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Abstract
During the drilling process of the aluminium alloy, certain specifications are different from milling and turning. The major
differences: 1) a variable cutting speed along the main cutting edge, 2) more difficult chip evacuation, 3) poor access of
liquids into the cutting area. One of the problems is to select a suitable cutting environment for drilling the aluminium
alloy to ensure the required quality of the bore (mainly roughness and cylindricality). Dry drilling of aluminium alloys
(without using cutting fluids) is an environmentally friendly machining process but also an extremely difficult task due
to the tendency of aluminium to adhere to the drills made from conventional materials such as high-speed steel, therefore
three cutting environments (namely two different emulsions and compressed air) were used this experiment. The paper is
focused on the experiment where the effects of the cutting environment and feed of machining on the bores roughness
and cylindricity are evaluated. The article demonstrates multicriterial optimization of input factors (cutting environment,
feed) for two defined target functions roughness and cylindricity). The measured values were subjected to mathematical
– statistical analysis Desirability Function Analysis (DFA). Based on the experiment and studies on this issue
combinations of input factors have been identified that have achieved minimum target function values. The results show
that the most appropriate combination of the following input factors has been demonstrated: compressed air and feed
setting at the lowest level, ie 0.2 mm.
Keywords: cutting environment; feed; DFA; drilling; aluminium alloy

1. Introduction
Drilling is one of the most useful metal cutting processes and is used in various applications, such as aerospace,
electronics, and automotive. In traditional drilling methods, the thrust force, torque, tolerance, and tribology (surface
roughness) are related to the cutting condition and tool geometry [1]. Drilling is a very demanding operation because it
has certain specifications which differ from milling and turning. The major difference include a variable cutting speed
along the main cutting edge, more difficult chip evacuation and poor access of fluids to the cutting area [2].
The dry drilling of aluminium alloys (without using cutting fluids) is an environmentally friendly machining process
but also an exceedingly difficult task due to aluminium's tendency to adhere to the drills made of conventional materials
such as the high-speed steel [3] .
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Cutting fluids have been used extensively in deep hole machining operations to achieve the following results:
1. to force the chips back out of the deep hole as it is being drilled or bored; 2. to cool the cutting zone; and 3. to reduce
friction and wear [4], [5]. The importance of cutting environment for metals machining continues to grow and has a
significant impact on improving the quality of the surface of the workpiece, tool life and reduce energy consumption [6].
However, current environmental and health concerns, require manufacturers to reduce the volume of their waste
streams [7]. The dry machining process (i.e., machining without the use of metal removal fluids) satisfies the
aforementioned circumstances for steel and other ferrous materials [8], [9], but the dry machining of aluminium and
especially the dry drilling of cast Al–Si alloys proved to be difficult due to adhesion of aluminium to the drill.
Therefore, the choice of cooling and cutting materials is an important factor. There is no unanimous opinion, which
cutting material is advisable to choose. The most commonly used materials are carbides and diamonds. The adhesive
effect is reducing by coating of drills. Our experimental procedure includes drilling and subsequent measurement of
roughness and cylindricity by changing cutting environment and feed. The surface quality is one of the most specified
customer requirements and surface roughness is the major indicator workpiece surface quality. Surface roughness is
mainly the result of various controllable or uncontrollable process parameters, and it is more difficult to achieve and
monitor than physical dimensions. A considerable number of studies have examined the effects of cutting speed, feed,
depth of cut, nose radius and other factors on the surface roughness [10].
2. Materials and methods
Our experiment was performed in the Centre of Excellence of 5 – axis machining at Faculty of Materials Science and
Technology in Trnava. A computer numerical control (CNC) milling machine centre DMU 85 monoBLOCK was used.
Cutting tool as shows Figure 1: twist drill with 12 mm of diameter (marking - DH452120-1 produced by YG company)
was used. Tool has universal application for bore drilling.
Tool was designed with possibility of internal lubrication. It means that selected cutting environments was fed into
the cutting area due the tool. Three new drills were used for machining operations. Parameters of the tool shows Table 1.
Table 2 shows chemical composition of workpiece material and Table 3 shows machining parameters.

Fig. 1. Twist drill DH452120-1 [7]
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Table 1. Cutting tool parameters
Alloy

Al

Zn

Cu

Fe

Mg

Si

Mn

Ti

% Weight

base

0,2

0,1

0,5

0,7

0,7

0,4

0,05

Table 2. Chemical composition of workpiece material
Parameters
Cutting speed

Value
173 m/min

Feed 1
Feed 2
Feed 3

0,2 mm
0,3 mm
0,4 mm

Table 3. Machining parameters
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For our experiment was selected three types of cutting environment:
1. Emulsion A – performance semi-synthetic water-miscible machining liquid without boron, amines, chlorine and
substances which release formaldehyde destined for machining of aluminium alloys (5% emulsion).
2. Emulsion B – synthetic pH neutral coolant designed especially for demanding machining of aluminium and other
alloys (manufacturer recommends a minimum, rate amounts to 6% concentration for all operations, which ensures
reliable protection of metal surfaces against corrosion).
3. Compressed air C - with a pressure of 6,5 MPa.
The bore surface roughness of AlMgSi1 alloy (ENAW 6082) was measured by the Surtronic 3+ Taylor-Hobson
surface roughness tester in three different positions as shows Figure 2. The individually arithmetical mean was done for
all the measured values for each hole to get one roughness value, resp. arithmetical mean deviation of the profile for one
bole. The bore cylindricity was measured by coordinate measurement machine Prismo 10. For the measurement and
evaluation of measured values was used CALYPSO software. For the evaluation of cylindricity 1041 points were scanned.
There was used the same procedure as with roughness values.

1

2

3

Fig. 2. Three position for measuring hole surface roughness
To obtain higher accuracy, a full factorial DOE for two factors in three levels has been used [11], [12].
3. Result and Discussion
One of the ways how to evaluate and analyse the results of the experiment, with respect to the multi-criteria
optimization is to use methods of Desirability Function Analysis = DFA. The optimization method consists in defining
of the non-dimensional value called suitability coefficient (dG), while its margin expresses the interval <0; 1>.
Since the aim is to minimize the observed optimization criteria, which are in this case presented by the roughness and
cylindricity, the index calculation method for determining the suitability criterion is determined by “The smaller-thebest”.
The individual partial indices (among the measured values, resp. responses (y), separately for the case of roughness
and then separately for cylindricity) was calculated according to the formula - the smallest measured response has
attributed suitability index equal to one and to the largest measured response is attributed suitability index zero. Other
responses were then converted according to the formula in the last column of Table 4.
Suitability index
Condition

1
𝒚 ≤ 𝒚𝒎𝒊𝒏

0
𝒚 ≥ 𝒚𝒎𝒂𝒙

𝒚 − 𝒚𝒎𝒂𝒙
𝒚𝒎𝒊𝒏 − 𝒚𝒎𝒂𝒙

Table 4. Formulas for calculating of the suitability sub-indices
The next step was to determined complex suitability indices (dG) (1), which was calculated from the obtained suitability
sub-indices according to the relation [13], [14]:
𝑑𝐺 = (𝑑1𝑤1 . 𝑑2𝑤2 . . . 𝑑𝑛𝑤𝑛 )𝑤

(1)

where dG is complex suitability index,
d1,2 – suitability sub-indices,
w – importance of the factor;
𝑤 = 𝑤1 + 𝑤2 + ⋯ + 𝑤𝑛

(2)

Importance of the factors (2) was in this case given as 0.5, so w1 = w2 = 0.5.
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Number of
experiments

Suitability sub-indices
dGi (cylindricity)
0,388991
0,910092
0,939450
0
0,974312
1
0,911927
0,812844
0,798165

1
2
3
4
5
6
7
8
9

dGi (Ra)
0,763243
0,635676
0,429730
0
0,219459
0,089730
1
0,878919
0,671351

Complex suitability
index
dG
0,544880
0,760607
0,635381
0
0,462409
0,299549
0,954948
0,845236
0,732017

Table 5. Suitability sub-indices and complex indices

Mean value of the suitability
indices (-)

The graphs of the mean values of suitability indices are illustrated in the Figure 3 and Figure 4. It represents mean
values of suitability indices separately for each of the input factors. These graphs deal with the specifying of the most
advantageous value of the input factor in the drilling process, when considering the observed target function. When
evaluating the significance of the effect on the target function it can be argued that the greater value of mean level of
suitability index is more appropriate level of input factors.
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Fig. 3. Graph of the mean suitability indices values for the cutting environment
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Fig. 4. Graph of the mean suitability indices values for the feed
Figure 4 and Figure 5 show individual effect of the observed factors with respect to the target functions. It is necessary
to continue by the calculation of the mean values of the complex suitability indices to obtain the most advantageous level
of each parameter. The highest value is the best (Table 6).
These values suggest that in terms of the observed problems the best is the use of the compressed air - C (from the
cutting environments used in this experiment). If the feed is evaluated – the best is the use of the medium setting level of
this parameter – ie 0.3 mm.
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Mean value of the suitability indices

Cutting
environment
Feed

ǀMin - Maxǀ

Number

-1
0,646956

0
0,253986

1
0,844067

0,590081

1

0,499943

0,689417

0,555649

0,189474

2

Table 6. Mean values of the suitability indices
For more complex evaluation, it is necessary to focus and consider the interaction between them. For this reason,
graphs of mutual interactions were constructed (Figure 6). As a baseline values for constructing of those graphs were used
complex suitability indices.

Mean valaue of the complex suitability
indices dG(-)

feed 0,2 mm

feed 0,3 mm

feed 0,4 mm

1.2
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0.732
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0.545
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0.4

0.3
0.2
0

0
A
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C
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Fig. 5. Graph of the mutual interactions for cutting environment and feed
Figure 6 clearly indicated the best possible combination of input factors. In this case, it is a combination of compressed
air and feed on the lowest level, ie 0.2 mm. Graph of the mutual interactions for cutting environment and feed shows the
importance to evaluate the process in several ways and identify the mutual interactions between individual input factors,
because it does not create distorted results, but rather creates a comprehensive view on discussed problem.
4. Conclusion
The aim of the paper was to evaluate the influence of cutting environment and feed of machining on the bores
roughness and cylindricity. The multicriteria otptimization of input factors (cutting environment, feed) following two
defined functions (roughness and cylindricity) was demonstrated. To obtain the optimal combination of the input factors,
DFA methods were used to analyse and evaluate the measured values. Minimal roughness and cylindricity values of the
drilled bores appear to be the best combination. The conducted experiment aiming at evaluating rated factors both
individually and in their mutual interactions confirmed the importance to examine experiments from several perspectives.
The achieved results confirmed the importance to examine experiments from several aspects. Interactions between
various input factors must be considered. Based on our findings the most appropriate combination of the following input
factors was proved: a compressed air and feed set at the lowest level, ie 0.2 mm.
In the future research, authors are going to focus on investigation of the cutting environment effects on the cutting
edge microgeometry during the machining the difficult materials such as Inconel super-alloy and stainless steel. Authors
are also going to determine the influence of edge preparation on the tool life of cemented carbide drilling cutters and
cemented carbide milling cutters.
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