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Energy consumption in machining processes is a very important aspect that has been given
increased importance in recent times. This article, therefore, proposes an approach for identification
of the most important main and interaction effects of turning parameters regarding the cutting
energy in dry longitudinal single-pass turning of low-alloyed and high-alloyed steels. Fractional

factorial design 2571 yas applied to arrange five parameters, namely, depth of cut, feed rate,
cutting speed, rake angle and cutting edge angle at two levels. Based on the cutting tool
manufacturer’s machining calculator and well-known analytical relationships, cutting energy was

estimated for sixteen cutting regimes for both workpiece material groups. The analysis of obtained
results involved the analysis of main and interaction effects, determination of statistically significant
effects and development of cutting energy prediction models.

© 2022 Journal of the Technical University of Gabrovo. All rights reserved.

1. INTRODUCTION

Turning is a widely used machining process in which
material is removedfrom the rotating cylindrical workpiece
by a single point cutting tool with a geometrically defined
cutting edge. In order toremain current in modern industry,
numerous research aimed at studying process mechanics,
developing improved cutting tools and machine tools are
conducted worldwide. Improvement of machining
performances such as minimization of cost [1, 2], analysis
of machinability aspects and quality issues [3-5],
maximization of production rate [6, 7] are of particular
interest. Due to the economic and energetic crisis,a number
of research are focused on analysis of energy consumption
in machining processes [8-10] and analysis of energy
consumption of different machine tools [11-16].

By reducing the energy footprint one can effectively
help companies to accomplish green production [12], make
economic benefit and improve their environmental
performance [13]. This reduction of energy consumption
can be achieved either by development and use of energy-
efficient machine tools or by optimizing machining
processes for each given case study [17]. Therefore, one
can argue that energy reduction requires knowledge about
energy consumption as a function of machine tool and
parameters of a given machining process [13]. At the same
time, it should be kept in mind that the energy consumed
for non-cutting operations dominates the total energy
consumption in machining [18, 19]. As noted by Gutowski
et al. [20] energy requirement for the actual machining does
not exceed 15% of the total energy consumed. Regarding
energy consumption, one should also be aware that the
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energy requirement decreases as the material removal rate
increases [21].

Given that with proper selection and optimization of
main cutting parameters one can achieve energy savings,
the present study deals with the analysis of the effect of
cutting parameters on the resulting cutting energy in dry
longitudinal single-pass turning of low-alloyed and high-
alloyed steels. Walter was selected as cutting tool
manufacturer. Walter machining groups P7 (low-alloyed
steels, hardness 175 HB) and P11 (high-alloyed steels, 200

HB) were used.Fractional factorial design 2771 was
applied to study main and interaction effects of five
parameters, three related to the machining process (depth of
cut, feed rate and cutting speed) and two related to the
cutting tool geometry (rake angle and cutting edge angle).
Data for the analysis wereobtained using a machining
calculator of the cutting tool manufacturer [22]. The
analysis of results involved the analysis of main and
interaction effects, determination of statistically significant
terms by Lenth's method [23], as well as development of
quasi-linear models for the prediction of cutting energy for
arbitrarily chosen set of cutting parameters.

2. EXPERIMENTAL DATA

Turning diameter was set to 72 mm, length of cut to 50
mm, and machine tool efficiency to 0.8 (gear train driven
machine tool). The cutting tools were toolholders
PCLNR2525M12 (cutting edge angle of k = 95°, rake angle
of yon = -6°) and PCBNR2525M12 (x = 75°, yon = -6°), with
CNMG120412-MP3  WPPO5S  (ysi = 22.5°) and
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CNMG120412-MP5 WPPO5S (yy; = 15°) inserts for
medium machining. Cutting parameter ranges and levels
were selected considering availability and capabilities of
machining calculator and recommended cutting conditions
for the inserts. Factors with their names, units, labels, and
values on low level (-1) and high level (+1) are shown in
Table 1.

In order to assess the main and interaction effects of the
considered factors on the resulting cutting energy,

fractional factorial design 27 was applied. Highest order
interaction (ABCDE) was chosen as the generator of the
fractional factorial design. This design has resolution of 5,
that is the estimations of the main effects are not
confounded with any other main effects, 2 or 3-way factor
interactions. Likewise, 2-way factor interactions are
confounded with 3-way factor interactions. Given that the
main effects are only confounded with 4-way interactions
or higher, this design provides good information about the

Table 1 Factors that were varied for the calculation of cutting energy
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system or process, assumed to be dominated by main
effects and low-order interactions.

Based on the fractional factorial design 271 16
different combinations of factor levels were tried in the
“virtual” experiment and cutting energy (E.) values were
obtained (Table 2).

3. RESULTS AND DISCUSSION

When applying fractional factorial designs, the
estimation of the main and interaction effects can be done
as in the case of classical factorial experimental designs of

2k type. While doing so, one should take into account the
number of occurrences of the level of each factor in the
experiment, as well as the number of experimental trial
replicates [24]. To find the estimate of any model effect, the
difference in means of the response between the high (+)
and low (—) levels is used [25]. The necessary calculations
needed to determine the main effects of considered factors
on the cutting energy are shown in Fig. 1.

Factor Unit Label Low level (-1) High level (+1)
Depth of cut, a, mm A 1.2 3.5
Feed rate, f mm/rev B 0.20 0.40
Cutting speed, v m/min C 280 313
Rake angle, y, ° D 9.0 16.5
Cutting edge angle, x ° E 75 95

Table 2 Estimated cutting energy valuesfor different cutting regimes for low-alloyed (P7) and high-alloyed (P11) steels

Trial A B C D E E.(P7) (k) E.(P11) (k)
1 -1 -1 -1 -1 1 30.83 36.36
2 1 -1 -1 -1 -1 87.94 103.36
3 -1 1 -1 -1 -1 26.18 30.83
4 1 1 -1 -1 1 73.25 86.20
5 -1 -1 1 -1 -1 31.13 36.60
6 1 -1 1 -1 1 87.15 102.50
7 -1 1 1 -1 1 25.97 30.53
8 1 1 1 -1 -1 73.89 86.94
9 -1 -1 -1 1 -1 28.80 33.84
10 1 -1 -1 1 1 80.48 94.63
11 -1 1 -1 1 1 23.95 28.22
12 1 1 -1 1 -1 68.21 80.28
13 -1 -1 1 1 1 28.53 33.56
14 1 -1 1 1 -1 81.08 95.39
15 -1 1 1 1 -1 24.15 28.44
16 1 1 1 1 1 67.64 79.57
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Fig. 1. Main effects plots of considered factors on cutting energy for low-alloyed steels (P7)
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From Fig. 1 it can be concluded that factor A has a
positive correlation with the resulting cutting energy, i.e.,
an increase in the depth of cut sharply increases cutting
energy and vice versa. On the other hand, factors B and D
have a negative correlation with cutting energy, i.e., with an
increase in their values one obtains lower cutting energy.
The effect of the feed rate in this case is expected,
considering that with an increase in feed rate, feed velocity
is increased, which ultimately decreases cutting time.
Increasing rake angle increases shear angle and results in
chip thickness decrease, as well as in reduction of cutting
force and thus reduction of cutting power [26, 27],which is
in accordance with the previous observation. Nijin and
Jagadesh [28] concluded that energy consumption
decreasesas the rake angle increases,due to greater
sharpness of the cutting edge and less friction between
cutting tool and chip. Parle et al. [29] explained the
observed trend of decreasing specific cutting energy with
increasing rake angle by decreasingcutting forces due to
reduced ploughing at larger rake angles. The obtained
results indicate negligible effects of the cutting speed and
cutting edge angle on the resulting cutting energy. With an
increase in cutting speed, the required power rises, but
simultaneously cutting time decreases, which in the end is
not much reflected in estimated cutting energy. By
decreasing the cutting edge angle, the chip contact length is
increased and consequently chip thickness decreases. As a
result, the cutting force is dispersed on a longer cutting
edge and tool life is prolonged. However, due to decreased
chip thickness and increased chip width, chip control and
chip breaking may be difficult [30].

Considering the absolute values of the main effects, it
can be concluded that the factor A (depth of cut), has the
greatest effect on the cutting energy, followed by factor B
(feed rate) and factor D (rake angle).

The applied 2! design can estimate all five main
effects, as well as all ten 2-way interactions. However, this
unreplicated design has no degrees of freedom left for the
estimation of error. In such situations Lenth's method [23]
and normal probability plots may be applied to draw a
reference line for statistical significance of analysed terms.
Effects that are further from O on the normal probability
plot of the effects are statistically significant. For
determining critical distance for statistical significance of
model terms Lenth'spseudo standard error (PSE)was used

(Fig. 2).
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Fig. 2. Normal probability plot of the effects with calculated
Lenth's PSE (low-alloyed steels (P7))

It is evident from Fig. 2 that out of 15 terms, four main
effects (factors A, B, D and E) are, statistically significant
along with four 2-way interaction effects. Given that the
depth of cut (factor A) is by far the most influential term,

only two 2-way interaction effects (AB and AD) will be
considered for the analysis (Fig. 3).

Fig. 3. The most important factor interaction effects on cutting
energy (low-alloyed steels (P7))

From Fig. 3 one can observe that there are no significant
interaction effects in terms of changing qualitative effect of
the depth of cut on the resulting cutting energy when feed
rate and rake angle change levels. However, from Fig. 3a)
one can observe that when depth of cut is at high level (a, =
3.5 mm), an increase in feed rate results in more decrease of
cutting energy. The same is valid for the interaction of the
depth of cut and rake angle (Fig. 3b)). When depth of cut is
at high level (a, = 3.5 mm), an increase in rake angle results
in more decrease of cutting energy.

One should note that in the case of high-alloyed steels
(P11) the analysis of data yielded the same results. That is,
all main and interaction effects that were assessed as
statistically significant in the case of low-alloyed steels (P7)
are again significant. The same is true for the analysis of
the 2-way interaction effects.

Based on a conducted analysis of the main effects of
factors, as well as the main interaction effects on the
resulting cutting energy, a suitable combination of factor
levels that can be recommended for minimization of cutting
energy is as follows:

A (-1) — because depth of cut has the biggest influence
on cutting energy.

B (+1) — because feed rate has the second biggest
influence, and analysis of Fig. 3a) reveals that this
combination yields minimal cutting energy.

C (+1) — because an increase in cutting speed increases
material removal rate.

D (+1) — because the rake angle has the third biggest
influence on cutting energy, and analysis of Fig. 3 b)
reveals that this combination yields minimal cutting energy.

E (+1) — because of better chip control and breaking,
which can reduce the number of machinestops for
unfavourable chipsremoval.

This combination of factor levels is not included in the
initial experimental design. However, by using the
following mathematical model, one can predict the
resulting cutting energy for this cutting regime.

Based on determined main and interaction effects,
average value of cutting energy for the experimental design,
as well as considering the statistical significance of these
terms, one can model the cutting energy for single-pass
longitudinal turning of low-alloyed steels (P7) using the
following prediction model:

EC(P7) = 52,45 + 25.ap —4,54f - 2,09}/0 —0,22k

(1)
—2,16.ap.f—l.ap.;/0 —O,].ap.k+0,18.f.70 +0,1v.k

For machining of high-alloyed steels (P11) the cutting
energy prediction model has the following form:
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Epij)=617+2941a,~533.f 2465y~ 026k o
~254a,.f ~118a,.75~013.a,k +0.21.f.y)+0.11vk

Estimated models’ coefficients correspond to the coded
values of cutting parameters.

The prediction of cutting energy for cutting regime (A=-
1, B= +1, C= +1, D= +1, E= +1) in longitudinal turning of
low-alloyed steels (P7) is E,.s=24.14 kJ and is very close
to the result of machining calculator (E,=23.98 kJ). The
prediction of cutting energy for cutting regime (A=-1, B=
+1, C= +1, D= +1, E= +1) in longitudinal turning of high-
alloyed steels (P11) is E,,.;~28.41 k] and is very close to
the result of machining calculator (£,=28.18 kJ).

4. CONCLUSION

The present study focused on the analysis of main and
2-factorial interaction effects on the resulting cutting energy
in dry longitudinal single-pass turning of low-alloyed (P7)
and high-alloyed steels (P11). By considering the tool

geometry and main cutting parameters, 2>~ fractional
factorial design was developed, and by using machining
calculator and well-known analytical formulas, cutting
energy for different cutting regimes and tool geometries
was estimated. Based on conducted analyses, the following
conclusions may be drawn for both workpiece material
groups:

e The most important factor regarding cutting energy is
the depth of cut, followed by feed rate. The main effects of
rake angle, and particularly cutting edge angle, are less
pronounced.

e The cutting speed is found be statistically
insignificant regarding cutting energy, which may be
explained by previous analysis, as well as by the fact that
the cutting speed had narrow range, so that both material
groups could be covered with recommended cutting
regimes.

e There are some statistically significant 2-way
interactions, particularly related to the depth of
cut.However, none of them show qualitative change in
factor effects. In other words, in all 2-way interactions,
none of considered factors fundamentally change its effect.

e [f process engineers consider equal various regimes,
which are being arbitrarily chosen within covered
parameter hyper-space, there may exists difference in
resulting cutting energy of approximately 370%.

e Due to better mechanical properties, such as tensile
strength and hardness, turning of high-alloyed steels (P11)
requires approximately 17% higher cutting energy in
comparison to machining of low-alloyed steels (P7) under
the same cutting regimes.

e The conducted analysis is restricted to single-pass
turning. For a given case study more comprehensive
consideration is needed to examine the required quality
characteristics, process variation, chip control and breaking,
cutting time and number of passes, as well as tool life. The
applied approach represents adequate preparation for
practical experimental investigation and process planning
and offers cost effective way to gain knowledge and
perform engineering analysis.

In order to verify the observed effects and constancy of
influence, for both main and interaction effects, performing
of a high-resolution experiment will be in focus for the
future research. Also, the analysis of multiple performance
characteristics will be considered.
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