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Abstract: The rising energy prices and soaring environmental concerns have put an immense 
pressure on the wide usage of machining processes. The total power consumption during machining 
includes the power consumed by the machine itself and the power used to remove the material from 
the workpiece. An accurate prediction of energy consumption during the machining process is the 
basis for energy reduction. In this study, the specific cutting energy and surface finish for low and 
moderate-speed orthogonal machining of the aluminum alloy 2014 are evaluated. The measured 
values for the specific cutting energy and surface roughness are presented as maps on a grid, which is 
based on the machining parameters including the following: (1) cutting speed and (2) undeformed 
chip thickness. The specific cutting energy map depicts low energy consumption values of 0.52 J/mm3 
for the aluminum alloy 2014 at medium speed machining. The roughness maps depict high 
roughness values at high cutting speeds. Both maps help in optimizing the machining process to 
achieve a required surface roughness with minimal energy consumption. A review of a specific 
cutting energy map demonstrates that energy consumption decreases by increasing the cutting speeds. 
The decrease in energy consumption at moderate speeds corresponds to the low cutting forces. This 
potentially happens as a result of thermal softening of the material caused by adiabatic heating. This 
subsequently leads to an increase in the machinability of the aluminum alloy 2014 at moderate 
cutting speeds. Furthermore, the decreasing chip thickness and increasing shear angle as a result of 
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increasing the cutting speed confirms the increased machinability of the workpiece at moderate 
speeds. 

Keywords: energy map; specific cutting energy; roughness map; cutting forces; chip thickness; 
experimental study 
 

Abbreviations: MRR: Material Removal Rate (mm3/s); SCE: Specific Cutting Energy (J/mm3); Fc: 
Cutting Forces (N); Pair: Power Consumption without any Contact (W); Pcut: Power Consumption for 
the Actual Cut (W); d: Depth of Cut (mm); f: Feed Rate (mm/rev); r: Chip Thickness Ratio; tc: Actual 
Chip Thickness after Machining (mm); to: Undeformed Chip Thickness (mm); v: Cutting Speed 
(m/min); w: Depth of Cut (mm); 𝜑: Shear Angle (Degrees) 

1. Introduction 

Pure aluminum or aluminum alloys (Al-alloys) with a low percentage of alloying elements are 
renowned for their low hardness and low wear resistance characteristics. The augmentation of 
alloying elements enhances the mechanical properties and surface characteristics of the base metal [1]. 
The aerospace industry has a great interest in the use of aluminum alloys due to their excellent 
density combined with their mechanical properties; in particular the 2000 and 7000 series of 
aluminum alloys account for a large proportion of aircraft components. The application of Al-alloys 
further extends to the marine and automotive industries, the production of sports equipment and 
various types of tools and machinery [2]. For example, aluminum alloy 5A06 possesses an enhanced 
strength and corrosion resistance, as well as an improved welding performance, which are suitable 
for machining and formability [3]. Furthermore, porous high entropy alloys (HEAs) containing 
aluminum have shown some promising results in terms of its enhanced hardness, fracture toughness, 
and corrosion and wear resistance [4].  

The products made of aluminum are often required to be produced as a single piece through the 
machining process [5]. However, the abatement of fossil fuel reserves and increasing concerns of 
environmental safety and conservation has led to an extensive examination of the machining 
processes [6]. A literature review reveals that 17% of the ownership of a machine tool accounts for 
the cost of energy consumption [2]. The urgency of developing machining techniques to lower 
energy consumption with the development of desired mechanical properties is greater than      
ever [7–11]. The quality of a machining process is defined by its economics. In addition, the final 
properties of the machined material also play a significant role in defining the machining process 
efficiency [12]. Therefore, there is a need for developing new methods and techniques to acquire the 
desired mechanical characteristics with a low environmental and economic impact [13,14]. 

Traditional cooling agents, including fluids and/or lubricants, are utilized to maximize the 
productivity of machining processes. However, the application of such lubricants could negatively 
affect the economics of the machining process [15–19]. Dry machining leads to higher surface 
alterations due to higher thermal effects, though it has less of an economic and environmental impact. 
To control the cutting temperatures and to improve the machinability of materials, conventional 
cutting fluids, such as air and water, are often used. Recently, cryogenic cooling with liquefied gases 
has become the focus of many researchers as a technique to control the temperature in the machining 
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of difficult-to-machine materials. Furthermore, auxiliary systems like pumps, fans, and ACs consume 
a lot of energy during the machining process [20]. 

Energy dissipation during machining occurs in two ways: (1) when electricity is not used to cut 
the material through the insert, and (2) when the actual material is removed. These states are referred 
to as basic states and cutting states, respectively [21–23]. The energy consumed during the removal 
of one cubic meter of a material is referred to as the specific cutting energy (SCE) and is measured in 
the units of J/mm3 [13]. SCE effectively defines the efficiency of the machining process and is 
independent of the type and make of the tool used during machining [24].  

Draganescu et al. [25] demonstrated that the SCE consumption is low at high-speed machining 
parameters. For high-speed machining of Inconel, Pawade et al. [26] demonstrated that the SCE is 
significantly affected by the changes in the feed rate. Balogun and Mativega [27] also explored the 
effects of the feed rate on the SCE. They demonstrated that a low feed rate increases the values of the 
SCE, which subsequently affects the plowing effect of the tool. Warsi et al. [28] performed a detailed 
optimization of the SCE and the material removal rate in the machining of the aluminum alloy 
6061-T6 at a high speed. The results showed that, with the proper selection of cutting parameters, the 
removal of the material can be enhanced by 33%, with a 5% decrease in energy consumption. 
Previous studies have demonstrated that the surface integrity and chip morphology of workpieces 
affects the SCE [29,30]. 

In a machining technique, the SCE is closely related to the cutting parameters such as cutting 
speed, feed rate, and the geometry of the tool [31]. Among these parameters, feed rate and cutting 
speed significantly affect the surface finish, the SCE, the production time, the tool life, and the 
cutting temperatures [32–34]. If the cutting parameters are not optimized, the production time and 
energy consumption may potentially increase, and the surface finish may become poor. Optimization 
of the cutting parameters can be achieved by the development of process maps based on the 
performance of the material, making them easily available and accessible to local machinists. The 
benefit of process maps for orthogonal machining (OM) operations has been thoroughly discussed in 
literatures [24,35].  

The literature survey reveals that energy consumption during the machining of the aluminum 
allow 2014 has not been studied to date. As such, this study aims to develop process energy maps 
(SCE) as a function of critical cutting parameters (i.e., cutting speed and feed rate) for the aluminum 
alloy 2014. In addition, the study also presents roughness maps for the same material. The study is 
carried out at low and moderate cutting speeds, taking into account the effects of cutting forces, chip 
thickness, and shear angle.  

2. Materials and methods 

In this section, the determination and analysis of the SCE, cutting forces, surface roughness, 
chip thickness, and shear angle are thoroughly discussed. The experimentation utilized a YIDA 
ML-300 CNC machine, which possesses a total power of 26 kW. A bar of aluminum alloy 2014 with 
of length 300 mm and diameter of 160 mm was utilized. In all of the targeted experiments, the length 
of the cut was kept at a constant value of 75 mm. During the machining operation, a Yokogawa 
power analyzer CW-240 was employed to measure the power consumption. The measurement of the 
surface roughness was performed with a TIME 3110 roughness tester. The chip thickness was 
measured with the help of a Mitutoyo thickness gauge, as shown in Figure 1. For machining of the 
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workpiece, uncoated cutting inserts (CCMW-09 T3 03-H13A) manufactured by Sandvik Coromant 
industry [36] were used under a dry condition. They used an OM technique for their study. OM is a 
two-dimensional machining technique which is usually employed to simplify complex 
three-dimensional machining operations [37–40]. 

For the proper application of OM, a cut of a constant depth of 4 mm was selected. The depth of 
cut is similar to the one considered in Warsi et al. [24]. This enabled us to make a comparison 
between SCE values of the aluminum alloy 2014 with the SCE values of the aluminum alloy 
6061-T6 as calculated by Warsi et al. for similar experimental conditions. The objective is to develop 
energy and roughness maps for low and medium speed machining. The cutting speed and feed rate 
were selected accordingly, as given in the design of experiments (DOE) in Table 1. Moreover, the 
selected values for the feed rate are shown in Table 2. 

 

Figure 1. Mitutoyo ABS digital thickness gauge used for the measurement of chip thickness. 

Table 1. Cutting Speed and its levels.  

Parameter Level 1 Level 2 Level 3 Level 4 Level 5 

v (m/min) 250 500 750 900 1000 

Note: Depth of cut is kept constant at 4 mm. 

Table 2. Feed Rate and its levels. 

Parameter Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7 

f (mm/rev) 0.1 0.15 0.2 0.25 0.3 0.35 0.4 

Note: Depth of cut kept constant at 4 mm.  

During the experiment, a fresh insert was used. The measurement of power was completed in 
two stages. In the first stage, the tool was moved along the length of the workpiece without any 
direct contact between the tool and workpiece and power consumption was measured (Pair). In the 
second stage, power consumption was measured for the actual cut (Pcut). The difference between the 
two values gave the actual power consumption during the machining operation (Pactual). The specific 
energy consumption is the ratio of power consumption during the machining operation to the 



579 

AIMS Materials Science  Volume 10, Issue 4, 575–588. 

material removal rate, as given by Eq 1 [41–44]: 

cut airP P
SCE

v f d




 
                                  (1) 

Roughness was measured from four different locations of the workpiece and an average value 
was employed for the development of the surface roughness map. The completed schematic used to 
develop the SCE and the roughness map for the aluminum alloy 2014 is shown in Figure 2. Power 
consumption can be employed for the calculations of cutting forces [42]. Many researchers have 
proposed that the SCE can be used to approximate the cutting forces [41–44]. 

 

Figure 2. Experimental setup for energy and roughness map development. 

In this study, energy consumption was employed to calculate the cutting forces. The specific 
cutting energy is not affected by the make, type, or efficiency of the tool used to remove the material 
from the workpiece. It is the ratio of the cutting force (Fc) to the area projected by the cut surface, as 
given in Eq 2 [41–44]: 

0

cF
SCE

w t



                                   (2) 

The units’ balances and their interpretation associated with SCE and Fc are provided in Appendix A. 
In this work, the chips obtained by the turning of the aluminum workpiece were measured by 

the Mitutoyo thickness gauge. The thickness was noted and chip thickness ratio (r) was measured. In 
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the current study, a rank angle of 0o was employed. The shear angle (φ) can be calculated using   
Eq 3 [44]: 

  0tan
c

t

t
                                    (3) 

According to Tables 1 and 2, a total of 34 experiments were performed. With the help of a 
power analyzer and a roughness tester, the SCE and roughness were measured, respectively. The 
values of the SCE and roughness were plotted on a cutting speed and feed rate grid. The contours for 
the SCE values were made, which identified the regions of high or low energy consumption and 
likewise for the roughness map. 

3. Results and discussion 

The cylindrical workpiece of the aluminum alloy 2014 was subjected to OM and a SCE map 
was developed under the conditions given in Tables 1 and 2. The energy map is shown in Figure 3. 
Interestingly, the upper right-hand corner of the map shows the lowest energy consumption values, 
depicting that at speeds ranging to 1000 m/min with a feed rate of 0.4 mm/rev, energy consumption 
is reduced significantly. These low values of SCE at a moderate speed depict high production rates 
with very low energy consumption. In the developed energy map, the left side illustrates the region 
associated with a high energy consumption.  

Contrary to the SCE map, the roughness map is slightly different, as shown in Figure 4. 
Surface-roughness increases when the feed rates and cutting speeds are high and medium, respectively. 
However, moderate values of surface finish were demonstrated to be approximately 0.2 mm/rev of an 
undeformed chip thickness for all the cutting speeds. At this range, the SCE maps reveal moderate 
values of energy consumption. Therefore, a compromise can be made between the surface finish and 
energy consumption to obtain the required characteristics with the smallest energy utilization. Both 
these maps potentially help the machinist to optimize the machining process according to his/her 
requirement. 

Shear angle and chips thickness have been of a great importance in the context of material 
removal. Shear angle helps us to determine the amount of force required to cut a material. A small 
shear angle means less force, which can lead to an improved tool life and surface finish. Chip 
thickness affects the heat generated during the machining operation. A thinner chip will generate less 
heat, which can help to improve tool life and surface finish. The machinability of a material is 
usually defined in terms of the shear angle and is a function chips thickness [45]. The plot of chip 
thickness against cutting speed is provided in Figure 5. Increasing the cutting speed seems to have a 
detrimental impact on chip thickness. For the calculation of the shear angle, Eq 3 was used. 
According to Figure 6, an increasing trend of the shear angle is correlated with an increase in cutting 
speed. 

In addition to all of these parameters, a decrease in SCE at a moderate cutting speed can be 
explained with the help of the cutting forces. As seen in Figure 7, regarding the variation of cutting 
forces with undeformed chip thickness, at higher feed rates, the cutting forces rise significantly. This 
occurs because at higher feed rates, the material to be removed in one signal rotation of the 
workpiece increases. On the contrary, higher speeds lead to a decrease in forces. This boils down to 
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the fact that the material is subjected to adiabatic heating, which softens at moderate cutting speeds. 
When this happens, the material removal becomes much easier. Consequently, this reduces the chip 
thickness and increases the shear angle, thereby increasing the machinability of the workpiece [45]. 

 

Figure 3. SCE map for the aluminum alloy 2014 bar using uncoated H-13A insert: 
cutting speed range is between 250 m/min and 1000 m/min and feed rate range is 
between 0.1 mm/rev and 0.4 mm/rev. 

 

Figure 4. Roughness map for the aluminum alloy 2014 bar using uncoated H-13A insert: 
cutting speed range is between 250 m/min and 1000 m/min and feed rate range is 
between 0.1 mm/rev and 0.4 mm/rev. 
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Figure 5. Variation of chip thickness with cutting speed: The changing speed range 
varies between 250 m/min and 1000 m/mm for the aluminum alloy 2014. 

 

Figure 6. Variation of shear angle with cutting speed: the changing speed range varies 
between 250 m/min and 1000 m/min for the aluminum alloy 2014. 
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Figure 7. Variation of cutting forces with cutting speed: the changing speed range varies 
between 250 m/min and 1000 m/min for the aluminum alloy 2014. 

The present work is based on the turning of the aluminum alloy 2014 with a selected range   
of 250 m/min to 1000 m/min for cutting speed. The range for the feed rate was between 0.1 mm/rev 
to 0.4 mm/rev, with an increment step of just 0.05 mm/rev. The results of the SCE have been 
complied in order to develop an energy consumption map. Similar work has been performed on the 
aluminum alloy 6061-T6 by Warsi et al. [24].  

Energy consumption for the selected parameters for the aluminum alloy 2014 is depicted in 
Figure 8. The values of the SCE of respective cutting parameters are presented. It can be observed 
that with an increase in the feed rate and cutting speed, the specific energy consumption diminishes. 
Adiabatic heating of the material occurs at moderate cutting speeds, leading to the thermal softening 
of the material.  

Energy consumption for various cutting parameters for the aluminum alloy 6061-T6 has been 
taken from the literature and are presented in Figure 9. It shows a decrease of energy consumption 
with an increase in cutting speed. Moreover, energy consumption also faces a decline when the feed 
rate is increased. Figures 8 and 9 both show a similar trend. The difference appears only in the 
energy consumption values at the selected machining parameters. A close overview of specific 
energy consumption illustrates that for the same values of cutting speed and feed rate, the specific 
energy consumption is higher for the aluminum alloy 2014 as compared to the specific energy 
consumption for the aluminum alloy 6061-T6. The inclusion of higher percentages of copper in the 
aluminum alloy 2014 makes it slightly harder than the aluminum alloy 6061-T6. However, the higher 
hardness of the aluminum alloy 2014 makes it more difficult to cut. Therefore, it experiences higher 
SCE values when compared to the aluminum alloy 6061-T6.  
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Figure 8. The date associated with energy consumption for the aluminum alloy 2014, 
which are obtained experimentally in the present study.  

 

Figure 9. The date associated with energy consumption for the aluminum alloy 6061-T6 
in the literature [24]. 
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4. Conclusions 

Development and analysis of the SCE and roughness maps for OM was presented in this 
research. The major findings of this research can be concluded as follows:  
• Specific energy consumption decreases at moderate cutting speeds due thermal softening caused 

by adiabatic heating and a reduced coefficient of friction. 
• Increased feed rates result in the increased resistance offered by the material to the machining 

operation which causes the specific cutting energy and cutting forces to rise.  
• Reduced feed rates enhance the surface finish at every cutting speed.  
• Chip thickness decreases with increasing cutting speeds, while the shear angle increases with 

increasing cutting speeds, concluding that the machinability of the material is better at moderate 
cutting speeds.  

• The aluminum alloy 2014 consumes a much higher specific cutting energy when compared to 
the aluminum alloy 6061-T6 during the machining operation under same machining parameters. 
This study is based on both low and medium cutting speeds. This research can be extended to 

high cutting speeds to extend the SCE and roughness maps to a high cutting speed region. Moreover, 
the impact of the cutting fluids on the SCE maps can also be studied. 
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Appendix A 

The units balances specified for the specific cutting energy (SCE) and cutting force (Fc), along 
with their interpretations, are as follows: 
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