
factors the depth of cut was the most significant variable affecting the work piece
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Table 5.
Response table for S/N ratio
Number Depth Spindle

Level Feed rate
of flutes of cut speed

1 –15.61 –11.11 –14.5 –16.16
2 –16.18 –15.91 –15.49 –16.46
3 –20.68 –17.7 –15.08

Delta (∆) 0.57 9.57 3.2 1.38
Rank 4 1 2 3

temperature rise and number of flutes was the least significant control factor. Thus,
number of flutes was ranked fourth while the rank of depth of cut was one. The
main effects plot of the analysis, which shows the graphical representation of the
information in Table 5, is shown in Fig. 3. Best level of the control factors for
minimizing the work piece temperature rise can be determined from this figure.
The highest value of the S/N ratio was used as a criterion to determine the best level
for each control factor. The values of these control factors and the corresponding
S/N ratios are given in Table 6. The levels of factors giving minimum temperature
rise values were specified as factor N (level 1), factor D (level 1), factor S (level
1) and factor F (level 3). So, the minimum work piece temperature rise (∆T) can
be obtained with two fluted end milling cutter at 0.5 mm depth of cut, 2000 rpm
spindle speed and 100 mm/min feed rate. The value of ∆ was very small for the
number of flutes, so four fluted tool can also be used without affecting the work
piece temperature rise. In section 4.3, this point is discussed in more details.

 

    Number of flutes         Depth of cut (mm)      Spindle speed (RPM)    Feed rate (mm/min) 

Signal-to-noise: smaller is better 

-10 

-12 

-14 

-16 

-18 

-20 

-22 

2000 3000 4000 20 60 100 2 4 0.5 1.5 2.5 

Fig. 3. Main effects plot for S/N ratio
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Table 6.
Best level of control factors

Best Corresponding S/N ratio
Symbol Parameter

level value of factor (dB)
N Number of flutes 1 2 flutes –15.61
D Depth of cut 1 0.5 mm –11.11
S Spindle speed 1 2000 rpm –14.5
F Feed rate 3 100 mm/min –15.08

4.2. ANOVA analysis

ANOVA is a powerful computational technique used for determination of
the impact of each control factor on the observed response [45]. In this study,
ANOVA was used to analyse the effects of control factors on the temperature rise.
The analysis was carried out for 95% confidence level. The results of ANOVA
are shown in Table 7. The F factors for each control factor were compared. The
last column of the table shows the percent contribution ratio (PCR). The PCR is
calculated by using equation:

PRC =
(

SSn − Ve · Vn
SSt

)
· 100 (2)

where SSn is sum of squares for parameter N, Ve is variance of error and Vn is
the degree of freedom for parameter N and SSt is total sum of squares. The PCR
for depth of cut was found to be 86.217%, which is the highest among all the
values. It indicates that depth of cut is the most significant parameter followed
by spindle speed (PCR = 9.8944) and feed (PCR = 1.7894) and number of flutes
(PCR = 0.3626). Thus, it can be noticed that theANOVA results are complimenting
the results obtained from S/N ratio analysis.

Table 7.
Analysis of variance for S/N ratios

Source DF Seq. SS Adj. SS Adj. MS F P PCR
Number of Flutes 1 1.481 1.481 1.481 4.54 0.059 0.3626

Depth of cut 2 275.015 275.015 137.508 421.02 0 86.217
Spindle speed 2 32.145 32.145 16.072 49.21 0 9.8944
Feed rate 2 6.349 6.349 3.175 9.72 0.005 1.7894

Residual error 10 3.266 3.266 0.327
Total 17 318.257
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Table 8.
Response table for means

Number Depth Spindle
Level Feed rate

of flutes of cut speed
1 6.644 3.65 5.9 7.433
2 7.356 6.333 6.583 7.433
3 11.017 8.517 6.133

Delta 0.711 7.367 2.617 1.3
Rank 4 1 2 3

4.3. Evaluation of the experimental results

The surface plot of work piece temperature rise (∆T) vs. number of flutes and
spindle speed was obtained by using the MINITAB V-17 software package and is
shown in Fig. 4. The figure clearly shows that the effect of number of flutes on
∆T was not significant. The ∆T increased with increase in spindle speed, like the
results obtained by Sivasakthivel et al. [12, 13]. The maximum rise in the work
piece temperature was noticed for the 4 fluted tool with 4000 rpm spindle speed.

 

15 

10 

5 

ΔT (oC) 

2000 
3000 

4000 
Spindle speed (RPM) 

Number  
of flutes 

2 

3 

4 

Fig. 4. Surface plot of ∆T vs. number of flutes and spindle speed

The surface plot of work piece temperature rise vs. number of flutes and feed
indicates reduction in ∆T with increase in the feed for 4 fluted tool, whereas, ∆T
was almost constant for 2 fluted tool (Fig. 5). The results of the two fluted tool
were similar to the results obtained by Patel et al. [15]. The maximum rise in the
temperature was observed for 4 fluted tool with feed rate of 60 mm/min. For higher
feed rate (100 mm/min) the temperature rise was found to be reduced. Fig. 6 shows
the variation in ∆T with depth of cut. As the depth of cut was increasing the ∆T
was also increasing. The higher temperature rise was noticed for 4 fluted tool with
2.5 mm depth of cut. In this case, also the effect of number of flutes was found to be
negligible. The current results were similar to the results obtained in the previous
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works by Sivasakthivel et al. [12, 13] and Patel et al. [15]. In these previous works
the number of flute was not used as the control factor. Although, it was found
that this new control factor does not contribute to the work piece temperature rise
much, it is important structural parameter which decides the rigidity of the tool.
For same diameter end mill more number of flutes gives better tool rigidity by
increasing the diameter of the core of the cutter [23]. So, it is recommended to use
four fluted end milling cutter for slot milling of the Al alloy. It was observed that
the most critical parameter affecting the temperature rise was depth of cut and the
lowest value of the depth of is desirable to reduce the value of ∆T . As the depth
of cut is normally selected by the process engineers based on their experience and
using the machining manuals, so it is easy to control. The current results can help
in selection of the depth of cut along with the spindle speed and feed rate in order
to reduce the work piece temperature rise.
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Fig. 5. Surface plot of ∆T vs. number of flutes
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4.4. Regression analysis

Tofind out the relationship between the control factors andwork piece tempera-
ture rise, regression analysis was used. Themultiple regression analysis was carried
out using MINITAB V-17 software package. The quadratic predictive equation for
work piece temperature rise is given below:

∆Tp = 0.11 + 0.68 D + 0.001308 S − 0.01625 F + 1.000 D2 (3)

where: D – depth of cut, S – spindle speed, F – feed rate and ∆Tp – predicted value
of temperature rise.

The R2 value signifies the accuracy of fitting the data by regression equa-
tion. The R2 value of the regression equation developed, was found to be 0.940,
which indicates the close match between the measured and predicted data. Fig. 7
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shows the comparison of predicted temperature rise (◦C) andmeasured temperature
rise (◦C).
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Fig. 7. Predicted vs. measured temperature rise (both in ◦C) in work piece temperature

4.5. Confirmation test

In the Taguchi optimization technique, a confirmation experiment is required
to be conducted for the validation of the optimized conditions. For the estimation
of optimum temperature rise following equation was used:

Topt = (D1 − TT) + (S1 − TT) + TT (4)

where D1 and S1 represent the optimummean values of the temperature rise for the
most significant parameters, depth of cut and spindle speed. These values are shown
in bold letters in Table 8. (D1 = 3.650 and S1 = 5.9). The other two parameters
were less significant, so they were ignored.

TT is average of all the temperature rise values (TT = 7). Using the above
equation, Topt was calculated as 2.55◦C. In order to confirm the accuracy by means
of which the system had realised the optimization, the following equations were
used for calculating confidence interval (CI).

CI =

√
Fα,1,feVe

[
1

neff
+

1
R

]
(5)

neff =
1

1 + Tdof
(6)

where, Fα,1,fe is F ratio at 95% confidence level, α is significance level and fe is
DOF for error. In current work α = 0.05, fe = 10 and from F distribution table,
F0.05,1,10 = 4.96. Also, Ve is variance of error (V e = 0.327 from Table 7). N is
total number of experiment (N = 18) and R is replications for combinations and
experiments (R = 2). Tdof is the total degree of freedom for significant factors
(Tdof = 4). Using equation (6), neff was found to be 3.6 and using equation (5), CI
was calculated as 1.12.
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Then estimated average optimal temperature risewith the CI at 95% confidence
is:

(Topt − CI) < Texp < (Topt + CI)

(2.55 − 1.22) < Texp < (2.55 + 1.22)

1.43 < Texp < 3.67

1.43 < 2.85 < 3.67

The confirmation experiments were carried out and it was found that rise
in temperature obtained experimentally within confidence interval limit thus, the
optimization for temperature rise in Taguchi method was achieved at a significance
level of 0.05.

5. Conclusions

In this study, Taguchi method was successfully employed for determination
optimum values of control factors for end milling of Al-6063 under dry conditions.
The experimental results were analysed using Taguchi’s S/N ratio analysis and
ANOVA.

The following conclusions can be drawn:
1. Optimum levels of control factors for minimizing the work piece tempera-

ture rise were determined. The optimum levels were found to N1, D1, S1
and F3 (i.e., 2 fluted tool with 0.5 mm depth of cut, 2000 rpm spindle speed
and 100 mm/min feed rate). It means low spindle speed, low depth of cut
and high feed rate are favourable conditions to achieve minimum rise in
work piece temperature.

2. The number of flutes on the cutter was a new parameter included in this
study. It was found that the effect of this factor is not significant on the work
piece temperature rise. It is recommended to use four fluted tool instead of
two fluted tool for slot milling of Al-6063 as this tool gives better rigidity
without contributing much to the work piece temperature.

3. The statistical analysis shows that the depth of cut was the most significant
control factor affecting the work piece temperature rise with the percentage
contribution of 86.217% and it was followed by spindle speed with percent-
age contribution of 9.89%. The other two factors feed rate and number of
flutes were found to be statistically insignificant.

4. The multiple quadratic regression equation has high correlation coefficient
of 0.94, which indicates excellent relationship between the predicted and
measured values of the work piece temperature rise.

5. The confirmation test result shows that the measured values were within
95% confidence level.
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The results obtained showed the reliability of Taguchi method for the reduc-
tion of work piece temperature rise during milling of Al alloy. In the future, these
results may be useful for academic research and industrial applications. Future
studies could consider the effects of other factors such as the tool diameter, coating
materials, cutting tool materials, hardness of work piece material, thermal proper-
ties of tool / work piece materials and lubricants, all of which affect the work piece
temperature rise. The future study may also include the interaction effects of the
control factors.

Manuscript received by Editorial Board, October 02, 2016;
final version, April 29, 2017.
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