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Calculating the Power Demand in Turning of AISI 316L 
Stainless Steel Through the Cutting Forces Data

Abstract—Austenitic stainless steel AISI 316L has been widely 
used for orthopedic implants due to its mechanical properties, 
corrosion resistance and biocompatibility. Machining of 
austenitic stainless steel are often regarded as 'difficult to 
machine' and classed a single group of steels, based on experience 
with the most common austenitic types. This paper presents a 
methodology for practical calculation of power demand based on 
cutting force that will be compared with experimental results 
especially turning process. Based on a previously proposed 
definition, the power demand in metal cutting is the energy 
required cutting. This paper provides a complete list of 
mathematical expressions needed for the calculation of power 
demand and demonstrates their utility for turning operation of 
austenitic stainless steel using coated and uncoated carbide.

Keywords—cutting force; power Demand; turning; stainless 
steel

I. Introduction
The manufacturing sector is a key industry that relies 

on the use of energy in driving value addition through 
manufacturing processes. Machining is widely used in 
most manufacturing industries hence represents a major 
portion for energy demand. Reducing the energy demand
of machine tools can significantly improve the 
environmental performance of manufacturing processes 
and systems. Furthermore, given that machining 
processes are used in manufacturing of many consumer 
products, improving the energy efficiency of machining-
based manufacturing systems could yield great deal of 
reduction in the environmental impact of consumer 
products. Yet, despite decades of optimizing the 
machining processes based on cost and productivity, 
optimizing their energy use had not received significant 
attention.

The first step toward reducing energy demand in 
machining is to calculate and evaluate the power demand
based on experimental data. The followings are some of 
the literatures on the power demand calculation during 
machining of various workpiece materials. The 
investigation of Bhattacharya et al. [1] outlines an 
experimental study to investigate the effects of cutting 
parameters on power demand by employing Taguchi 
techniques during high speed machining of AISI 1045 
using coated carbide tools. It was reported that 
significant effect of cutting speed on the surface 
roughness and power demand, while the other 
parameters did not substantially affect the responses. 
The report by Hanafi et al. [2] outlines the effect of 
cutting parameters on power demand when turning poly 
ether ether keytone reinforced with 30% of carbon fibers 
using TiN coated tools under dry conditions. The 
obtained results have indicated that cutting speed and 
depth of cut are the most influential parameters. Fratila 
and Caizar [3] reported the effect of cutting parameters 
in face milling when machining AlMg3 (EN AW 5754) 
with HSS (high speed steel) tool under semi-finishing 
conditions to the power demand. These literatures 
reported direct power demand measurement during the 
experiments. The works used statistical analysis towards 
determining the cutting parameters setting in order to 
achieve the preferred machining responses, including 
minimum power demand.

The above literature reviews show that so far no 
efforts have been made toward calculation power 
demand based on data of cutting force and comparing 
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with experimental results of power demand during 
machining of AISI 316L austenitic stainless steel. AISI 
316L austenitic stainless steel are increasingly being 
used in manufacturing especially in medical and 
aerospace industries. However, it poses a difficult 
machining problem due to its material properties. In the 
present work, an attempt has been made to calculate the 
power demand in turning of austenitic stainless steel by 
using the data of cutting force.

II. Calculation of Power Demand
A. Cutting Forces

Turning is a very important machining process in 
which a single point cutting tool removes unwanted 
material from the surface of a rotating cylindrical work 
piece. The cutting tool is fed linearly in a direction 
parallel to the axis of rotation. Turning is carried on 
lathe that provides the power to turn the work piece at a 
given rotational speed and feed to the cutting tool at 
specified rate and depth of cut. Therefore three cutting 
parameters namely cutting speed, feed rate and depth of 
cut need to be optimized in a turning operation. Turning 
operation is one of the most important operations used 
for machine elements construction in manufacturing 
industries i.e. aerospace, automotive and shipping. 

Turning produces three cutting force components as 
shown in Figure1, (the main cutting force i.e. thrust 
force, (FZ), which acts in the cutting speed direction, 
feed force, (FX), which acts in the feed rate direction and 
the radial force, (FY), which acts in radial direction and 
which is normal to the cutting speed). Out of three force 
components the cutting force (main force) constitutes 
about 70% to 80% of the total force ‘F’ and is used to 
calculate the power ‘P’ required to perform the 
machining operation [4-5]. The cutting forces generated 
in metal cutting have a direct influence on generation 
heat, tool wear or failure, quality of machined surface 
and accuracy of the workpiece.

Cutting power is the product of main cutting force 
and the cutting velocity and is a better criterion for 
design and selection of any machine tools. Power 
demand may be used for monitoring the tool conditions. 
The equation for the power is:

Pc = Fc * Vc  (1) 

where Pc is the power of cutting process in Watt, Vc is 
the cutting speed in m/min and Fc is the main cutting 
force in N. 

Figure 1. Cutting force components during metal cutting in 
turning

The power is dissipated mainly in the shear zone (due 
to the energy required to shear the material) and on the 
rake face of the tool (due to tool-chip interface friction). 
The sharpness of the tool tip also influences forces and 
power. Because it rubs against the machined surface and 
makes the deformation zone ahead of the tool larger the 
worn out tools require higher forces and power.

B. Power Demand in Turning Process

Most studies provided in literature focus on 
measuring the power demand of different types of 
machine tools as a basis for identifying optimization 
potentials. A commonly accepted energy breakdown by 
[6] divides the power demand of machine tools into 
three different modes: idle mode, run-time mode, and 
production mode. In idle mode, the machine is ready for 
production and components such as the operation panel 
and fans accumulate to the constant power demand. 
During run-time mode, further auxiliaries are activated, 
which, once turned on, have a constant power demand
(e.g. spindle motor and coolant pumps). 
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The production mode represents the power demand
while removing material. This portion is variable and 
dependent on the load applied to the machine. Numerous 
studies showed that the power necessary for removing 
the actual material has only little impact on the overall 
energy demand [7-8]. Thus, different approaches aimed 
to reduce the constant part by either improving specific 
components or by reducing the overall cycle time [9-10]. 
Influences on power demand were identified, such as 
process parameters [11], selection of tooling [12], and 
workpiece material [13]. Hence, power measurements 
are highly dependent on a variety of preconditions that 
directly affect the obtained data and therefore require 
standardized test procedures.

Total power (P) used in lathe operations can be
evaluated from the power consumed by the machine
during the setup operation (P0), and during the cutting 
operation (Pc). It can be calculated by the product of 
machining time and power consumption in unit time, as 
modeled by [7] in equation (2).

P = P0 + k. ̇ (2)

where P0 is the power [W] consumed by all machine 
modules for a machine operating at zero load (machine 
is not cutting), k is specific cutting energy [Ws/mm3], 
and � ̇ is material removal rate [mm3/s]. Specific energy 
value of k can be referring to [14].

The total power consumption in cutting process 
could be modified from the equation modeled by [15]:

P = P0 + Pc (3)
where Pc is the power of cutting operation and Vc is 
cutting speed (m/min). A typical relationship between 
cutting force components acting on the cutting tool in a 
3D single point cut is defined by Equation as follow 
[18]:

Fc = � � � � + � � � + � � � (4)

where Fc was resultant of cutting force, FX was radial 
force, FY was feed force, and FZ was cutting force. Thus, 
the equation of cutting process is:

P = Po + (� � � � + � � � + � � � ) Vc (5)

III. Experimental Design

A. Materials and Cutting Tools

Turning process carried out on a 5.5kW two-axes 
CNC lathe machine with cutting speed (Vc) of 90 to 210 
m/min, feed rate of 0.1 to 0.22 mm/rev, and 0.4 mm for 
depth of cut (constant). The process was performed with 
dry turning. A Kistler force dynamometer model 9265B 
was used to record cutting force during experimental 
turning operations. Model 5019 Kistler multi channel 
amplifiers were used to convert the dynamometer output 
signal into a voltage signal appropriate for the data 
acquisition system. The input sensitivities of the charge 
amplifier were set corresponding to the output sensitivity 
of the force dynamometer in the direction of the forces. 

The workpiece material was an austenitic stainless 
steel AISI 316L which has a composition of 0.03% C, 
0.75% Si, 2.0% Mn, 18.0% Cr, 0.03% S, 0.045% P, 14.0 
Ni, 0.10% N, and balance Fe. 

The cutting tool used for the experiment were an 
advanced CVD nano-texture TiCN coating carbide with 
nano-texture Al2O3 (MC7025) and uncoated (UTi20T) 
that designated as ISO CNMG 120408.

B. Experimental Setup

The turning experiments were carried out on a 2-Axis 
CNC lathe machine “ALPHA 1350S”. In order to 
develop the power consumption model for this machine, 
power measurements were performed under various 
cutting parameter settings. Three portable power monitor 
(OMRON ZN-CTX21) were used within the turning 
experiments including three clamp meter (OMRON ZN-
CTM11). One device was applied for measuring the 
main power, while the others were used for the 
measurement of the process power including the spindle 
and axis drives. The constant power can be derived by 
deducing the process power from the total power. The 
measured data was acquired and visualized through the 
software “Wave Inspire ES”. The power measurement 
setup is demonstrated in Figure 2.
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Figure 2. Power measurement setup

IV. Results and Discussion
A. Cutting Forces

Cutting force generated during turning process that 
started the cutting tool to touch the workpiece until the 
completion of cutting process and it can be measured by 
a dynometer connected with a system interface and the 
measurement results were shown as in Figure 3.

Figure 3. Graph of cutting force

The results of cutting force data for coated and 
uncoated carbide was shown in Figure 4 below is made 
in the form of a graph of cutting force with feed rate for 
each of the different cutting speed. The high of cutting 
force (312.07 N) was obtained from the selection of 
cutting speed and feed rate is high, while the lower 
cutting force (154.86 N) was obtained from the selection 
of cutting speed and feed rate are low. 

Figure 4. Graph for results of cutting force

B. Power Consumption

Table 2 and 3 presents results for experimental data 
generated during turning of austenitic stainless steel 
work piece. This result shows that cutting speed has the 
most significant effect on the power consumption, 
followed by feed rate. The lowest power is obtained 
when all the factors value at their minimum value.

Table 2. Result of power consumption for MC7025 coated 
carbide

No.
Vc

(mm/min)
f

(mm/rev)
Pc (kW)

Error
Experiment Equation

1 90 0.10 0.870 0.855 0.011
2 150 0.10 1.062 0.993 0.049
3 210 0.10 1.363 1.273 0.064
4 90 0.16 0.920 0.952 0.022
5 150 0.16 1.234 1.257 0.016
6 210 0.16 1.494 1.492 0.001
7 90 0.22 0.991 1.039 0.034
8 150 0.22 1.238 1.266 0.020
9 210 0.22 1.598 1.665 0.048

Table 3 Result of power consumption for UTi20T uncoated 
carbide

No.
Vc

(mm/min)
f

(mm/rev)
Pc (kW)

Error
Experiment Equation

1 90 0.10 0.636 0.699 0.045
2 150 0.10 0.908 1.009 0.072
3 210 0.10 1.160 1.145 0.010
4 90 0.16 0.730 0.830 0.070
5 150 0.16 1.020 1.089 0.049
6 210 0.16 1.423 1.420 0.003
7 90 0.22 0.610 0.721 0.079
8 150 0.22 1.027 1.117 0.064
9 210 0.22 1.524 1.508 0.011
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Based on tables 2 and 3 above, hence made a form 
of graph Pc with cutting speed and for different of feed 
rate and cutting tool. This chart was also made to 
determine the differences in power consumption derived 
from experimental results and calculation results that 
using Eq. 6 above.

C. Discussions

The experiment results obtained cutting force as 
shown in Figure 4, where cutting force will increase for 
increasing the cutting speed and feed. This phenomenon 
was confirmed by research carried out by [19] observed 
that the selecting of a cutting speed and feed rate from 
the charts that depends on cutting force model for 
turning Hastelloy C-276 utilizing response surface 
methodology. It concluded that the effect of feed rate on 
cutting force is much more evident than the effect of 
speed and the cutting force slightly affected by cutting 
speed, whilst it increases when the feed or depth of cut is 
increased. The same case that has been investigated by 
[20] who concluded that generally the three forces 
(radial, tangential, and feed force) increased when feed 
rate was Increased and the cutting speed were found to 
be similar when the feed rate was Increased.

Fe
ed

 r
at

e 
=

0.
10

 m
m

/r
ev

Fe
ed

 r
at

e 
=

0.
16

 m
m

/r
ev

Fe
ed

 r
at

e 
=

0.
22

 m
m

/r
ev

Figure 5. Power consumption at variety of feed rate for 
MC7025
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Figure 6. Power consumption at variety of feed rate for 
UTi20T

For a description the power consumption, can be 
expressed that power consumption is minimum at the 
low level of cutting speed as proved in the Figure 5. The 
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figure shows the main effect plot for power consumption 
showing the effect of cutting speed, and feed rate. The 
results explain that decreasing cutting speed and feed 
rate, there is continuous decrease in power consumption 
i.e. smaller values of cutting parameters and larger 
values of cutting parameters there is required larger 
power for machining austenitic stainless steel. This 
result is consistent with the findings conducted by [21]
summarized that decreasing cutting speed, feed rate, 
depth of cut and tool nose radius, there is continuous 
decrease in power consumption i.e. smaller values of 
cutting parameters and tool nose radius produces smaller 
power consumption and larger values of cutting 
parameters there is required larger power for machining 
EN-31 steel. As well as [22] observe the effect of cutting 
parameter and cutting environment in turning of AISI P-
20 tool steel, it is clear that lowest power consumption is 
at lowest level of cutting speed, feed, depth of cut and 
nose radius.

Besides, if we consider Tables 2 & 3 and Figures 5 & 
6, it can be seen that the power consumption was 
obtained from the experimental results and calculation 
results show the percentage of similarity is not too big. 
The percentage error range between the experimental 
and calculation value for Pc is 0.1 to 7.9%. It can be said 
that the calculation model developed were reasonably 
accurate for both of MC7025 coated carbide and UTi20T 
uncoated carbide.

V. Conclusion

In this paper, AISI 316L austenitic stainless steel 
have been dry-machined in a two-axes CNC lathe 
machine and a Kistler force dynamometer model 9265B 
was used to measure the cutting force values of work 
pieces. The important conclusions were taken from this 
study are as follow:

1. Considering the individual conditions, cutting 
speed was more influencing factor to cutting 
force and power consumption, followed by feed 
rate. 

2. As the spindle speed increases, for lower feed 
rates, the surface roughness decreases, for higher 

feed rates, the surface roughness changes 
considerably.

3. The increase in feed rate causes the surface 
roughness to increase and then decrease. For 
lower depth of cut, as the feed rate increases, 
surface roughness decreases and then increases.

4. The cutting force and power consumption have a 
direct relationship to influence each other, in 
other words cutting force was increase as well as 
power consumption increases.

5. The similarity of power consumption based on 
experiments and calculation have a percentage 
errors between 0.1 to 7.9%, it means that 
calculation of power consumption based on data 
of cutting force can be used and considered for 
other experiments.

Acknowledgement

Author would like to express his deep gratitude to the 
Mechanical Engineering Department of Politeknik 
Negeri Ujung Pandang for submission of this paper.

References

[1] Bhattacharya, A., S. Das, P. Majumder, and A. Batish (2009) 
Estimating the effect of cutting parameters on surface finish and 
power consumption during high speed machining of AISI 1045 
steel using Taguchi design and ANOVA. Production 
Engineering.  3:31-40

[2] Hanafi, I., A. Khamlichi, F.M. Cabrera, E. Almansa, and A. 
Jabbouri (2012) Optimization of cutting conditions for 
sustainable machining of peek cf30 using tin tools. Journal of 
Cleaner Production. 28

[3] Fratila, D. and C. Caizar (2011) Application of Taguchi method 
to selection of optimal lubrication and cutting conditions in face 
milling of AlMg3. Journal of Cleaner Production.  19:640-645

[4] Trent, E.M. and P.K. Wright (2000) Metal Cutting. Fourth ed. 
227-238.

[5] Kalpakjian, S. and S.R. Schmid (2006) Manufacturing 
Engineering and Technology. 5th ed.

[6] Dahmus, J.B. and T.G. Gutowski (2004) An environmental 
analysis of machining. Proceedings of 2004 ASME International 
Mechanical Engineering Congress and RD&D Expo. 1-10

[7] Gutowski, T., J. Dahmus, and A. Thiriez (2006) Electrical 
Energy Requirements for Manufacturing Processes. 13th CIRP 
International Conference on Life Cycle Engineering. 

[8] Li, W., A. Zein, S. Kara, and C. Herrmann (2011) An 
Investigation into Fixed Energy Consumption of Machine Tools. 
Glocalized Solutions for Sustainability in Manufacturing: 
Proceedings of the 18th CIRP International Conference on Life 
Cycle Engineering. 268-273

[9] Kara, S. and W. Li (2011) Unit process energy consumption 
models for material removal processes. CIRP Annals -
Manufacturing Technology.  60:37-40



Journal INTEK. 2016, Volume 3 (1): 43-49       49

[10] Mori, M., M. Fujishima, Y. Inamasu, and Y. Oda (2011) A 
study on energy efficiency improvement for machine tools. 
CIRP Annals - Manufacturing Technology.  60:145-148

[11] Herrmann, C. and S. Thiede (2009) Process chain simulation to 
foster energy efficiency in manufacturing. CIRP Journal of 
Manufacturing Science and Technology.  1:221-229

[12] Diaz, N., M. Helu, A. Jarvis, S. Tönissen, D. Dornfeld, and R. 
Schlosser (2009) Strategies for Minimum Energy Operation for 
Precision Machining. The Proceedings of MTTRF 2009 Annual 
Meeting. 47-50

[13] Diaz, N., E. Redelsheimer, and D. Dornfeld (2011) Energy 
Consumption Characterization and Reduction Strategies for 
Milling Machine Tool Use Proceesing of the 18th CIRP 
International Conference on Life Cycle Engineering. 263-267

[14] Walsh, R.A. (2001) Handbook of Machining and Metalworking 
Calculations.

[15] Liu, S., H. Li, and Q. Jin (2012) Calculation of Energy 
Consumption During Manufacturing Processes. Applied 
Mechanics and Materials.  101-102:1023-1026

[16] Astakhov, V.P. and X. Xiao (2008) A Methodology for practical 
cutting force evaluation based on the energy spent in the cutting 
system Machining Science and Technology.  12:325-347

[17] El-Hossainy, T.M., A.A. El-Zoghby, M.A. Badr, K.Y. Maalawi, 
and M.F. Nasr (2010) Cutting parameter optimization when 

machining different materials. Materials and Manufacturing 
Processes.  25:1101-1114

[18] Audy, J. (2006) Appraisal of techniques and equipment for 
cutting force measurement. Journal of Zhejiang University: 
Science.  7:1781-1789

[19] Khidhir, B.A. and B. Mohamed (2009) Selecting of Cutting 
Parameters from Prediction Model of Cutting Force for Turning 
Nickel Based Hastelloy C-276 Using Response Surface 
Methodology. European Journal of Scientific Research.  33:525-
535

[20] Noordin, M.Y., V.C. Venkatesh, C.L. Chan, and A. Abdullah 
(2001) Performance evaluation of cemented carbide tools in 
turning AISI 1010 steel. Journal of Materials Processing 
Technology.  116:16-21

[21] Abhang, L. and M. Hameedullah (2010) Power prediction model 
for Turning En-31 steel Using Response surface methodology. 
Journal of Engineering Science and Technology Review.  3:116-
122

[22] Aggarwal, A., H. Singh, P. Kumar, and M. Singh (2008) 
Optimizing power consumption for CNC turned parts using 
response surface methodology and Taguchi's technique-A 
comparative analysis. Journal of Materials Processing 
Technology.  200:373-384.





Calculating the Power Demand in Turning of AISI 316L Stainless Steel Through the Cutting Forces Data

 (
Rusdi Nur
 
1,a
1
 
Mechanical Engineering 
Department
, 
Politeknik Negeri Ujung Pandang
, 
Jl. Perintis Kemerdekaan Km. 10, Makassar, 90245, Indonesia
a
 
rusdinur@poliupg.ac.id
b
 
Email Address of Second Author
 (
Font 10
)
)





Journal INTEK. 2016, Volume 3 (1): 43-49			      43

















Abstract—Austenitic stainless steel AISI 316L has been widely used for orthopedic implants due to its mechanical properties, corrosion resistance and biocompatibility. Machining of austenitic stainless steel are often regarded as 'difficult to machine' and classed a single group of steels, based on experience with the most common austenitic types. This paper presents a methodology for practical calculation of power demand based on cutting force that will be compared with experimental results especially turning process. Based on a previously proposed definition, the power demand in metal cutting is the energy required cutting. This paper provides a complete list of mathematical expressions needed for the calculation of power demand and demonstrates their utility for turning operation of austenitic stainless steel using coated and uncoated carbide.
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Introduction

The manufacturing sector is a key industry that relies on the use of energy in driving value addition through manufacturing processes. Machining is widely used in most manufacturing industries hence represents a major portion for energy demand. Reducing the energy demand of machine tools can significantly improve the environmental performance of manufacturing processes and systems. Furthermore, given that machining processes are used in manufacturing of many consumer products, improving the energy efficiency of machining-based manufacturing systems could yield great deal of reduction in the environmental impact of consumer products. Yet, despite decades of optimizing the machining processes based on cost and productivity, optimizing their energy use had not received significant attention. 

The first step toward reducing energy demand in machining is to calculate and evaluate the power demand based on experimental data. The followings are some of the literatures on the power demand calculation during machining of various workpiece materials. The investigation of Bhattacharya et al. [1] outlines an experimental study to investigate the effects of cutting parameters on power demand by employing Taguchi techniques during high speed machining of AISI 1045 using coated carbide tools. It was reported that significant effect of cutting speed on the surface roughness and power demand, while the other parameters did not substantially affect the responses. The report by Hanafi et al. [2] outlines the effect of cutting parameters on power demand when turning poly ether ether keytone reinforced with 30% of carbon fibers using TiN coated tools under dry conditions. The obtained results have indicated that cutting speed and depth of cut are the most influential parameters. Fratila and Caizar [3] reported the effect of cutting parameters in face milling when machining AlMg3 (EN AW 5754) with HSS (high speed steel) tool under semi-finishing conditions to the power demand. These literatures reported direct power demand measurement during the experiments. The works used statistical analysis towards determining the cutting parameters setting in order to achieve the preferred machining responses, including minimum power demand.

The above literature reviews show that so far no efforts have been made toward calculation power demand based on data of cutting force and comparing with experimental results of power demand during machining of AISI 316L austenitic stainless steel. AISI 316L austenitic stainless steel are increasingly being used in manufacturing especially in medical and aerospace industries. However, it poses a difficult machining problem due to its material properties. In the present work, an attempt has been made to calculate the power demand in turning of austenitic stainless steel by using the data of cutting force.

Calculation of Power Demand

Cutting Forces

Turning is a very important machining process in which a single point cutting tool removes unwanted material from the surface of a rotating cylindrical work piece. The cutting tool is fed linearly in a direction parallel to the axis of rotation. Turning is carried on lathe that provides the power to turn the work piece at a given rotational speed and feed to the cutting tool at specified rate and depth of cut. Therefore three cutting parameters namely cutting speed, feed rate and depth of cut need to be optimized in a turning operation. Turning operation is one of the most important operations used for machine elements construction in manufacturing industries i.e. aerospace, automotive and shipping. 

Turning produces three cutting force components as shown in Figure1, (the main cutting force i.e. thrust force, (FZ), which acts in the cutting speed direction, feed force, (FX), which acts in the feed rate direction and the radial force, (FY), which acts in radial direction and which is normal to the cutting speed). Out of three force components the cutting force (main force) constitutes about 70% to 80% of the total force ‘F’ and is used to calculate the power ‘P’ required to perform the machining operation [4-5]. The cutting forces generated in metal cutting have a direct influence on generation heat, tool wear or failure, quality of machined surface and accuracy of the workpiece.

Cutting power is the product of main cutting force and the cutting velocity and is a better criterion for design and selection of any machine tools. Power demand may be used for monitoring the tool conditions. The equation for the power is:

Pc = Fc * Vc  				(1) 



where Pc is the power of cutting process in Watt, Vc is the cutting speed in m/min and Fc is the main cutting force in N. 
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Figure 1. Cutting force components during metal cutting in turning



The power is dissipated mainly in the shear zone (due to the energy required to shear the material) and on the rake face of the tool (due to tool-chip interface friction). The sharpness of the tool tip also influences forces and power. Because it rubs against the machined surface and makes the deformation zone ahead of the tool larger the worn out tools require higher forces and power.

Power Demand in Turning Process

Most studies provided in literature focus on measuring the power demand of different types of machine tools as a basis for identifying optimization potentials. A commonly accepted energy breakdown by [6] divides the power demand of machine tools into three different modes: idle mode, run-time mode, and production mode. In idle mode, the machine is ready for production and components such as the operation panel and fans accumulate to the constant power demand. During run-time mode, further auxiliaries are activated, which, once turned on, have a constant power demand (e.g. spindle motor and coolant pumps). 

The production mode represents the power demand while removing material. This portion is variable and dependent on the load applied to the machine. Numerous studies showed that the power necessary for removing the actual material has only little impact on the overall energy demand [7-8]. Thus, different approaches aimed to reduce the constant part by either improving specific components or by reducing the overall cycle time [9-10]. Influences on power demand were identified, such as process parameters [11], selection of tooling [12], and workpiece material [13]. Hence, power measurements are highly dependent on a variety of preconditions that directly affect the obtained data and therefore require standardized test procedures.

Total power (P) used in lathe operations can be evaluated from the power consumed by the machine during the setup operation (P0), and during the cutting operation (Pc). It can be calculated by the product of machining time and power consumption in unit time, as modeled by [7] in equation (2).

	P = P0 + k				(2)

where P0 is the power [W] consumed by all machine modules for a machine operating at zero load (machine is not cutting), k is specific cutting energy [Ws/mm3], and  is material removal rate [mm3/s]. Specific energy value of k can be referring to [14].

The total power consumption in cutting process could be modified from the equation modeled by [15]:

	P = P0 + Pc				(3)

where Pc is the power of cutting operation and Vc is cutting speed (m/min). A typical relationship between cutting force components acting on the cutting tool in a 3D single point cut is defined by Equation as follow [18]:

Fc = 			(4)

where Fc was resultant of cutting force, FX was radial force, FY was feed force, and FZ was cutting force. Thus, the equation of cutting process is:

	P = Po + () Vc		(5)



Experimental Design

Materials and Cutting Tools

Turning process carried out on a 5.5kW two-axes CNC lathe machine with cutting speed (Vc) of 90 to 210 m/min, feed rate of 0.1 to 0.22 mm/rev, and 0.4 mm for depth of cut (constant). The process was performed with dry turning. A Kistler force dynamometer model 9265B was used to record cutting force during experimental turning operations. Model 5019 Kistler multi channel amplifiers were used to convert the dynamometer output signal into a voltage signal appropriate for the data acquisition system. The input sensitivities of the charge amplifier were set corresponding to the output sensitivity of the force dynamometer in the direction of the forces. 

The workpiece material was an austenitic stainless steel AISI 316L which has a composition of 0.03% C, 0.75% Si, 2.0% Mn, 18.0% Cr, 0.03% S, 0.045% P, 14.0 Ni, 0.10% N, and balance Fe. 

The cutting tool used for the experiment were an advanced CVD nano-texture TiCN coating carbide with nano-texture Al2O3 (MC7025) and uncoated (UTi20T) that designated as ISO CNMG 120408.

Experimental Setup

The turning experiments were carried out on a 2-Axis CNC lathe machine “ALPHA 1350S”. In order to develop the power consumption model for this machine, power measurements were performed under various cutting parameter settings. Three portable power monitor (OMRON ZN-CTX21) were used within the turning experiments including three clamp meter (OMRON ZN-CTM11). One device was applied for measuring the main power, while the others were used for the measurement of the process power including the spindle and axis drives. The constant power can be derived by deducing the process power from the total power. The measured data was acquired and visualized through the software “Wave Inspire ES”. The power measurement setup is demonstrated in Figure 2.
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Figure 2. Power measurement setup



Results and Discussion

Cutting Forces

Cutting force generated during turning process that started the cutting tool to touch the workpiece until the completion of cutting process and it can be measured by a dynometer connected with a system interface and the measurement results were shown as in Figure 3.
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Figure 3. Graph of cutting force



The results of cutting force data for coated and uncoated carbide was shown in Figure 4 below is made ​​in the form of a graph of cutting force with feed rate for each of the different cutting speed. The high of cutting force (312.07 N) was obtained from the selection of cutting speed and feed rate is high, while the lower cutting force (154.86 N) was obtained from the selection of cutting speed and feed rate are low. 





Figure 4. Graph for results of cutting force



Power Consumption

Table 2 and 3 presents results for experimental data generated during turning of austenitic stainless steel work piece. This result shows that cutting speed has the most significant effect on the power consumption, followed by feed rate. The lowest power is obtained when all the factors value at their minimum value.



Table 2. Result of power consumption for MC7025 coated carbide

		No.

		Vc

(mm/min)

		f

(mm/rev)

		Pc (kW)

		Error



		

		

		

		Experiment

		Equation

		



		1

		90

		0.10

		0.870

		0.855

		0.011



		2

		150

		0.10

		1.062

		0.993

		0.049



		3

		210

		0.10

		1.363

		1.273

		0.064



		4

		90

		0.16

		0.920

		0.952

		0.022



		5

		150

		0.16

		1.234

		1.257

		0.016



		6

		210

		0.16

		1.494

		1.492

		0.001



		7

		90

		0.22

		0.991

		1.039

		0.034



		8

		150

		0.22

		1.238

		1.266

		0.020



		9

		210

		0.22

		1.598

		1.665

		0.048







Table 3 Result of power consumption for UTi20T uncoated carbide

		No.

		Vc

(mm/min)

		f

(mm/rev)

		Pc (kW)

		Error



		

		

		

		Experiment

		Equation

		



		1

		90

		0.10

		0.636

		0.699

		0.045



		2

		150

		0.10

		0.908

		1.009

		0.072



		3

		210

		0.10

		1.160

		1.145

		0.010



		4

		90

		0.16

		0.730

		0.830

		0.070



		5

		150

		0.16

		1.020

		1.089

		0.049



		6

		210

		0.16

		1.423

		1.420

		0.003



		7

		90

		0.22

		0.610

		0.721

		0.079



		8

		150

		0.22

		1.027

		1.117

		0.064



		9

		210

		0.22

		1.524

		1.508

		0.011







Based on tables 2 and 3 above, hence made a form of graph Pc with cutting speed and for different of feed rate and cutting tool. This chart was also made ​​to determine the differences in power consumption derived from experimental results and calculation results that using Eq. 6 above.

Discussions

The experiment results obtained cutting force as shown in Figure 4, where cutting force will increase for increasing the cutting speed and feed. This phenomenon was confirmed by research carried out by [19] observed that the selecting of a cutting speed and feed rate from the charts that depends on cutting force model for turning Hastelloy C-276 utilizing response surface methodology. It concluded that the effect of feed rate on cutting force is much more evident than the effect of speed and the cutting force slightly affected by cutting speed, whilst it increases when the feed or depth of cut is increased. The same case that has been investigated by [20] who concluded that generally the three forces (radial, tangential, and feed force) increased when feed rate was Increased and the cutting speed were found to be similar when the feed rate was Increased.



		Feed rate = 0.10 mm/rev

		



		Feed rate = 0.16 mm/rev

		



		Feed rate = 0.22 mm/rev

		







Figure 5. Power consumption at variety of feed rate for MC7025



		f = 0.10 mm/rev

		



		f = 0.16 mm/rev

		



		f = 0.22 mm/rev

		







Figure 6. Power consumption at variety of feed rate for UTi20T



For a description the power consumption, can be expressed that power consumption is minimum at the low level of cutting speed as proved in the Figure 5. The figure shows the main effect plot for power consumption showing the effect of cutting speed, and feed rate. The results explain that decreasing cutting speed and feed rate, there is continuous decrease in power consumption i.e. smaller values of cutting parameters and larger values of cutting parameters there is required larger power for machining austenitic stainless steel. This result is consistent with the findings conducted ​​by [21] summarized that decreasing cutting speed, feed rate, depth of cut and tool nose radius, there is continuous decrease in power consumption i.e. smaller values of cutting parameters and tool nose radius produces smaller power consumption and larger values of cutting parameters there is required larger power for machining EN-31 steel. As well as [22] observe the effect of cutting parameter and cutting environment in turning of AISI P-20 tool steel, it is clear that lowest power consumption is at lowest level of cutting speed, feed, depth of cut and nose radius.



Besides, if we consider Tables 2 & 3 and Figures 5 & 6, it can be seen that the power consumption was obtained from the experimental results and calculation results show the percentage of similarity is not too big. The percentage error range between the experimental and calculation value for Pc is 0.1 to 7.9%. It can be said that the calculation model developed were reasonably accurate for both of MC7025 coated carbide and UTi20T uncoated carbide.



Conclusion

In this paper, AISI 316L austenitic stainless steel have been dry-machined in a two-axes CNC lathe machine and a Kistler force dynamometer model 9265B was used to measure the cutting force values of work pieces. The important conclusions were taken from this study are as follow:

1. Considering the individual conditions, cutting speed was more influencing factor to cutting force and power consumption, followed by feed rate. 

2. As the spindle speed increases, for lower feed rates, the surface roughness decreases, for higher feed rates, the surface roughness changes considerably.

3. The increase in feed rate causes the surface roughness to increase and then decrease. For lower depth of cut, as the feed rate increases, surface roughness decreases and then increases.

4. The cutting force and power consumption have a direct relationship to influence each other, in other words cutting force was increase as well as power consumption increases.

5. The similarity of power consumption based on experiments and calculation have a percentage errors between 0.1 to 7.9%, it means that calculation of power consumption based on data of cutting force can be used and considered for other experiments.
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UTi20T(Vc=90mm/min)	0.1	0.16	0.22	154.85907836976878	237.26534448165842	233.71707813249205	UTi20T(Vc=150mm/min)	0.1	0.16	0.22	161.26662803294468	176.74789131863147	221.56687971649046	UTi20T(Vc=210mm/min)	0.1	0.16	0.22	152.12394980301266	230.47486522445385	253.34170797076766	MC7025(Vc=90mm/min)	0.1	0.16	0.22	171.31473877640431	226.63963480470335	278.72424760126398	MC7025(Vc=150mm/min)	0.1	0.16	0.22	166.82047669560663	257.36337801103366	272.49136852923363	MC7025(Vc=210mm/min)	0.1	0.16	0.22	185.48949293724004	250.97773751289779	312.06585339711347	Feed Rate (mm/rev)



Cutting Force (N)







Exp.	90	150	210	0.87023057894477063	1.0624283015183065	1.362843729024338	Eq.	90	150	210	0.85515972525229855	0.99284530938607263	1.2726894157565287	Vc (mm/min)



Pc (kW)







Exp.	90	150	210	0.92028583845288359	1.2341592751084418	1.49355244459401	Eq.	90	150	210	0.95158575329208761	1.257019556138695	1.492285717658776	Vc (mm/min)



Pc(kW)







Exp.	90	150	210	0.9912222873849772	1.2383946794950818	1.597749579124579	Eq.	90	150	210	1.0390863714018961	1.2661829667776459	1.6652721535565747	Vc (mm/min)



Pc (kW)







Exp.	90	150	210	0.6358053064375212	0.90770316909460336	1.1597308317174919	Eq.	90	150	210	0.69922611755465325	1.0090554589712541	1.1450588243105597	Vc (mm/min)

Pc  (kW)



Exp.	90	150	210	0.73005106363544359	1.0199143104982558	1.4233285714285715	Eq.	90	150	210	0.82964801672249577	1.088893594636076	1.4195191711427388	Vc (mm/min)

Pc (kW)



Exp.	90	150	210	0.61019737561024368	1.0267649842159086	1.5239568100358418	Eq.	90	150	210	0.72121847434160002	1.1172505326245601	1.5078626445643462	Vc (mm/min)

Pc (kW)
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