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Abstract: High-speed machining is considered to be a promising machining technique due to its
advantages, such as high productivity and better product quality. With a paradigm shift towards
sustainable machining practices, the energy consumption analysis of high-speed machining is also
gaining ever-increasing importance. The current article addresses this issue and presents a detailed
analysis of specific cutting energy (SCE) consumption and product surface finish (Ra) during conven-
tional to high-speed machining of Al 6061-T6. A Taguchi-based L16 orthogonal array experimental
design was developed for the conventional to high-speed machining range of an Al 6061-T6 alloy.
The analysis of the results revealed that SCE consumption and Ra improve when the cutting speed is
increased from conventional to high-speed machining. In particular, SCE was observed to reduce
linearly in conventional and transitional speed machining, whereas it followed a parabolic trend in
high-speed machining. This parabolic trend indicates the existence of an optimal cutting speed that
may lead to minimum SCE consumption. Chip morphology was performed to further investigate
the parabolic trend of SCE in high-speed machining. Chip morphology revealed that the serration of
chips initiates when the cutting speed is increased beyond 1750 m/min at a feed rate of 0.4 mm/rev.

Keywords: high-speed machining; specific cutting energy; surface finish; sustainable manufacturing;
Taguchi methods

1. Introduction

Sustainability in manufacturing is the creation of products through processes that
have minimum environmental impact, are economically viable, and pose no threats to
workers [1]. From the viewpoint of machining processes, sustainability largely depends
upon machining parameters, workpiece materials, and lubrication techniques [2]. The
selection of machining parameters plays a significant role in the efficient utilization of
cutting tools and machine tools during a machining operation. The significance of cutting
parameters becomes more pivotal when machining is performed on CNC machines, which
usually involve high initial and operating costs. An important component of the operational
cost of CNC machines is energy cost, which has a substantial share (around 17%) in the
total cost of a production machine tool [3]. This cost of energy consumption is expected to
grow further in coming years due to an increase in fuel prices. In addition to the financial
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burden, the environmental aspect of machining processes is also of great concern [4].
Studies suggest that electrical energy consumption during a machining process is the
single largest source of environmental burden [5]. Therefore, reduction in electrical energy
consumption is highly relevant from the viewpoint of enhancing the sustainability of
machining operations.

The electrical energy supplied to a machine tool is partly consumed in operating its
main components (spindle, hydraulic system, etc.) and partly consumed in the actual
machining process [6], as shown in Figure 1. Therefore, the optimal use of electrical
energy consumption in a machining process can be achieved by developing energy efficient
machine tool components and/or by optimizing the actual machining process [7]. The
design of energy efficient machine tools is also supported by international regulations
(ECODESIGN Directive 2009/125/EC, Energy Labelling Regulation (Regulation (EU)
2017/1369), CECIMO Self-Regulatory Initiative) and standards (ISO 14955-1:2017, ISO/TR
14062:2002) [8]. Despite these regulations and standards, the development of new energy-
efficient machine tool technology and the replacement of existing technology represent a
gradual and cost intensive process. Therefore, the alternative approach of improving the
energy consumption in the actual machining process is also of paramount importance.

Figure 1. Energy consumed in a machining process.

The efforts to improve energy consumption in machining processes greatly depend
upon the methods used to define and collect primary energy consumption data from
machine tools [9]. Different studies present in the literature have used different responses
such as total/cutting power (P), total/cutting energy (E), power factor (PF), specific cutting
energy (SCE), etc. Of the various responses used, SCE is considered as the most robust
response to depict efficiency of a machining process because it incorporates both the cutting
power and volume of material removed [10]. Furthermore, previous studies have also
shown that SCE only takes into account energy consumed in the actual cutting process and
disregards the effects of the make, type, size, and efficiency of machine tools [11].

An extensive amount of literature exists that analyzes the energy consumption in
machining processes. Sihag and Sangwan [12] have provided an excellent up-to-date
review of such efforts, and interested readers are directed to consult their work. For the
purposes of brevity, only key studies relevant to SCE have been discussed in this paper.
The approaches used by past researchers to analyze SCE can be broadly classified into
three categories, namely SCE modelling, optimization of machining process parameters,
and SCE process maps.

Draganescu et al. [13] did pioneering work in the modelling of SCE and expressed it
as the ratio of cutting power and the removed amount of material. Their results showed
that specific energy reduces as the cutting speed, feed, and depth of the cut are increased.
Li and Kara [5] proposed experimental models of specific energy at the process level on
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steel and aluminum alloys. They concluded that since the machine tool is a complex
system, empirical models are expected to provide more accurate results. Mechanistic
and empirical modellings were hybridized in the work of Li et al. [14] who developed an
improved specific energy model for milling machines. Balogun et al. [10] employed specific
energy to evaluate the efficiency of the machining process. Their results highlighted that
lower undeformed chip thickness initiates plowing and results in higher specific energy
consumption. Liu et al. [15] investigated the effect of tool wear on specific energy at the
machine level, spindle level, and cutting level in the hard milling process. The results
showed that specific energy increased with the increase in tool wear.

In order to achieve energy savings at the process level, the optimization of cutting
parameters has often been used by past researchers. Camposeco-Negrete [16,17] used
Taguchi methods and response surface methodology (RSM) to analyze surface finish and
power consumption along with SCE in the low-speed turning of Al 6061 T6 alloys. Their
findings revealed cutting feed to be the most significant cutting parameter affecting surface
finish and SCE. Paul et al. [18] analyzed recoil force and SCE in the turning operation
of AISI 1060 steel. Their results showed that the simultaneous minimization of SCE and
recoil force results in the selection of conflicting machining parameters. Warsi et al. [19]
employed a grey-relational analysis (GRA) technique along with an analytic hierarchy
process (AHP) in the multi-objective optimization of Al 6061 alloys. Their results showed
that the proposed machining strategy can result in the simultaneous improvement of SCE
and the material removal rate (MRR). Inspired by this work, Younas et al. [20] extended
the proposed methodology in the turning of Ti-6Al-4V.

Khan et al. [21] analyzed SCE consumption, tool wear, and surface roughness in the
dry, wet, and cryogenic turning of Ti-6Al-4V. Their results showed that surface roughness
and tool wear substantially improved in wet and cryogenic cutting conditions as compared
to dry cutting conditions. SCE consumption was observed to be less in the dry cutting
condition as compared to the wet cutting condition because of the thermal softening gain at
higher temperatures. However, cryogenic cooling reduces the work hardening of titanium
alloys; therefore, SCE was reported to be the lowest in the cryogenic environment as
compared to dry and wet cutting conditions. Similarly, Khan et al. [22] and Jamil et al. [23]
modelled and analyzed the specific cutting energy demand for the cryogenic and minimum
quantity lubrication (MQL)-assisted machining of Ti-6Al-4V alloys. Their results also
demonstrated that cryogenic cutting conditions reduce SCE consumption. The importance
of cutting fluids has been widely reported in the machining of difficult-to-cut alloys (such
as Ti and Ni alloys) due to their positive effect on the machined surface quality, cooling,
lubrication, chip removal, and tool life [24]. In spite of these benefits, the environmental
hazards associated with the coolants make them undesirable for sustainable machining
practices [25]. Furthermore, in the case of relatively soft materials such as aluminum alloys
that have a high machinability rating, a cutting distance in the order of kilometers has been
reported before measurable tool wear could be observed [26,27]. Therefore, several past
studies have employed dry cutting conditions for the evaluation of SCE in the machining
of aluminum alloys [19,28,29].

The authors pioneered the concept of presenting SCE consumption as process maps [11,30,31].
The developed energy maps categorized SCE consumption in five distinct regions with
respect to various machining parameters. Further examinations led to a conclusion con-
cerning the significant relation of these distinct SCE regions to the mechanics of the cutting
process. The results of the study demonstrated that substantial energy savings can be
achieved by selecting optimal cutting parameters. The energy map approach was further
extended by Younas et al. [32] who developed SCE-based process maps for Ti-6Al-4V and
related them to tool wear maps. Their results showed that there exists a strong correlation
between SCE consumption and tool wear.

A detailed review of the literature revealed that although sustainability analyses of
the machining process have been investigated by past researchers, there exists no study
that measures and compares different sustainability factors in conventional, transitional,
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and high-speed machining. The present work is aimed at this research gap, and it presents
a detailed sustainability analysis for the conventional, transitional, and high-speed turning
of Al 6061. Statistical tools such as Taguchi’s DOE, main effect plots, and ANOVA have
been utilized to assess the effect of machining parameters on SCE and Ra. Finally, the
results have been compiled to provide a holistic picture of SCE consumption in different
cutting speed regimes. As discussed earlier, the sustainability of the machining process
depends upon environmental, economic, and social factors. The present study utilizes SCE
as a measure to express the environmental impact of the machining process. The economic
aspect of the machining process has been covered by considering the surface quality of
the finished product. Finally, dry cutting conditions have been used for all experiments,
which have multidimensional effects. High-speed machining with a dry cutting condition
not only results in better surface quality, but it also eliminates the requirement of coolants,
which are unsustainable from the viewpoint of their hazardous effect on the environment
and workers.

2. Materials and Methods

Despite the development of new materials in the last decade, the global consumption
map of metals is dominated by steel and aluminum [33]. Low energy requirement in sec-
ondary production, abundance, and recyclability makes aluminum and its alloys the most
environmental friendly metals [34]. Aluminum alloy 6xxx series has excellent mechanical
properties and is widely used in manufacturing of various components in automotive,
aerospace, and other high-tech applications; therefore, aluminum alloy Al 6061-T6 has
been employed as workpiece material in the current work.

Turning operation of solid Al 6061-T6 shafts having diameter of 280 mm was per-
formed on YIDA ML-300 CNC machine as shown in Figure 2. Cutting tests were performed
with H 13 grade uncoated plain inserts without chip breaker (CCMW 09 T3 04-H13A) and
tool holder (SCACL 1616 K 09-S). The cutting tool had 0o rake angle, 90o entry angle, nose
radius of 0.4 mm, and a cutting edge length of 9 mm. In order to eliminate the effect of
tool wear on energy consumption, fresh cutting edge was used in each experiment. Power
measurements were done using Yokogawa CW-240 power analyzer. Specific cutting energy
was measured as the ratio of the difference of power consumed in actual cut (Pactual) and
air cut (Pcut) to the material removal rate (MRR), using the methodology described in
previous research [11]. Surface roughness was measured using surface roughness tester
TR 110. Three readings were taken around the circumference of aluminum shaft for each
experimental run to minimize experimental error. The mean of the three values was taken
as the final value, using the methodology described in the literature [35].

Figure 2. Turning setup used in present research.



Appl. Sci. 2021, 11, 9032 5 of 20

Several factors affect turning operation such as machining parameters (cutting speed,
feed, and depth of cut), tool geometry, cutting fluids, and workpiece material. Since energy
analysis was the focal point of this research, screening of factors was conducted based on
detailed literature review. Tool geometry is highly significant for surface roughness, but
its effect on power and energy consumption has been reported to be negligible [5,36,37].
Therefore, tool geometry was not varied during experimentation. A fresh cutting tool was
used in every experiment to eliminate the effect of tool wear. Dry machining conditions
were used for each experiment in order to realize the aspect of cleaner machining prac-
tices [19]. A detailed review of published literature revealed that cutting parameters such
as cutting speed (v), feed (f ), and depth of cut (d) have significant effect on power and
energy consumption [16,17,38]. These three cutting parameters are also important because
of their significant effect on cutting temperatures, production time, surface roughness,
tool life, etc. [32,39]. Therefore, cutting speed (v), feed (f ), and depth of cut (d) were used
in present work. Cutting speeds for different alloys can be generally divided in three
regions: conventional, transition, and high-speed machining, as shown in Figure 3 [40].
For aluminum alloys, conventional speed machining (CSM) range is approximately equal
to 10~500 m/min. Transition speed machining (TSM) range, which is considered as a tran-
sition region between conventional and high-speed machining (HSM), is approximately
equal to 500~1500 m/min. The HSM range for aluminum-based alloys can be described
between 1600 and 10,000 m/min, with the upper bound dictated by tooling and machine
tool limitations [41]. However, HSM is not just about increased cutting speeds; the feed
and depth of cut are also required to be set at values higher than the usual practices [41,42].
Feed ( f ) and depth of cut (d) are generally set at 0.05 mm/rev~0.3 mm/rev and 0.5~3 mm,
respectively, during machining of Al 6061-T6 [16,17,43,44]. In order to match for HSM,
these two parameters were also set at values higher than the usual practice.

Figure 3. Ranges of cutting speeds for various materials (adopted from [40]).

Taguchi methodology was used for design of experiment, and an L16 orthogonal array
was used that could accommodate four levels of two to five factors. In order to address
the requirements of three different cutting speed regions (CSM, TSM, and HSM), three
different experimental plans were developed, as shown in Tables 1–3.

It can be seen from the tables that the levels of feed and depth of cut have been kept
constant for the three experimental designs, whereas the levels of cutting speed have
been varied. Furthermore, the levels of cutting speed have been kept equally spaced (a
difference of 250 m/min) within TSM and HSM range. In the case of CSM, the range
of cutting speed was small (10~500 m/min); therefore, the levels of cutting speed were
set at an interval of 125 m/min. As Al 6061-T6 has high machinability rating [45], the
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setting of cutting speed at intervals of 200~250 m/min in DOE is common [43] and is not
expected to result in loss of information. All the experiments were performed three times to
minimize experimental errors. The average results along with their standard deviation are
presented in the next sections, and the detailed results can be accessed in Supplementary
Data. Furthermore, cutting inserts were periodically analyzed under optical microscope
as per ISO standard [46]. Generally, no or negligible tool wear was observed during
these examinations.

Table 1. L16 experimental plan for conventional speed machining (CSM).

Machining Parameters Level 1 Level 2 Level 3 Level 4

Cutting Speed (m/min) 125 250 375 500
Feed (mm/rev) 0.1 0.2 0.3 0.4

Depth of Cut (mm) 1 2 3 4

Table 2. L16 experimental plan for transitional speed machining (TSM).

Machining Parameters Level 1 Level 2 Level 3 Level 4

Cutting Speed (m/min) 750 1000 1250 1500
Feed (mm/rev) 0.1 0.2 0.3 0.4

Depth of Cut (mm) 1 2 3 4

Table 3. L16 experimental plan for high-speed machining (HSM).

Machining Parameters Level 1 Level 2 Level 3 Level 4

Cutting Speed (m/min) 1750 2000 2250 2500
Feed (mm/rev) 0.1 0.2 0.3 0.4

Depth of Cut (mm) 1 2 3 4

3. Analysis of Experimental Data: Conventional Speed Machining (CSM)

Table 4 presents the complete experimental plan and the results for SCE and Ra for
conventional speed machining.

Table 4. Results of L16 experimental plan for conventional machining range.

Experiment.
No.

v
(m/min)

f
(mm/rev)

d
(mm)

SCE (J/mm3) Ra (µm)

Ave Std. Dev. Ave Std. Dev.

1 125 0.1 1 0.82 0.005 0.90 0.02
2 125 0.2 2 0.79 0.005 1.91 0.02
3 125 0.3 3 0.65 0.005 3.29 0.06
4 125 0.4 4 0.57 0.005 4.08 0.02
5 250 0.1 2 0.80 0.031 1.36 0.01
6 250 0.2 1 0.71 0.008 0.68 0.02
7 250 0.3 4 0.59 0.008 3.34 0.04
8 250 0.4 3 0.55 0.008 4.25 0.02
9 375 0.1 3 0.76 0.008 1.01 0.01
10 375 0.2 4 0.60 0.017 2.49 0.14
11 375 0.3 1 0.64 0.008 3.03 0.11
12 375 0.4 2 0.54 0.008 3.59 0.20
13 500 0.1 4 0.71 0.008 1.55 0.04
14 500 0.2 3 0.62 0.026 2.92 0.60
15 500 0.3 2 0.62 0.008 2.73 0.03
16 500 0.4 1 0.59 0.008 3.35 0.04
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3.1. Specific Cutting Energy (SCE)

SCE values obtained for CSM experiments were observed to be in good agreement
with the values published in the literature [31]. Analysis of variance (ANOVA) was used
to assess the significance of machining parameters for SCE. Table 5 presents the ANOVA
table for SCE. Additionally, the contribution ratio (CR) of each machining parameter was
also calculated. The results displayed in Table 5 reveal that all machining parameters have
statistical significance for SCE (having p-value less than 0.05). However, feed has been
observed to have the highest effect (in terms of % of CR) on SCE. A better understanding of
the impact of the machining parameters on SCE can be gained by developing a main effect
plot as shown in Figure 4. Given the relationship of SCE with MRR, the trends observed
in the main effect plot are expected. Setting the machining parameters at their respective
highest values (level 4 for cutting speed, feed, and depth of cut) would result in a high
material removal rate, and this in turn would yield a lower SCE consumption. This further
corroborated the finding reported in the literature that maximizing the material removal
rate reduced the specific energy consumption [5,13,16].

Table 5. Analysis of variance and percentage contribution results for SCE.

Variable DOF Seq. SS Adj. MS F-Value p-Value CR (%)

v (m/min) 3 0.040946 0.013648667 24.77 0.000 10.74%
f (mm/rev) 3 0.267851 0.089283667 162.06 0.000 72.75%

d (mm) 3 0.036177 0.012059 21.89 0.000 9.44%
Error 38 0.020936 0.000550947 24.77 7.08%
Total 47 0.36591 100.00%

Std. deviation = 0.0234722; R2 = 94.28%; R2 predicted = 90.87%.

Figure 4. Main effect plot showing the influence of cutting parameters on SCE in CSM.

3.2. Surface Finish

The surface finish data obtained for the CSM experiments were investigated using
ANOVA to determine the significance of cutting variables as shown in Table 6. It can be
seen from ANOVA results that feed is the most significant factor for surface finish, followed
by depth of cut. Cutting speed has been observed to be insignificant for surface finish. In
terms of CR (%), feed has the highest contribution ratio, followed by depth of cut. The
high significance of feed on the surface finish is an expected outcome and is well aligned
with the published literature. A better insight into the impact of machining variables on
surface properties can be obtained by developing a main effect plot as shown in Figure 5.
The main effect plot shows that feed should be kept at a minimum level to attain the best
surface finish. This is because a high feed increases heat generation, which can increase
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tool wear and hence surface roughness [47]. With regard to cutting speed, surface finish
has been found to be best at 250 m/min. Since the impact of the cutting speed on Ra was
seen to be negligible in conventional speed machining, its value can be set at any level that
is appropriate from the viewpoint of the machine tool and cutting tool, etc.

Table 6. Analysis of variance and percentage contribution results for Ra.

Variable DOF Seq. SS Adj. MS F-Value p-Value CR (%)

v (m/min) 3 0.3404 0.113467 0.69 0.563 0.24%
f (mm/rev) 3 48.0993 16.0331 97.61 0.000 77.95%

d (mm) 3 6.3895 2.129833 12.97 0.000 9.66%
Error 38 6.2419 0.164261 0.69 12.15%
Total 47 61.0711 100.00%

Std. deviation = 0.405292; R2 = 89.78%; R2 predicted = 83.69%.

Figure 5. Main effect plot showing the influence of cutting parameters on Ra in CSM.

3.3. Confirmatory Experiments

The best and worst setting of cutting parameters was identified on the basis of the main
effect plots developed for SCE and Ra (Figures 4 and 5). The results of the confirmatory
experiments performed for conventional speed machining are presented in Table 7. It can
be seen that the requirements of cutting parameters for SCE and Ra in the CSM range are
entirely conflicting, as the best value of SCE and the worst value of SR are achieved at
exactly the same level of cutting parameters. These observations establish the case of the
multi-objective optimization model.

Table 7. Results of confirmatory experiments for conventional speed machining.

Levels of Machining Parameters

Responses Average
Value

v
(m/min)

f
(mm/rev)

d
(mm)

Specific cutting energy (J/mm3)
Best 0.51 500 0.4 4

Worst 0.82 125 0.1 1

Surface roughness (µm) Best 0.65 250 0.1 1
Worst 4.49 500 0.4 4
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4. Analysis of Experimental Data: Transitional Speed Machining (TSM)

The results of the L16 experimental plan developed for transitional speed machining
(TSM) experiments are presented in Table 8.

Table 8. Results of L16 experimental plan for transitional speed machining range.

Experiment.
No.

v
(m/min)

f
(mm/rev)

d
(mm)

SCE (J/mm3) Ra (µm)

Ave Std. Dev. Ave Std. Dev.

1 750 0.1 1 0.76 0.008 2.54 0.042
2 750 0.2 2 0.63 0.008 1.93 0.372
3 750 0.3 3 0.60 0.005 3.17 0.041
4 750 0.4 4 0.53 0.008 5.09 0.049
5 1000 0.1 2 0.72 0.017 1.36 0.012
6 1000 0.2 1 0.66 0.008 2.04 0.069
7 1000 0.3 4 0.55 0.005 3.89 0.196
8 1000 0.4 3 0.58 0.008 3.47 0.464
9 1250 0.1 3 0.73 0.008 1.02 0.290
10 1250 0.2 4 0.52 0.005 3.98 0.051
11 1250 0.3 1 0.65 0.005 5.17 0.351
12 1250 0.4 2 0.58 0.005 4.12 0.319
13 1500 0.1 4 0.70 0.008 2.93 0.051
14 1500 0.2 3 0.55 0.005 3.01 0.186
15 1500 0.3 2 0.56 0.005 4.41 0.341
16 1500 0.4 1 0.56 0.005 6.71 0.102

4.1. Specific Cutting Energy (SCE)

The impact of machining parameters on SCE in TSM has been analyzed with ANOVA
(Table 9). ANOVA results reveal the statistical significance of all machining parameters for
SCE (all having a p-value less than 0.05). However, in terms of percentage contribution,
feed has the highest influence, followed by depth of cut and cutting speed. This order of
influence of cutting parameters on SCE in TSM is slightly different than that observed for
CSM, in which cutting speed was observed to be more significant than depth of cut. In
order to further probe the effect of cutting parameters on SCE, main effect plots for TSM
were developed as shown in Figure 6.

Table 9. Analysis of variance and percentage contribution results for SCE.

Variable DOF Seq. SS Adj. MS F-Value p-Value CR (%)

v (m/min) 3 0.012189 0.004063 7.83 0.000 3.82%
f (mm/rev) 3 0.205819 0.068606333 132.17 0.000 73.36%

d (mm) 3 0.040714 0.013571333 26.14 0.000 14.06%
Error 38 0.019725 0.000519079 8.76%
Total 47 0.278447 100.00%

Std. dev = 0.0227835; R2 = 92.92%; R2 predicted = 88.7%.

The main effect plot shows that SCE decreases when the cutting parameters are set at
their respective highest values. From the slope of the main effect plots, a steep drop in SCE
is observed when feed is increased from 0.1 mm/rev to 0.2 mm/rev. From 0.2 mm/rev to
0.4 mm/rev, a gradual drop in SCE is observed. A similar gradual drop is observed in the
case of depth of cut. However, a trivial drop in SCE value was seen when cutting speed
was increased. The relatively smaller drop in SCE with higher speed can be the result of
increased power requirements at high speeds. The enhanced power requirements offset
the gain in MRR, and as a result, the net value of SCE is little affected by the increasing
cutting speed [19].
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Figure 6. Main effect plots showing the influence of cutting parameters on SCE in TSM.

4.2. Surface Finish

The effect of cutting parameters on Ra in TSM was analyzed using ANOVA and main
effect plots. The results of ANOVA are presented in Table 10. The R2 value of the ANOVA
model is 92.78%, which is sufficiently high and shows that all relevant process parameters
have been included in the analysis. The results from ANOVA establish the strong statistical
contribution of every parameter. From the viewpoint of percentage contribution, feed has
the highest influence, followed by cutting speed and depth of cut. The high effect of feed
on Ra is an expected outcome and has been discussed in the previous section. Cutting
speed has been observed to be slightly more significant than depth of cut. The main effect
plots developed to analyze the effect of cutting parameters on Ra are shown in Figure 7.
As expected, feed has to be set at the lowest possible level to achieve minimum surface
roughness. Ra has been observed to first decrease with an increase in cutting speed and
depth of cut and then to increase. The optimal value of Ra is observed at 1000 m/min and
a depth of cut of 3 mm.

Table 10. Analysis of variance and percentage contribution results for Ra.

Variable DOF Seq. SS Adj. MS F-Value p-Value CR (%)

v (m/min) 3 16.774 5.591333333 30.65 0.000 16.90%
f (mm/rev) 3 56.344 18.78133333 102.97 0.000 58.10%

d (mm) 3 15.981 5.327 29.21 0.000 16.07%
Error 38 6.931 0.182394737 8.93%
Total 47 96.03 100.00%

Std. dev = 0.427076; R2 = 92.78%; R2 predicted = 88.48%.

4.3. Confirmatory Experiments

Confirmatory experiments were performed based on the findings of main effect plots
(Figures 6 and 7), and the results are presented in Table 11. As with the case of conventional
speed machining, the setting of the machining parameters required to obtain optimal
values of SCE and Ra were observed to be entirely different, further strengthening the
requirement of a multi-objective model for cutting parameters.



Appl. Sci. 2021, 11, 9032 11 of 20

Figure 7. Main effect plot showing the influence of cutting parameters on Ra in TSM.

Table 11. Results of confirmatory experiments for transitional speed machining.

Levels of Machining Parameters

Responses Average v
(m/min)

f
(mm/rev)

d
(mm)

Specific cutting energy (J/mm3)
Best 0.45 1500 0.4 4

Worst 0.76 750 0.1 1

Surface Roughness (µm) Best 1.54 1000 0.1 3
Worst 6.7 1500 0.4 1

5. Analysis of Experimental Data: High-Speed Machining (HSM)

The investigation results of L16 performed at a high speed of machining are presented
in Table 12.

Table 12. Results of L16 experimental plan for HSM.

Experiment.
No.

v
(m/min)

f
(mm/rev)

d
(mm)

SCE (J/mm3) Ra (µm)

Ave Std. Dev. Ave Std. Dev.

1 1750 0.1 1 0.75 0.005 1.99 0.12
2 1750 0.2 2 0.62 0.005 2.86 0.04
3 1750 0.3 3 0.62 0.005 5.22 0.08
4 1750 0.4 4 0.37 0.005 7.89 0.95
5 2000 0.1 2 0.75 0.005 2.00 0.02
6 2000 0.2 1 0.66 0.005 2.96 0.23
7 2000 0.3 4 0.43 0.005 5.19 0.07
8 2000 0.4 3 0.43 0.005 7.10 0.10
9 2250 0.1 3 0.75 0.012 1.61 0.00
10 2250 0.2 4 0.56 0.005 2.93 0.27
11 2250 0.3 1 0.61 0.012 3.53 0.38
12 2250 0.4 2 0.56 0.005 7.53 0.09
13 2500 0.1 4 0.78 0.005 2.03 0.29
14 2500 0.2 3 0.67 0.008 2.28 0.04
15 2500 0.3 2 0.69 0.005 4.71 0.12
16 2500 0.4 1 0.61 0.012 6.05 0.11
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5.1. Specific Cutting Energy (SCE)

A general trend of reduced SCE values was observed for HSM. In order to assess
the effect of cutting parameters on SCE, analysis of variance has been performed (results
shown in Table 13). ANOVA results depict a trend similar to CSM and TSM. Feed has
been observed to be the most significant cutting parameter affecting SCE. Depth of cut
and cutting speed have been observed to have a lesser effect (around 14~17%) on SCE. A
holistic picture of the impact of cutting parameters on SCE in HSM can be obtained by
main effect plots as shown in Figure 8.

Table 13. Analysis of variance and percentage contribution results for SCE in HSM.

Variable DOF Seq. SS Adj. MS F-Value p-Value CR (%)

v (m/min) 3 0.100391 0.033463667 35.72 0.000 14.09%
f (mm/rev) 3 0.4375 0.145833333 155.67 0.000 62.77%

d (mm) 3 0.119032 0.039677333 42.35 0.000 16.78%
Error 38 0.035598 0.000936789 6.36%
Total 47 0.692521 100.00%

Std. dev = 0.0306070; R2 = 94.86%; R2 predicted = 91.8%.

Figure 8. Main effect plots showing the influence of cutting parameters on SCE in HSM.

The impact of cutting speed on SCE in HSM was seen to be fairly different as compared
to CSM and TSM (Figure 8). SCE consumption was seen to reduce initially, but it increased
after the cutting speed exceeded 2000 m/min. The initial drop in SCE can be attributed
to the high plastic strain associated with HSM [48]. This high strain generates heat in the
primary shear zone that is not completely dissipated through the formed chip due to less
contact time in HSM. This leads to a quasi-adiabatic condition, resulting in the thermal
softening of the workpiece. Thermal softening is the major reason for reduced cutting
forces and specific cutting energy in high-speed machining [42].

The cutting forces gradually decrease in HSM with increase in cutting speed. This
gradual reduction in cutting forces continues up to a certain cutting speed. Beyond that
cutting speed, cutting forces tend to increase [42,49,50]. The rise in SCE beyond the
cutting speed of 2000 m/min can be attributed to the increase in cutting forces beyond this
speed. Thus, the SCE consumption trend presents a parabolic curve in HSM, signifying
the presence of an optimal cutting speed at which SCE consumption is minimum. Chip
morphology was also studied to investigate any change in the form of the chips with an
increase in cutting speed. Figure 9 shows microscopic images of chips at different cutting
speeds, with feed fixed at 0.4 mm/rev.
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Figure 9. Photomicrographs of chips formed at (a) v = 1750 m/min, f = 0.4, d = 4 mm;
(b) v = 2000 m/min, f = 0.4, d = 3 mm; (c) v = 2250 m/min, f = 0.4, d = 2 mm; (d) v = 2500 m/min,
f = 0.4, d = 1 mm.

A noticeable change in the form of the chips can be observed when cutting speed
is increased beyond 1750 m/min. The saw-tooth form of the chip starts disappearing at
2000 m/min, and when the cutting speed is further increased to 2250 m/min, serration in
the chips appears. Though completely serrated chips are not produced even at the cutting
speed of 2500 m/min, it is expected that complete serration might occur if the cutting speed
is further increased. High feed rates combined with high cutting speeds promote serration
in chips [51]. It can be deduced from the chip morphology study (Figure 9) that serration in
chips initiates during the turning of Al 6061-T6 alloys when the cutting speed is increased
beyond 1750 m/min at a feed rate of 0.4 mm/rev. Overall, the chip morphology study
revealed no plausible justification for high SCE at cutting speeds greater than 2000 m/min.

5.2. Surface Finish

The ANOVA results of Ra observed in HSM experiments are presented in Table 14.
All the cutting parameters have been observed to be statistically significant. In terms of
percentage contribution, feed has the highest effect (91.86%), followed by depth of cut
and cutting speed. Figure 10 presents the main effect plot of Ra with respect to cutting
parameters. An overall improvement in surface roughness can be observed with the
increase in cutting speed, and the lowest surface roughness has been achieved at the
highest cutting speed (2500 m/min). This improvement in surface finish can be attributed
to the fact that the tendency of built-up-edge (BUE) formation diminishes with the increase
in cutting speed, which consequently improves surface finish [47]. In the case of the
effect of feed, an expected deterioration of surface finish with an increase in feed has been
observed. This relationship of feed and Ra was observed to prevail in all types of machining
(CSM, TSM, and HSM). Ra has shown an erratic behavior with respect to the depth of cut.
However, the minimum value of Ra was generally observed at the lowest level of depth
of cut.
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Table 14. Analysis of variance and percentage contribution results for Ra.

Variable DOF Seq. SS Adj. MS F-Value p-Value CR (%)

v (m/min) 3 4.166 1.388666667 7.09 0.001 1.70%
f (mm/rev) 3 194.32 64.77333333 330.91 0.000 91.86%

d (mm) 3 4.968 1.656 8.46 0.000 2.08%
Error 38 7.438 0.195736842 4.36%
Total 47 210.892 100.00%

Std. dev = 0.442426; R2 = 96.47%; R2 predicted = 94.37%.

Figure 10. Main effect plot showing the influence of cutting parameters on Ra in HSM.

5.3. Confirmatory Experiments

The cutting parameters identified in the main effect plots (Figures 8 and 10) were used
to perform confirmatory experiments (results presented in Table 15). A very low SCE value
(0.33 J/mm3) was observed at = 2000 m/min, f = 0.4 mm/rev, and d = 4 mm. Such low
values of SCE were also reported in authors’ earlier work on orthogonal machining [11,30].
Owing to the high significance of feed for SCE and Ra, a conflicting setting of cutting
parameters was observed, with the best value of Ra and worst value of SCE being achieved
at exactly the same level of cutting parameters.

Table 15. Results of confirmatory experiments for high-speed machining.

Levels of Machining Variables

Responses Ave.
Value

Speed
(m/min)

Feed
(mm/rev)

Depth of
Cut (mm)

Specific cutting energy (J/mm3)
Best 0.33 2000 0.4 4
Worst 0.78 2500 0.1 1

Surface roughness (µm) Best 1.28 2500 0.1 1
Worst 7.96 1750 0.4 4

6. Consolidated Results

The primary objective of this research was to perform a comprehensive sustainability
analysis of the turning of Al 6061-T6 alloys at varying cutting conditions. As surface
roughness (Ra) has been extensively studied by past researchers for many decades, a
special emphasis was given to SCE. Therefore, to obtain a holistic picture of the evolution
of SCE consumption within the three machining regions (conventional, transitional, and
high-speed machining), the results have been consolidated (Figures 11–15).
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Figure 11. Effect of cutting speed on SCE.

Figure 12. Effect of feed on SCE in three machining regions.

A general trend of drop in SCE can be observed within the conventional speed
machining (CSM) region and the transitional speed machining (TSM) region (Figure 11).
However, the drop in SCE is observed to be highest in the CSM region (11.8%), followed
by the TSM region (6.7%). The trend followed by SCE in the high-speed machining (HSM)
region is parabolic in nature. SCE first dropped by 3.8% when cutting speed was increased
to 2000 m/min. Beyond this point, a sharp increase (about 17%) in SCE was observed. The
parabolic trend signifies the presence of an optimum value of cutting speed over which
the SCE is minimum. In the present study, the maximum value of SCE was observed at
125 m/min and the minimum value at 2000 m/min.

In the case of the effect of feed on SCE (Figure 12), a drastic reduction in SCE is
observed in all three machining regions. In the CSM region, the drop in SCE from feed of
0.1 mm/rev to 0.4 mm/rev has been observed to be about 36%, whereas in the TSM region,
the drop in SCE with an increase in feed has been observed to be 30%. The maximum
drop in SCE has been observed in the HSM region, where a reduction of around 54% in
SCE is observed when feed is increased from 0.1 to 0.4 mm/rev. The high significance of
feed on SCE can be explained with the help of chip mechanics and the cutting process
mechanism. An increase in feed while keeping the cutting speed at a constant value
results in an increase in chip thickness, chip thickness ratio, and, consequently, high shear
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plane angle [43]. Additionally, with the increase in feed, the cutting process mechanism
gradually shifts from the rubbing/ploughing dominated zone to a more efficient shearing
zone [52]. The energy required to remove material at the shear plane (specific shearing
energy) decreases, and the overall efficiency of the cutting process increases in the shearing-
process-dominated cutting zone [10]. The high significance of feed for specific energy
consumption has been reported in the literature for turning operations [16,17]. Similarly,
Balogun and Mativenga [53] reported a high significance of feed for specific energy in
milling operations and recommended the bulk removal of material at high feed rates. Thus,
the outcomes of this study further corroborated the findings reported in the literature and
established the high significance of feed in reducing SCE consumption during the turning
of Al 6061 alloys in all three machining regions (CSM, TSM, and HSM).

Figure 13. Effect of cutting speed-feed on SCE in three machining regions.

Figure 14. Effect of depth of cut on SCE in three machining regions.
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Figure 15. Effect of cutting speed-depth of cut on SCE in three machining regions.

The combined effect of cutting speed and feed on SCE in all three cutting speed regions
is shown in the form of a surface plot in Figure 13. It can be seen from the plot that a
minimum SCE is observed at the cutting speed of 1750 m/min and feed of 0.4 mm/rev.
Furthermore, as discussed in Figure 11, the value of SCE increases when the cutting speed
is further increased.

With regard to the effect of the depth of cut on SCE (Figure 14), a general trend of
reduction in SCE prevails in all three machining regions with the increase in the depth
of cut. The ANOVA results of SCE also demonstrated that the depth of cut is statistically
significant for SCE, although its percentage contribution was generally less than 17%. The
relationship between SCE and the depth of cut can be explained with the help of MRR.
An increase in the depth of cut increases MRR, and this consequently leads to a reduction
in SCE. For this reason, the depth of cut should be kept at its highest permissible level in
order to reduce SCE consumption in a machining process.

The combined effect of cutting speed and the depth of cut on SCE in all three cutting
speed regions is shown in the form of a surface plot in Figure 15. As compared to the
surface plot developed for the cutting speed-feed, the surface plot of the cutting speed-
depth of cut shows abrupt SCE regions. It can be seen from the plot that a minimum SCE is
observed at the cutting speed of 1750 m/min and the depth of cut of 4 mm. Moreover, the
combination of a low cutting speed and low depth of cut can be observed to result in high
SCE consumption.

7. Conclusions

An in-depth analysis of the evolution of SCE along with Ra in three different machining
regions (conventional, transitional, and high-speed machining) has been performed in this
research. The following general conclusions can be drawn from the analysis of these three
machining regions:

• All cutting parameters have been found to be statistically significant for SCE in the
three studied machining regions.

• Cutting feed is the most significant cutting parameter affecting SCE (having a CR% > 60%)
in all the three machining regions.
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• Cutting speed and depth of cut have an almost similar effect and CR% in the conven-
tional and HSM region.

• SCE has been observed to follow a parabolic trend in the HSM region, signifying the
presence of an optimum cutting speed at which SCE is minimum.

• The chip morphology study revealed no plausible cause for an increase in SCE above
the cutting speed of 2000 m/min.

• Ra has been observed to be highly affected by feed in all three machining regions.
• SCE and Ra are two competing responses, and the settings of cutting parameters

required to achieve a minimum SCE and Ra are almost opposite and contrary in
nature. These conflicting requirements of SCE and Ra build the case for the multi-
objective optimization of cutting parameters.

A comprehensive sustainability analysis of other alloys (especially difficult-to-cut
super alloys) is envisioned in future research. Furthermore, full factorial-based experi-
ments in the three cutting speed regions (CSM, TSM, and HSM), an analysis of machining
parameters and their interactions, and the subsequent development of regression-based
models of SCE and Ra are also other potential areas of future research. Such analyses
are expected to provide valuable insight regarding SCE consumption at varied cutting
parameters and speed regions.
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