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Abstract. The abrasive characteristics of LM6 alloys are difficult to machine, so designing a technology that
allows for effective machining is essential. This paper aims to evaluate the effect of process variables, namely
feed rate, spindle speed and drill material, towards the responses like Thrust force, Surface roughness and burr
height when drilling of LM6 alloy. LM6 aluminium alloy was fabricated by the stir casting process.
Experiments were conducted using L9 orthogonal array in a Vertical Machining Centre coupled with a
dynamometer for measuring thrust force. Surface roughness was found by Surface roughness tester and burr
heightwasmeasured usingVisionMeasuring System.The findings show that the createdmodel can accurately
estimate the thrust force (TF), surface roughness (SR) and burr height (BH) in LM6 alloy drilling within the
parameters examined.

Keywords: Optimization / Taguchi technique / LM6 alloy / orthogonal array / drilling / thrust force
1 Introduction

Aluminium (Al) is a desirable metal of higher importance
in wider applications in automobiles, construction fields,
electrical, public transport and aerospace industries. In the
automobile industry, it has been estimated that aluminium
in a car will be increased to 250 kg in 2025, compared to
35 kg in the 1970s. Besides, 80% of the weight of an aircraft
is made up of aluminium [1]. In aerospace industries, the
entry of composite materials has restricted the contribu-
tion of Al in airframe designs. However, characteristics
such as low resistance to impact and complex mechanical
behavior resulting from environmental features are
challenging for composite [2]. Because of their manufactur-
ing processes, superior resistance to corrosion, lightweight
and lower cost compared to other materials, aluminium
alloys are still employed as structural materials in aircraft
industries today [3]. Metal matrix composites (MMC) are
gaining popularity in various fields; however, they have
poor machinability due to their highly abrasive nature [4].
Drilling is required for nearly 75% of the parts; therefore, it
is unavoidable machining process [5]. Drilling using a twist
drill is the most effective technique in the aerospace sector,
as many holes are necessary for the assembly processes of
an aircraft, notably in the manufacturing of riveted and
bolted components [6]. During aircraft service, these
structures are subjected to continual shock and vibration,
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leading to fatigue failure [7].
Additionally, the holes are drilled using pneumatic

drilling equipment that feeds into the aircraft’s fuselage
skin. During drilling, the chisel edge cuts the material and
the chips are trapped in the flutes, which generates strong
thrust force, making effective heat dissipation difficult [8].
Heat is generated by the drill’s friction with the chip, which
leads to poor surface finish and, as a result, forms stress
concentration zones [9]. As a result, the aerospace
industry’s demanding hole quality measurements provide
a considerable difficulty for drilling in aeronautical
constructions [10,11]. The thrust force (TF), surface
roughness (SR) and burr height (BH) in drilling LM6
alloy with HSS, Carbide and TiN-coated carbide drills are
all evaluated in this article. Taguchi’s orthogonal array is
used in the experiments. The validity of the model is
checked using ANOVA. The findings show that the created
model can accurately estimate the TF, SR and BH in LM6
alloy drilling within the parameters examined. In this
study, the effect of process variables on hole quality in
drilling is investigated.
2 Materials and methods

2.1 Materials

Thematerial utilized in this research is chosenexclusively for
its quality, affordability and utility. LM6 alloy is difficult to
machine due to the presence of high silicon content and its
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Table 1. Elemental constituents of aluminium alloy (LM6).

Constituents Silicon Copper Iron Magnesium Manganese Titanium Nickel Zinc Aluminium

Wt. % 11.48 0.013 0.52 0.02 0.01 0.02 0.01 0.01 Remainder

Fig. 1. Stir casting set-up.

Fig. 2. Photograph of drill bits.
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dragging tendency. Under normal and marine conditions,
the aluminium alloy (LM6) provides optimum protection.
Table 1 reveals the constituents of the LM6 Al alloy using
Optical Emission Spectrometry (ASTM E 1251-07).

2.2 Fabrication of LM6 alloy

LM6 Al alloy was prepared using the stir casting method in
the form of plates with the dimension of 100� 100� 10
mm. Stir casting has several advantages, including ease to
use, low-cost production, homogenous distribution of
reinforcement particles, and superior mechanical proper-
ties [12,13]. An electric furnace was used to melt LM6 alloy
ingots using a graphite coated crucible. The temperature
was gradually increased to 850 °C. Hexa chloro ethane was
used to degas the melt at 800 °C. Then the slurry was
stirred at 600 rpm for 10min and poured into pre-heated
(650 °C) cast-iron moulds. The experimental setup for Stir
casting is shown in Figure 1.

2.3 Drilling

The drilling operation was performed in the LM6 cast alloy
using Vertical Machining Center. Data from experiments
are captured and recorded using a computer-based data
collecting device. The Kistler dynamometer is employed to
find the TF. Figures 2 and 3 show photographs of the drill
bits and VMC that were used in this study.
The surface roughness measurement is essential for
several basic problems like friction, surface deformation,
heat transfer and electrical current, stiffness of joints and
spatial precision. Figure 4 shows the surface roughness
tester used for this research (Marsurf PS1) to evaluate the
surface roughness. Burr is formed at the hole’s exit by the
plastic deformation of the material. Burrs cause many
problems with product quality and performance because
they can connect with component assembly and create the
jamming effect. A lot of articles have therefore concentrat-
ed their research on exit burr. Its magnitude can describe
the height and thickness of the burr. Figure 5 displays
the Vision Measuring System used for burr height
measurement.
2.4 Design of experiments (DoE)

Taguchi method is used in manufacturing engineering to
evaluate and model experimental results. It is used to
analyze the critical effects and interactions. It is an
effective tool for determining optimal cutting parameters,
providing a quick, efficient and systematic approach. This
method dramatically eliminates the experiments needed to
model the response functions compared to the conventional
approach to experimentation. DoE techniques are
employed to convert the standard design to a robust
one. The experiment’s goal is to establish the parameters
that influence drilling operation to attain the lowest TF,
SR and BH. The experiment was designed using a L9
orthogonal array to study the effects of drilling process



Fig. 3. Photograph of VMC.

Fig. 4. Surface roughness tester.

Fig. 5. Vision measuring system

Table 2. Process parameters and their levels.

Level Feed rate
(mm/min)

Spindle
speed (rpm)

Drill
material

1 50 1000 HSS
2 100 2000 Carbide
3 150 3000 TiN-Coated
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variables. In the present work, three variables with three
levels each are used. Table 2 shows the process parameters
and their levels.
3 Results and discussions

The effect of process variables such as feed rate (F), spindle
speed (S) and drill material (D) of LM6 alloy on various
responses namely TF, SR and BH were studied and are
shown in Table 3.

Optimal level of machining parameters for responses
are observed at a level in which each variable has the most
significant S/N ratio [14]. It is evident from Figures 6–8 and
Table 4 that the parameters TF, SR andBH are found to be
lower at the first level of feed rate (F1), third level of spindle
speed (S3) and second level of drill material (D2).
Consequently, the variants of F1S3D2 (F1=50mm/min,
S3= 3000 rpm, D2=Carbide drill) are found to be more
optimum for the smallest TF, SR and BHwithin the chosen
variables examined.

ANOVA is employed to optimize process variables by
checking the relative role of variables in terms of how it
contributes to the response. The evaluation process carried
out was analyzed at a 95 percent confidence level. Table 5
provides the findings of ANOVA for TF, SR and BH. The
p-value is lesser than 0.05 for feed rate, which shows that
the factor has a significant effect on thrust force, whereas
the p-value is smaller than 0.05 for F and S, which shows
that F and S have a major impact on SR and BH. Apart
from the p-value, Fisher’s F-test was used to describe the
process variables. F-Table value at 5% significance level for
thrust force and surface roughness is (F0.05, 2, 4= 6.94).
From Table 4, it is revealed that feed rate has more
influence on TF. It is also noticed that Feed rate and
Spindle speed are statistically important and have a major
impact on SR. The tabulated F-value for burr height is
(F0.05, 2, 2=19). F-values for feed and speed are larger than
F-table value, which states that they have a major impact
on the burr height, whereas F-test value for drill material is
smaller than F- table value which shows that it does not
possess any impact on burr height.



Table 3. Experimental results and S/N values � TF, SR and BH.

Expt.
No

F
(mm/min) S (rpm) D TF (N) S/N of TF SR (mm) S/N of SR BH

(mm)
S/N of BH

1 50 1000 HSS 122.2 –41.741 3.89 –11.8 0.176 15.09
2 50 2000 Carbide 94.06 –39.468 2.50 –7.97 0.101 19.91
3 50 3000 TiN coated 110.8 –40.891 2.49 –7.91 0.101 19.91
4 100 1000 Carbide 198.5 –45.955 4.31 –12.7 0.179 14.94
5 100 2000 TiN coated 167.2 –44.465 3.44 –10.74 0.158 16.03
6 100 3000 HSS 194.7 –45.787 2.73 –8.73 0.149 16.54
7 150 1000 TiN coated 264.2 –48.439 4.54 –13.15 0.223 13.03
8 150 2000 HSS 277.5 –48.865 3.54 –10.99 0.193 14.29
9 150 3000 Carbide 159.7 –44.066 2.89 –9.2 0.143 16.89

Fig. 6. Response graphs for thrust force.

Fig. 7. Response graphs for surface roughness.

Fig. 8. Response graphs for burr height.
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Table 4. Response table S/N ratio � TF, SR and BH.

For thrust force

Level F S D
1 �40.7 �45.38 �45.46
2 �45.4 �44.27 �43.16
3 �47.12 �43.58 �44.6
Delta 6.42 1.8 2.3
Rank 1 3 2
For surface roughness
1 �9.229 �12.549 �10.506
2 �10.72 �9.899 �9.958
3 �11.112 �8.613 �10.598
Delta 1.884 3.936 0.64
Rank 2 1 3
For burr height
1 18.31 14.36 15.3
2 15.84 16.74 17.25
3 14.74 17.78 16.32
Delta 3.57 3.43 1.94
Rank 1 2 3

Table 5. ANOVA table − TF, SR and BH.

ANOVA for thrust force

Source of variation DoF Sum of squares Mean sum of squares F P Contribution (%)
Feed rate 2 66.331 33.166 13.3 0.017 78.58
Drill material 2 8.107 4.054 1.63 0.304 9.60
Pooled error 4 9.976 2.494 11.82
Total 8 84.414 100
ANOVA for Surface Roughness
Feed rate 2 5.926 2.9632 8.12 0.039 18.78
Spindle speed 2 24.172 12.0859 33.10 0.003 76.59
Pooled error 4 0.146 0.3651 04.63
Total 8 31.5584 100.00
ANOVA for Burr Height
Feed rate 2 20.028 10.014 50.4 0.019 44.89
Spindle speed 2 18.512 9.256 46.59 0.021 41.49
Drill material 2 5.679 2.839 14.29 0.065 12.73
Residual error 2 0.397 0.199 0.89
Total 8 44.616 100.00
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FromANOVATable 5, the feed rate is influencingmore
on TF and BH. Spindle speed has the most influence on SR.
It is also seen that with the help of the ANOVA table, the
Feed rate has the most contribution of TF (78.58%) and
BH (44.89%), whereas the contribution of spindle speed
(76.59%) is high for SR.
3.1 Confirmation experiments

In order to validate the Experimental results, confirmation
experiments were successfully conducted based on the
optimum combination of factors affecting TF, SR and BH.
The results of Confirmation experiments are shown in



Table 6. Results of confirmation experiments.

Response Optimum levels
Experimental value Average

Experimental value
Predicted
value Error %

Trial 1 Trial 2 Trial 3

Thrust force (N) F1S3D2 63.06 65.82 62.65 63.79 61.76 3.20
Surface roughness (mm) F1S3D2 2.56 2.45 2.48 2.50 2.40 4.00
Burr height (mm) F1S3D2 0.090 0.083 0.085 0.086 0.082 4.65

Fig. 9. Effect of process variables on thrust force.
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Table 6. A strong agreement can be found between the
predicted value & the experimental value and the error is
less than 5 %.
4 Effect of process variables on responses

4.1 Effect of process variables on thrust force

The main factor influencing the thrust forces is Feed (F)
[15]. An increase in F from 50mm/min to 150mm/min
increases TF for the prepared specimen LM6 alloy. This is
because; larger the F increases the load on the drill bit,
which increases the TF [16]. The influence of Feed rate on
TF is illustrated in Figure 9. As the spindle speed increases,
TF decreases; that is, TF at 3000 rpm is lesser than
2000 rpm and 1000 rpm. In this research, three different
drill bit materials were used, and varying results were
obtained. The Carbide drill bit is good enough for
machining LM6 aluminium alloy.
4.2 Effect of process variables on surface roughness

Increase of F from 50mm/min to 150mm/min, Surface
roughness also increases linearly. It is seen that lower F
gives lower thrust force which implies that surface finish is
good at a lower feed rate. As spindle speed increases,
cutting time is reduced, resulting in reduced thrust force
and reduced work piece distortion, and hence, surface finish
is improved. Figure 10 reveals that the carbide drill bit
gives minimum surface roughness for the LM6 aluminium
alloy.



Fig. 10. Effect of process variables on surface roughness.

Fig. 11. Effect of process variables on burr height.
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4.3 Effect of process variables on burr height

From Figure 11, it is noticed that increasing F from
50mm/min to 150mm/min exit burr also increases for
LM6 alloy. It is also seen that BH decreases lead to an
increase in spindle speed for LM6 alloy, and the carbide
drill bit gives minimum BH.

5 Conclusions

The effect of drilling process variables on aluminium
matrix composites led to the following conclusions.

–
 The LM6 Aluminium alloy was successfully produced
using stir casting process.
–
 Feed rate (78.58%) influences Thrust Force and Burr
height (44.89%).
–
 Spindle speed (76.59%) has the most significant influence
on Surface roughness compared to feed rate and drill
material.
–
 Confirmation experiments reveal that the responses have
a small margin of error.
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