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ABSTRACT

Industries frequently encounter several difficulties during milling operations, especially with cutting
forces. Slot milling involves the machining of slots in materials using a milling cutter, and the challenges
related to cutting forces can significantly impact the efficiency and quality of the milling process. CNC
milling is widely used for machining of different types of materials in the manufacturing industry.
Therefore, it is required to study process parameters and its behavior on materials which is not only to
enhance the process but also make an effective and efficient path in metal cutting process. This research
includes the effect of three input parameters i.e. feed rate, cutting speed and depth of cut on cutting force
for Mild Steel. An empirical study gives the significant behavior of process or input parameter on
machining properties. A mathematical study viz. ANOVA (Analysis of variance) gives the correlation
in-between input or process parameters and machining or output properties for Mild Steel. It is also
developed an equation for cutting force using a Regression model for the prediction of feed, speed and
depth of cut. Values obtained from the mathematical models and Regression model was found to be very
close to the data obtained from the experimental studies. The lowest cutting forces were obtained at high
cutting speed and low feed rate and depth of cut.
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1. INTRODUCTION

Milling operations frequently cause problems for
industries, such as tool wear, increased energy use, and
shorter tool life. Excessive cutting forces can cause
vibration and chatter during slot milling, leading to poor
surface finish, dimensional inaccuracies. Controlling the
cutting forces is essential to minimize vibrations and
ensure smooth and accurate machining. The cutting
forces can impose limitations on the material removal
rate, restricting the efficiency and productivity of the slot
milling process. Manufacturing sectors try to provide
high-quality goods at a cheaper rate in order to retain
competitive advantages in the market. A variety of metal
cutting processes, such as turning, drilling, milling,
boring, and others are used to make these items. Among
these approaches, milling stands out as a commonly
adopted metal cutting process used to manufacture planar
surfaces with effectively material removal and high
surface quality (1). Milling includes passing a workpiece
through a revolving cylindrical tool fitted with several
cutting blades (2). The main purpose of the art of metal
cutting is to solve practical problems connected to the
efficient and exact removal of metal from a workpiece.
Achieving trustworthy and measurable forecasts of
different technical performance metrics, preferably in the
form of equations, is vital for creating optimization
methods when determining cutting parameters during
process design. By applying the technique of milling,
machine components with specified dimensional
precision and surface quality may be created on planar,
obliquely, circular in shape and varied profile surfaces.
The method is very profitable owing to the work of
cutting instruments with several inserts. Surface quality
is crucial for material for engineering, and surface
roughness is a good measure of how well-surfaced a
material is after it has been machined. It is impacted by
elements including the workpiece's properties, the cutting
environment, the material of the tool, and the shape (3).
The significance of cutting forces in cutting processes
cannot be overstated, as they directly influence several
critical cutting performance factors. These factors
include surface precision, tool wear, tool damage, cutting
temperature, self-driven and forced vibrations, and
others. The forces generated during metal cutting
processes lead to deflections in the workpiece, tool, or
machine structure, imparting energy to the machining
system, which can lead to unstable vibrations or elevated
temperatures. Hence, understanding and managing
cutting forces are essential for optimizing the overall
cutting process and achieving desired outcomes. In
milling, excessive cutting pressures are undesirable
because they lead to poor surface smoothness,
dimensional errors, and more tool wear. The
machinability of various materials is compared using
measured cutting forces, which are also used for

continuous control and monitoring of cutting operations,
tool wear, and failures. Calculating cutting forces is
useful for establishing fixture design, bearing loads, and
machine power needs (4). In order to achieve good
machinability indices, the machining force is crucial (5).
To attain the highest level of machining process
efficiency throughout the last ten years, the metal cutting
operation has seen substantial increase. The main goal in
achieving this efficiency is often to provide the optimal
machining parameters, which calls for the creation and
use of efficient process control via parameter
optimization (6). The behavior of the forces of cutting
and their connection to chip production and machining
damages in orthogonal cutting of composites made from
fibers have been thoroughly investigated in another
research (7). Numerous variables, such as tool shape,
cutting settings, temperature, and tool wear, have an
impact on the cutting process. Tool geometry parameters
are one of them that significantly affect the surface
product's quality (8, 9). However, milling presents
unique difficulties for process modeling when compared
to other machining techniques. Accurately describing a
cutting-edge geometry is one such problem. It is
challenging to establish a general geometric model that
accurately describes milling tools due to the large range
of tool forms. As a consequence, creating milling model
for each unique cutter shape has been the traditional
technique in the literature. Additionally, cutting forces
and the creation of chips are significantly influenced by
the geometry of the cutting edge and the method
employed to prepare it (10). Target precision in
machining processes necessitates thorough analysis of
the best circumstances, taking into account things like
resource conservation, cutting conditions, and the impact
on the environment (11-14). Minimizing cutting power in
slot milling is an exciting goal in addition to guaranteeing
surface quality. Analysis of surface quality and energy
utilization in dry cutting milling of austenitic stainless
steel has been the topic of certain investigations (15). In
order to determine cutting power and force at the tool tip
in slot milling processes analytically, Liu et al. devised a
model (16). By wusing mathematical structures,
mathematical models may be used to represent important
features of reality. When compared to alternative ways of
collecting the fundamental understanding about reality,
they are more cost- and convenience-effective (17, 18).
A "model" is a collection of equations that explain and
connect all the variables and parameters that comprise a
physical system or process. The process of "modeling"
entails determining suitable equations that can be solved
for a system of variables and parameters used in a
process. These remedies, also known as simulations,
imitate the actions of real systems and processes.
Modeling is widely used in the physical sciences and
engineering fields, sometimes referred to as "Applied
Mathematics." Additionally, it has found use in fields
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like management science, finance, and economics that do
not just focus on physical processes (19). In particular for
slot milling on mild steel, this work proposes an effective
mathematical model for calculating cutting forces and
assessing cutting parameters in the milling process. The
goal is to increase cutting force estimation's precision.
After analyzing the literature, it is clear that this research
makes a unique addition that may improve machining
techniques since no other work of its like has been
discovered. To avoid numerical integration, the model
relies on curve fitting-based cutting force estimates. By
using this model, the suggested ideal cutting
circumstances are tested, and the optimal and nearly-
optimal values of cutting parameters are identified based
on optimum responses. The findings that have been
provided might be useful for regional and global
automotive businesses that work with related material
families. The bulk machining and home metal cutting
sectors both have comparable setups, making the study's
conclusions valuable and helpful. In the context of this
study, the development of an effective mathematical
model for slot milling on mild steel opens up new
possibilities for enhancing machining techniques and
optimizing cutting processes. The proposed model's
reliance on curve fitting-based cutting force estimates
offers a more streamlined and accurate approach
compared to traditional numerical integration methods.
By using this model, researchers and engineers can gain
deeper insights into the cutting forces involved in the
milling process, leading to more informed decision-
making and improved machining outcomes.

The use of appropriate cutting tools, optimizing
cutting parameters, putting in place efficient cooling and
lubrication systems, using the right workpiece fixturing,
and utilizing advanced machining technologies, such as
computer numerical control (CNC) and adaptive control
systems, are just a few of the strategies and techniques
that industries frequently use to address these challenges.

Moreover, the study's focus on slot milling on mild
steel holds great significance for a wide range of
industries, particularly those involved in automotive
manufacturing, aerospace, and general machinery
production. Mild steel is a commonly used material in
these sectors due to its excellent mechanical properties,
weldability, and affordability. Therefore, the findings of
this research have the potential to impact numerous
applications and contribute to advancements in various
manufacturing processes. Furthermore, the optimization
of cutting parameters based on the model's optimum
responses can lead to substantial cost savings and
resource conservation for companies. With the ability to
identify optimal cutting conditions, manufacturers can
reduce waste, minimize energy consumption, and extend
the lifespan of cutting tools, ultimately increasing overall
productivity and profitability. In addition to its practical
implications, this study also advances the theoretical
understanding of metal cutting processes, particularly in

the context of milling. By considering tool geometry
parameters and their impact on surface quality,
researchers can devise improved cutting tool designs that
enhance material removal rates and minimize surface
roughness. As the manufacturing industry continues to
evolve, the demand for sustainable and environmentally-
friendly processes becomes increasingly critical. The
proposed mathematical model, along with its focus on
resource conservation and energy utilization, aligns with
the broader goal of achieving greater sustainability in
manufacturing operations. Manufacturers can use the
model's results to optimize cutting conditions and
minimize energy-intensive processes, contributing to an
eco-friendlier approach to production. Overall, the
unique contribution of this research lies in its
combination of mathematical modeling, cutting force
estimation, and optimization techniques in the context of
slot milling on mild steel. By enhancing machining
efficiency, surface quality, and resource utilization, this
study can empower manufacturers to stay at the forefront
of innovation and maintain a competitive edge in today's
fast-paced global market. The proposed mathematical
model for slot milling on mild steel presents a promising
approach to address the challenges and complexities of
metal cutting processes. Through accurate cutting force
estimation and optimization of cutting parameters, this
research offers valuable insights and practical solutions
for enhancing manufacturing techniques. As industries
strive for greater efficiency and sustainability, the
findings of this study have the potential to drive positive
change, benefiting both businesses and the environment.
With continuous research and application, the pursuit of
excellence in metal cutting and machining will
undoubtedly lead to further advancements in the field of
manufacturing.

2. EXPERIMENTAL SETUP & METHODOLOGY

The slot milling experiments were conducted using a
state-of-the-art CNC vertical machining center (VMC-
ACE Micromatic), equipped with a powerful spindle
capable of delivering up to 30 kW of power and reaching
a maximum speed of 8000 rpm. This machining center
provided the necessary precision and stability required to
carry out the slot milling process with optimal control
over cutting parameters. Figure 1 shows the general idea
map to calculate the milling cutting force model. Figure
2 and Figure 3 shows experimental setup and slot milling
machining process.

For the milling process, Tungsten Carbide milling
inserts were carefully selected due to their excellent wear
resistance and high cutting performance. These inserts
are known for their ability to withstand the demanding
conditions of metal cutting, ensuring prolonged tool life
and consistent machining results.

To quantify and analyze the cutting forces during the
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Figure 2. Experimental Setup for Slot milling operation

Figure 3. Machining Process

slot milling process, a mechanical dynamometer was
employed. The dynamometer allowed for real-time
measurement and recording of the cutting forces
experienced during the milling operation. This data
served as critical input for evaluating the machining
performance and validating the mathematical model
proposed in this study.

In order to efficiently design the experiments and
analyze the collected data, the well-established Taguchi
method was employed. Taguchi methodology is widely
used in experimental design and optimization, offering
robustness and efficiency in handling multiple variables
simultaneously. The MINITAB Design of Experiment

(DOE) software, a reliable and widely accepted tool for
conducting statistical analyses, was utilized for
implementing the Taguchi method.

A Taguchi L27 Orthogonal array, chosen based on its
optimal arrangement of experimental runs, was
employed for conducting the slot milling experiments.
This design enabled the systematic variation of cutting
parameters, such as cutting speed, feed rate, and depth of
cut, within a controlled and efficient experimental
framework. The use of orthogonal arrays minimizes
experimental errors and reduces the number of required
experimental runs, making the process time-effective and
resource-efficient.

The data obtained from the Taguchi experiments were
then used to develop a regression model. This model
established a mathematical relationship between the
cutting parameters (speed, feed, and depth of cut) and the
cutting forces experienced during the slot milling
process. By analyzing the regression model (20),
researchers gained valuable insights into the impact of
each parameter on cutting forces, enabling them to
identify the optimal combination of cutting conditions for
achieving desired machining outcomes.

The combination of advanced machining equipment,
precise measurement techniques, and the systematic
Taguchi  experimental  design  showcases the
meticulousness and rigor employed in this research. The
comprehensive approach adopted in this study ensured
that the results and findings are reliable, repeatable, and
applicable in real-world manufacturing scenarios.

The utilization of Tungsten Carbide milling inserts, in
conjunction with the CNC vertical machining center,
demonstrated the practicality and industry relevance of
the research. The proposed mathematical model, backed
by experimental validation, promises to enhance the
understanding and control of slot milling on mild steel,
leading to improved machining efficiency and surface
quality.

Overall, this chapter's experimental setup and
methodology embody the pursuit of scientific excellence
and the commitment to optimizing metal cutting
processes. The combination of innovative technology,
robust experimental design, and advanced statistical
analysis sets a solid foundation for the subsequent
analysis and discussion of results, which can contribute
to advancements in manufacturing practices and benefit
various industrial sectors.

Table 1 shows the different variable factors and their
levels for experimentation work.

3. RESULT AND DISCUSSION

3.1.ANOVA for Cutting Force From the response
diagram in Figure 4, It is observed that if speed is
increased, cutting force getting increased. If feed is
increased then cutting force also get increased. Similarly
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with increase in depth of cut, cutting force get increased.
This analysis is carried out using an experimental data in
Table 2.

In ANOVA analysis first of all S/N ratio is
considered. The values of S/N ratios are given in Table
3.

TABLE 1. Variable Factors and their levels

Speed Feed Depth of cut
Factors level (m/min) (mm/min) (mm)
A B c
1 10 6 1
2 13 9 15
3 16 12 2

16 15 12 10 42.55
17 15 12 13 39.27
18 15 12 16 37.21
19 2 6 10 35.96
20 2 6 13 33.71
21 2 6 16 32.08
22 2 9 10 42.04
23 2 9 13 40.15
24 2 9 16 34.45
25 2 12 10 48.08
26 2 12 13 42.63
27 2 12 16 37.56

Main Effects Plot (data means) for force

speed feed

//

Mean of force
15
=
=
@
©
=

T T
1.0 1.5 2.0

Figure 4. Response diagram for cutting forces

TABLE 2. Experimental data for depth and cutting force

TABLE 3. S/N ratios cutting force

Cutting Force

Sr. Doc Feed Speed Cutting
No. (mm) (mm/min) (m/min) Force (N)
1 1 6 10 33.18
2 1 6 13 3271
3 1 6 16 40

4 1 9 10 37.17
5 1 9 13 34.99
6 1 9 16 33.19
7 1 12 10 40.28
8 1 12 13 36.75
9 1 12 16 34.02
10 15 6 10 35.75
11 15 6 13 33.18
12 15 6 16 31.25
13 15 9 10 39.66
14 15 9 13 36.11
15 15 9 16 34.39

E)(()Periment S/ N Ratio
Set 1 Set 2
1 317 3.60 -10.61
2 3.62 3.67 -11.24
3 3.82 352 -11.30
4 352 4.06 -11.60
5 3.88 421 -12.15
6 434 4.24 -12.65
7 3.73 4.49 -12.31
8 4.4 4.28 -12.75
9 5.11 470 -13.82
10 33 3.29 -10.47
11 3.42 335 -10.59
12 3.64 324 -10.75
13 341 373 -11.06
14 3.64 3.73 -11.33
15 410 4.09 -12.25
16 3.59 391 -11.49
17 4.05 3.96 -12.05
18 462 4.08 -12.79
19 3.29 3.03 -10.01
20 3.23 315 -10.08
21 343 3.12 -10.31
22 332 345 -10.60
23 343 359 -10.91
24 3.70 3.53 -11.17
25 341 3.54 -10.81
26 3.85 3.75 -11.59
27 4.04 363 -11.68




L. S. Patel et al. / IJE TRANSACTIONS C: Aspects Vol. 37 No. 03, (March 2024) 556-566 561

3. 1. 1. CALCULATIONS FOR SIGNAL TO NOISE (S /
N) RATIO The S/N ratio, as described below, is
utilized to evaluate the machining quality characteristic
of force, which follows the principle of "smaller the
better" (21).

Ni J"E

. —10 log [ZIE (1)
Table 2 presents the data for the machining characteristic
(force) and the corresponding S/N ratios, which were
calculated using Equation 1 in the repeated trial
condition. The trials were performed n times, and the
responses for each trial, denoted as y1, y2, ..., yn, were
used in the calculations. There are a total of 27 trials
represented in the table, showcasing the resulting S/N
ratios alongside the raw force data.

3. 1. 2. Response Table for Cutting Force The
sum of S/N ratios for different levels is done which is
given in Table 4. Cutting force is being smaller the better
characteristics. From the Table 4, it is observed that Al-
B3-C3 is an optimum combination of parameters. It
means Speed of 10 m/min; Feed of 12 mm / min & Depth
of cut of 2mm is an optimum combination of parameters
to obtain minimum cutting force.
Now,

M= (M) > A

2
= (%) *(-3019.702) = -111.841 @

3. 1. 3. Analysis of Variance (ANOVA) for Cutting
Force ANOVA is utilized to examine the processes
that have a significant impact on the quality
characteristics. The details are mentioned in Table 4. The
calculations are performed using the following
Equations3, where the readings for factor A at each level
are utilized to demonstrate the calculations. The
calculations for factors B and C are mentioned in Table
5.
Sum of square SS for factor A can be calculated by:

Sum of square SS = 3 * [(Ma1 — M)? + (Maz2 — M)? + @)
(Masz — M)?] = 279.667

Similarly SS for factors B and C can be calculated.
Then,

TABLE 4. Level Totals for S/N ratios

Mean Square MS = SS/ Degree of Freedom = @)
279.667/2=139.883

Similarly MS can be calculated for factors B and C.

Table 6 summarized the ANOVA analysis for cutting
force.

Aforementioned table represents ANOVA for cutting
force analysis; it is observed that “feed” is the most
significant parameter affecting cutting force with 54%
significance. The significant of speed and depth of cut is
found to be 39% and 6%, respectively.

In the current case, the error variance or error mean
square is determined by dividing the sum of squares (SS)
with the lowest value by its degree of freedom.

Error Variance e = Sum of Squares due to error _
ot =

2 =2233
The F-Test (21, 22) is employed to identify the
process parameters that have a substantial impact on the
quality characteristics. The variance ratio denoted by F is
given by F = MS / % A higher value of F indicates that
the factor's effect is significantly greater compared to the
error variance. When a particular factor contributes more
to the total sum of squares, it has a greater ability to
influence n. This influence is expressed as a percent
contribution (%P), which is calculated as follows

%P =SS / Total sum of SS (6)

Degree of freedom due to error (5)

3. 1. 4. Contour Plot Analysis for Cutting Force
Graphs are useful tools for visualizing the response
surface of a variable. However, when there are more than
two independent variables, it becomes challenging or
nearly impossible to represent the response surface
graphically due to the limitations of three-dimensional
visualization. For better understanding contour plots are
developed using MINITAB 14.0 software.

TABLE 5. Average n by factor level

Factors A B Cc

Levels Speed Feed D.O.C.
1 -118.78 -103.06 -109.08
2 -111.62 -113.72 -111.92
3 -105.13 -118.74 -114.53

Factors A B C TABLE 6. ANOVA for cutting force analysis
Levels Speed Feed D.O.C. Factors SS DF MS F %P
1 -1068.99 -927.52 -981.66 Speed 279.67 2 139.83 6.26 39.43
2 -1004.56 -1023.51 -1007.29 Feed 384.89 2 192.44 8.62 54.27
3 -946.15 -1068.67 -1030.75 D.O.C. 44.66 2 22.332 1 6.3
Total -3019.70 -3019.70 -3019.70 Total 709.22 6 354.61 - 100.00
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As shown in Figure 5 for higher speed and lower feed,
cutting force value is smaller and as feed is increase,
cutting force would increase. As illustrated in Figure 6
for lower depth of cut and higher speed, force would be
decrease, and as D.O.C. is increased, cutting force would
increase as well.

As shown in Figure 7 for lower feed and depth of cut,
cutting force is less. As feed and D.O.C. are increase;
cutting force would also increase.

3. 1. 5. Co-Relation of Process Parameters The
co relations between the factors cutting speed, feed, depth
of cut, cutting force are obtained by multiple linear
regression analysis. The quality characteristic used for

Contour Plot of force vs speed, feed

6 7 8 9 10 11 2
feed

Figure 5. contour plot of cutting forces vs speed, feed

Contour Plot of force vs speed, doc

10
1.0 12 14 16 1.8 2.0
doc

Figure 6. Contour plot of cutting forces vs speed, D.O.C

Contour Plot of force vs feed, doc

feed

T T T T 1
1.0 12 14 16 18 2.0
doc

Figure 7. contour plot of cutting forces vs Feed, D.O.C

the force is ‘smaller the better’. The regression equations
are obtained from MINITAB software 14.0. The
regression equations are given in Equation 7 as below.
The regression equation is

Force =33.1-0.917S+1.10f+3.71 dc @)
where, S= Speed, f = Feed, d. = Depth of cut

4. EMPIRICAL MODELING FOR CNC MILLING
PROCESS PARAMETERS

4. 1. Modeling for Cutting Force To develop an
empirical model, the depth of cut is kept constant and its
value will remain 1 for different values of feed and speed
mentioned in Table 7. The quadratic graph as shown in
Figure 8 of force vs speed for different values of feed, as
shown in quadratic graph, if cutting speed is increase,
cutting force would decrease. And from graph three
quadratic equations are obtained.

As shown in Figure 8, three equations are obtained in
the form of Force=aS?+bS+c. Here a, b and c are
constants and S represent speed. Values of the constants
are separated from the equations and mentioned them in
below Table 8 for future reference.

Now in the second step, from the constants vs feed
graph, again three equations are obtained for depth of cut
= 1mm.These equations are in the form of Force, speed
and Feed [17]. For DOC=1mm, values of constants are
mentioned in below Table 9. Tables 10 to13 summarized
experimental data for different D.O.C. Table 4 stated the
Values of constant related to feed.

TABLE 7. DOC= 1mm

Speed (m/min) 10 13 16 (mlr::/er:\jin)
Force (N) 33.18 32.77 30.99 6
Force (N) 37.17 34.99 33.19 9
Force (N) 40.28 36.75 34.02 12
45
40 - <.0.0444x2-2.1989x+ 57.824
Vs 0.0218x2- 1.2296% + 47.28
30 y=-00688¢+ 1.4244x+ 258139 ——feed =6
=li=feed=9
25 -
—f—feed = 12
201 ——Poly. {feed = 6)
15 ——Poly. (feed =9)
10 - ——Poly. (feed =12)
5 4
0 T T T 1

0 5 10 15 20
Figure 8. Plot of force Vs Speed at constant DOC = 1 mm
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TABLE 8. Values of the constants related to feed

TABLE 13.D.0.C.=2mm

Feed 6 9 12 Speed 10 13 16 Feed (mm/min)
A -0.068 0.021 0.044 Force 35.96 33.71 32.08 6
B 1.424 -1.229 -2.198 Force 42.04 40.15 34.45 9
c 25.81 47.28 57.82 Force 48.08 42,63 37.56 12
TABLE9.D.0.C. =1mm Figures 9 shows the plot of constant Vs Speed at
Constant 1 15 2 constant DOC = 1 mm. Figure 10 illustrates the plot of
q -0.003 _ _ force Vs feed at constant DOC = 1.5 mm. The plot of
constants Vs feed at constant DOC = 1.5 mm is shown in
€ 0.084 - - Figure 11.
g -0.444 - - Figure 12 shows the plot of force Vs Speed at constant
h 0.093 ) ) DOC =2 mm. The plot of constants Vs feed at constant
DOC =2 mm is shown in Figure 13. The plot of constants
! -2.281 ) ) Vs DOC is shown in Figure 14. The below Table 15
j 11.78 - - shows the different values of constants for depth of cut 1,
K -0.607 . . 1.5and 2 mm.
| 16.26 The quadratic graph as shown in below of constants
' i i vs different values of depth of cut.
m -49.92 - - Finally, from above graph below equation is obtained
in the form of speed, feed, depth of cut and force.
TABLE 10. D.O0.C. =1.5mm
Speed 10 13 16 Feed (mm/min) 70 -
Force 35.75 33.18 31.25 6 0 |
y=-0.6072x2+ 16.265x-49.9 .
Force 39.66 3611  34.39 9 w0 | 4 Seriesl
Force 4255 3927  37.21 12 i series2
40 - Series3
10 | ——Poly. (Series1)
——Poly. (Series2)
TABLE 11. D.O0.C. =1.5mm 20 - )
——Poly. (Series2)
Feed 6 9 12 10 1 )
y=-0.0037x2+ 0.0847-0.444 ——Poly. (Series3)]
a 0.035 0.101 0.067 .
] hﬂ:q 0
b -1.674 -3.521 -2.652 5 10 15
-10 - y=0.0936x2-2.2877x+ 11.782
c 48.93 64.71 62.29 Figure 9. Plot of constant Vs Speed at constant DOC = 1
mm
TABLE 12.D.0.C.=1,1.5mm
45 4
Constant 1 15 2
20 - y=0.0678x?- 2.6522x+ 62.294
D -0.003 -0.005 . g5 ¥=01017x-3.5217x+ 64‘\‘\.
E 0.084 0.105 : N u\’\, —o—seriest
G -0.444 -0.397 - y=0.0356x2- 1.6744x+ 48.939 == Series?2
25 | .
H 0.093 015 . 0] eriess
——Poly. (Series1)
I -2.287 -2.879 - 15 | .
——Poly. (Series2)
J 1178 10.16 B 10 - ——Poly. (Series3)
K -0.607 -1.011 - 5
L 16.26 20.42 - 0 : : : |
0 5 10 15 20
M -49.92 -37.23 -

Figure 10. Plot of force Vs feed at constant DOC = 1.5 mm
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70 - Y= -1.0111x%+ 20.427x-37.23 e Saries]
607 /\ ~fli—Series2
50 +
Series3
40 |
— Poly.
%07 (Series1)
20 - ——Poly.
(Series2)
10 -
y =-0.0056x2+ 0.1053x - 0.397 — Poly.
& (Series3)
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TABLE 14. Values of constant related to feed

Feed 6 9 12

A 0.034 -0.211 0.021

B -1.542 4.238 -2.302

C 47.93 20.82 68.99
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Figure 13. Plot of constants Vs feed at constant DOC = 2
mm

TABLE 15.D.0.C.=1,15,2mm

Constant 1 15 2

D -0.003 -0.005 0.026
E 0.084 0.105 -0.479
G -0.444 -0.397 1.955
H 0.093 0.15 -0.684
| -2.287 -2.879 12.19
J 11.78 10.16 -50.06
K -0.607 -1.011 4182
L 16.26 20.42 -71.77
M -49.92 -37.23 327.9
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Figure 14. Plot of constants Vs DOC

Cutting force = [(0.066dc? — 0.169dc + 0.1) 2 + (-

1.21d¢? + 3.067dc — 1.773) f + (4.61dc? — 11.43d. +
6.377)]S% + [(-1.782dc2 + 4.569d. — 2.693) f2 +

(31.32d¢ — 79.48d. + 45.88) f + (-117.2d2 + 289.7dc  (8)
—160.7)] S + [(11.19d¢? — 28.79d + 16.99)2 + (-

192.7d¢? + 490d. — 281.1)f + (704.8dc? — 1736d. +

982)]

where, S= Speed, f = Feed, d. = Depth of cut

5. CONCLUSION

This study presents the results of an experimental
investigation that examines how the feed rate, cutting
speed, and depth of cut impact the cutting force in mild
steel. It is found from the ANOVA (Analysis of
variance), cutting force would be decreased with the
increase of speed, and it would be increased with increase
in feed and depth of cut. Thus, higher cutting speed is
desired for minimizing cutting force requirement. By
using an empirical & regression model, an equation has
been developed for force to predict feed, speed and depth
of cut. The validation equation has been checked by



L. S. Patel et al. / IJE TRANSACTIONS C: Aspects Vol. 37 No. 03, (March 2024) 556-566 565

putting experimental data and similar values are obtained
from all equations for Force. This approach can be
utilized to quickly determine the optimal cutting
parameters during machining, especially in situations
where there is limited time for extensive experimental
analysis.
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