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Abstract
Aluminium-based alloys are considered lengthily for many applications in engineering areas due to their good mechanical 
properties. Machining these alloys had attracted the attention of many researchers on how to improve the machining, espe-
cially when high manufacturing rate is demanded. Usually, machining these materials poses some difficulties such as burr 
formation, roughness of the surface, continuous chip formation and build-up edge on cutting edge. In this study, AA6061T6, 
LM6 and AA5083 aluminium-based alloys were considered to research the optimum drilling parameters with the aim to 
address the earlier started challenges. Drillings were carried out by using a MAHO three-axis CNC drilling machine with 
an HSS drilling bit at three different spindle speeds and feed rates. From the results, it was established that each aluminium 
alloy has different surface roughnesses and this surface roughness decreases as spindle speeds increased. A minimum build-
up edge was achieved for AA5083 and AA6061T6 alloys. However, a relatively high BUE was noticed in LM6.

Keywords Aluminium alloys · Surface roughness · Chip morphology · Build-up edge · Drilling parameters

1 Introduction

The applications of aluminium-based alloys are attracted by 
many companies such as aerospace, train and automotive 
industries because they serve as alternatives to the steel and 
cast iron parts due to their lightness and high strength [1, 2]. 
They possessed weight saving which reduces the fuel burn-
ing up and environmental influence. The sixth (6xxx) series, 
fifth (5xxx) and LM6 aluminium alloys have many important 

features such as medium strength, formability, weldability, 
corrosion resistance and low cost [3]. The A6061 harden-
ing alloy composed magnesium, aluminium and silicon as 
the main chemical compositions. Due to the distinguishable 
mechanical properties, this material is abundantly required for 
various applications in aerospace and automotive industries 
[4, 5]. A6061 aluminium alloy is widely accepted in manu-
facturing lightweight shapes that demand a good corrosion 
resistance and a particular strength [6]. This aluminium alloy is 
also extensively used in fabricating pipes and storage tanks [6]. 
A5083 is another aluminium-based alloy; it possesses many 
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distinguishable features, e.g. formability with super-plasticity, 
good strength, low price and good corrosion resistance [7]. 
The automobile industry is attracted by these good advantages 
of A5083 alloy; it is used to manufacture vehicles with good 
fuel efficiency [7]. Also, A5083 alloy material is considered 
for ships and crafts components due its good resistance [8]. 
LM6 aluminium alloy is an aluminium material produced by 
casting; it is generally considered for many structural applica-
tions in automobile and manufacturing industries [9].

Recently, the strength of aluminium-based materials has 
been enhanced meaningfully by adding titanium (Ti), magne-
sium (Mg), lithium (Li) and copper (Cu) as alloying elements 
[10]. The Mg2Si intermetallic bonded material is strengthened 
by in situ in aluminium-built composites which possessed 
high hardness, low density, high elastic modulus, high melt-
ing temperature and low thermal expansion coefficient. How-
ever, rough eutectic and primary Mg2Si phases cause weak 
mechanical properties. With the advancement in technologi-
cal productions, attempts are made to adopt a close net figure 
from these alloy-based materials, but it requires some quality 
of finishing to accomplish the assembly procedure [11]. Con-
sequently, it is vital to obtain optimal parameters for machining 
different aluminium (Mg and Si) alloys with different values 
of hardness; this would improve the production rates and give 
a better surface roughness. This is necessary because it would 
provide more useful information about the optimum machining 
parameters for a better surface roughness of A6061T6, LM6 
and A5083 containing different weight per cents of Si and Mg.

Silicon (Si) is identified as important alloying element usu-
ally used to improve the fluidity of molten metal for sound 
castings; it also aids high hardness and strength of aluminium 
alloys. However, the increase in silicon content may lead to 
wearing of the tool during material ejection while dealing 
Al alloy castings. Likewise, magnesium (Mg) content is also 
important and desirable in aluminium alloys; it improves their 
hardness and strength. It is vital to compare the surface rough-
ness for the aluminium-based alloys selected by using different 
machining parameters based on their different weight percent-
ages of Si and Mg content to achieve acceptable chip forms 
and improved drill holes in terms of surface roughness.

Therefore, this study is concerned to establish a comparison 
of very basic optimized machining parameters for these alloys 
by performing drilling operations for surface roughness.

2  Sample preparation and experimental 
techniques

2.1  Casting procedure

Two kilograms of each wrought aluminium alloy A6061, 
A5083 and LM6 was weighted, and they were cleaned with 
acetone and deionised water to remove any conceivable dirt 

[12]. Thereafter, each alloy was melted in an electric induc-
tion furnace in a SiC crucible. The alloys were heated at a 
pouring temperature of 700 ± 10 °C. Then, the molten alloy 
was poured into a cast iron mould preheated at 200 °C in an 
electrical heating furnace and allowed to solidify at ambient 
temperature [13]. After the solidification and cooling down 
to room temperature, the mould was opened and the casting 
was taken out. Later, the remaining riser, gate and sprue 
were cut out using hand saw. The melting and pouring tem-
perature was repeated for each sample. Preliminary machin-
ing was done to remove the burrs and reduce surface con-
taminant of the material on a milling machine, and the final 
dimension of the blocks was set 200 mm × 60 mm × 30 mm.

2.2  T6 heat treatment

A6061 aluminium alloy sample was solutionized and arti-
ficially aged. The sample block was kept in an auto-con-
trolled heating furnace already heated at a fixed temperature 
of 600 °C for 3 h [5]. After the heat treatment, the sample 
was carefully taken out from the furnace and quenched in 
tap water. The sample was artificially aged by leaving it at 
room temperature for 3 h and then kept in an electric oven 
preheated at a temperature of 200 °C for 10 h [4]. Thereafter, 
the sample was taken out and water quenched.

2.3  Metallography

To reveal the particular structure of the samples by metal-
lographic process, specimens were cut from each alloy and 
were grinded with SiC sand paper, followed by the fine series 
of grit sizes from 240 to 4000 μm. Then, the specimens were 
subjected to a final polishing with polishing cloth and alumina 
until a scratch-free mirror finish was obtained. After that, the 
alloys were etched in a solution of 95% water and 5% HF. 
The microstructure of the started samples was studied by an 
Olympus optical microscope (BX60F5) and scanning electron 
microscope inbuilt with energy-dispersive spectroscope.

2.4  CNC drilling

MAHO CNC drilling machine was used to perform the 
drilling operations. The machining parameters were 
selected to drill each sample and to know the optimum 
machining parameters for each alloy in terms of surface 

Table 1  Drilling parameters

Machining parameter Range of spindle speed and feed 
rate

Spindle speed (rpm) 1000 2000 3000
Feed rate (mm/rev) 0.05 0.1 0.15
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Table 2  Arrangement of experiments on each sample

Number of experiments

1 2 3 4 5 6 7 8 9

N1f1 N1f2 N1f3 N2f1 N2f2 N2f3 N3f1 N3f2 N3f3
(1000), (50) 1000), (100) (1000), (150) (2000), (50) (2000), (100) (2000), (150) (3000), (50) (3000), (100) (3000), (150)

Fig. 1  a Microstructural image of A6061T6 sample, b microstructural image of A5083 sample, c microstructural image of LM6 sample, d EDS 
spectrum of A6061T6 sample, e: EDS pattern of A5083 sample, f: EDS image of LM6 sample
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roughness, burr height, build-up edge, chip morphology 
and accuracy of hole. The different machining parameters 
used are shown in Table 1. Nine experiments were per-
formed on each sample, and each hole was produced with a 
set of three same spindle speeds but different feed rates by 
using an HSS twist drill. The procedural arrangement for 

each experiment on each sample as presented in Table 2 
was dully followed.

Let the total number of experiments on each sample be 
equal to X.

Then,
X = (N1, N2, N3) (f1, f2,f3) OR
X = N1f1, N1f2, N1f3; N2f1, N2f2, N2f3; N3f1, N3f2, 

N3f3
X = 9 experiments

2.5  Other operations and tests

The surface roughness was measured with a surface pro-
filometer at four different locations at a relative angle of 
90°. For repeatability of the test, each measurement was 
repeated twice. Vickers hardness testing machine was used 
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Fig. 3  Energy absorbed during impact test

Table 3  The surface roughness values for each sample with different 
drilling parameters

Number of experi-
ments

Material surface roughness (μm)

LM6 A5083 A6061 T6

01 10.4 5.4 6.2
02 8.8 7.5 5.8
03 8.4 5.1 4.8
04 6.8 7.2 6.0
05 8.2 7.6 5.8
06 6.8 6.2 6.6
07 8.6 6.4 6.0
08 8.0 6.2 6.2
09 5.1 8.1 4.4

Fig. 4  Surface roughness values for each sample

Fig. 5  Formation of burrs at each hole for each sample
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to measure the hardness of each sample. A load of 5 kg 
was applied at a rate of 100 μm/s for a dwell time of 20 s. 
Five measurements were taken, and the average was cal-
culated. This was repeated for each sample.

For the chip morphology, during the drilling operation, 
the chips were collected for each hole in order to know and 
relate the type of chip formation with machining param-
eters and microstructure of the sample.

To analyse build-up edge, a microscope was used and 
photographs were snapped for the cutting tip of the drill bit 
to know and relate the formation of build-up edge with the 
machining parameters and physical properties of the sam-
ple material. Izod impact test was performed to measure the 
impact strength of the samples using impact testing machine. 
For each alloy, two specimens were tested for the repeatability.

3  Results and discussion

3.1  Microstructural examination

The optical micrographs of A6061T6, A5083 and LM6 sam-
ples are presented in Fig. 1a–c, respectively. In A6061T6 
optical microstructure, Mg2Si particles are identified at 
grain boundaries due to the precipitation formed from age 
hardening process. These particles prevent the dislocation of 
crystals and increase the hardness of the alloy [5]. Similarly, 
the Mg2Si particles are also present at the grain boundaries 
of A5083 in large number which likewise resist the disloca-
tions and improve the hardness and strength of the alloys. 
However, for the LM6 microstructure, the needle-like silicon 
particles can be seen which act as stress point and affect the 
hardness and strength of the alloy [14]. Correspondingly, 
the energy-dispersive spectra of A6061T6, A5083 and LM6 
samples are presented in Fig. 1d, e, f, respectively.

Fig. 6  Chips collected for each experiment on A6061T6
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3.2  Hardness test analysis

The hardness test results are presented in Fig. 2. It can be 
observed that A5083 alloy bears the maximum hardness 
(81VHN) even though the Si content is very low (0.01wt %) 
in this alloy. This behaviour may be because of the formation 
of Mg2Si phase in soft aluminium matrix [15]. Since the sili-
con and magnesium content is very low in A6061T6 alloy, 
the microstructure is primarily composed of aluminium 
grains with few Mg2Si particles due to which the hardness 
is quite low. The presence of magnesium in A5083 gives 
strength to base alloy, and the hardness is comparatively 
high than A6061T6; this could be linked to the formation of 
Mg2Si intermetallic.

3.3  Impact test

The impact test results from Fig. 3 show that the A5083 
sample absorbed the maximum energy than the other two 
samples. This is due to the presence of Mg in the matrix 
which forms Mg2Si particles, uniformly distributed at the 
grain boundaries. For the A6061T6, the impact strength is 
lower than A5083 because the distribution and formation 
of the Mg2Si particles were not evenly distributed. Simi-
larly, the impact strength in LM6 was found to be very low 
because of the needle-like silicon particles which act as 
stress risers and reduce the strength of the alloy.

3.4  Surface roughness

The surface roughness for holes drilled from all the sam-
ples with different drilling parameters is presented in 
Table 3 as plotted in Fig. 4. The surface roughness results 
showed that the average roughness values are different 

Fig. 7  Chips collected for each experiment on A5083
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for all the three samples and the drilling parameters. Test 
results revealed that the soft ductile aluminium alloys 
exhibit more surface finish than the hard–brittle aluminium 
alloys [16]. LM6 and A6061T6 have the minimum rough-
ness values for 3000 rpm spindle speed and 0.15 mm/rev 
feed rate. This is in good agreement with the fact that 
surface roughness improves with the increasing spindle 
speed [17, 18]. 

3.5  Burr formation

Figure 5 shows the plots for burr heights for each sample 
for different drilling parameters. The formation of burrs 
is related to both the material properties and the drilling 
parameters [19]. A major cause of burrs at the exit of the 

hole is extruding action of the drill bit [18]. The material 
ductility is also another reason for the burrs formed at the 
exit hole. From the graph, the height of burrs is maximum 
for A6061 T6 alloy due to its high ductility. For A5083 alloy 
and LM6, the burr height is reasonably low due to the pres-
ence of hard intermetallic Mg2Si and silicon needles.

3.6  Chip morphology

The chips collected from A6061T6, A5083 and LM6 sam-
ples are shown in Figs. 6, 7 and 8, respectively. The chip 
shape and microstructure constitute a good indicator of the 
deformation having occurred during the machining pro-
cess. The chip formation mode depends on the workpiece 
material, the tool geometry and the cutting conditions. A 

Fig. 8  Chips collected for each experiment on LM6
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small and segmented chip is preferable when cutting met-
als. Similar to burr height and surface roughness, chip seg-
mentation is also a function of material properties and the 
drilling parameters [20]. The chips formed from drilling of 
A6061T6 are continuous except for experiment no. 3. This 
is attributed to the proper feed rate and spindle speed which 
led to shearing of the chip that ultimately broke the chips in 
small fragments. Similar observation can be seen for A5083 
alloy in which except experiment no. 2, the chips formed for 
rest of the experiments are continuous. And for LM6 that 
contains high silicon, the chips are mostly broken for all the 
experiments due to the brittleness and the chip thickness 
cannot support the shearing stresses and breaks [21].

3.7  Build‑up edge (BUE)

Build-up edge is the mechanical adhering of soft material on 
the hard cutting edge due to the maximum forces involved in 
cutting action of material and the cutting edge [22]. BUE is 
detrimental to the surface finish and tool life. For A6061T6 
and A5083 alloys, there is almost negligible BUE for each 
experiment. This is due to the moderate forces involved in 
cutting action of the material. But during the drilling of 
LM6, the cutting forces are high which generates heat at 
the cutting interface and the soft aluminium reaches near 
to melting and becomes mechanically weld with the cutting 
edge. This can be observed for all the experiments on LM6. 
The build-up formation on tool edge is shown in Figs. 9, 10 
and 11 for A6061T6, A5083 and LM6, respectively.

Fig. 9  Build-up formation for A6061T6
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4  Conclusions

Considering the surface roughness, chip morphology, burr 
formation and build-up edge, the optimum drilling param-
eters for each alloy were established for surface roughness 
and burr height. Due to heat treatment of A6061, the surface 
roughness of A6061T6 was found minimum to be 3.8 μm; 
a feed rate of 0.15 mm/rev at a drilling spindle speed of 
3000 rpm was found optimum without a build-up edge. 
Also, A5083 alloy with the minimum surface roughness of 
4.9 μm could be drilled at an optimum feed rate of 0.15 mm/
rev at a spindle speed of 1000 rpm without build-up edge. 
The optimum drilling spindle speed and feed rate values for 
A606T6 and LM6 are the same. However, the minimum 
surface roughness of LM6 was 4.2 μm with formation of 
minor build-up edge.

A minimum burr height of 0.7 mm was produced in 
drilling A6061T6 at an optimum drilling spindle speed of 
1000 rpm and feed rate of 0.05 mm/rev with broken chip 
without a build-up edge. A minimum burr height of 0.1 mm 
was formed in A5083 at an optimum drilling spindle speed 
of 2000 rpm and feed rate of 0.1 mm/rev with broken chip 
without a build-up edge. A minimum burr height of 0.1 mm 
was also produced in LM6 with the same optimum drill-
ing spindle speed and feed rate values in A606T6, but chip 
morphology in LM6 revealed a fine broken chip with minor 
build-up edge. However, for the future work, the same pro-
cedure is required to find optimum drilling parameters for 
smaller thickness than 30 mm of work part, since material 
thickness affects the holes quality. Also, the same procedure 
can be applied to find optimum drilling parameters by using 
carbide tools.

Fig. 10  Build-up formation for A5083
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