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The drilling process plays a crucial role in the assembly process of modern-day manufactories. One of the major causes of
component rejection during drilling operations is the incorrect selection of spindle speed and feed rate. Therefore, this study
aimed to investigate the impact of process factors such as spindle speed and feed rate on torque, thrust force, temperature surface
roughness, and chip formation during the drilling of AISI 1020 mild steel. A combination of finite element modeling and
experimental investigation was employed to achieve the process. Specifically, the commercially available finite element software,
Deform 3D, was used for simulation. The modeling results were then compared and validated with the experimental data. A high-
speed steel drill bit was utilized during the modeling and experimentation. The spindle speed was varied at 330, 410, and 510 rpm,
while the feed rates were set at 0.12, 0.2, and 0.3 mm/rev. The study’s findings suggest that the spindle speed has an inverse
relationship with thrust force, torque, and surface roughness, whereas it has a direct relationship with temperature. Conversely,
the feed rate directly correlates with thrust force, torque, temperature, and surface roughness. Additionally, an analysis of the chips
produced during the experiments revealed the impact of the cutting conditions on chip formation. The study results showed
a2-10% discrepancy between the experimental and simulation data. The ANOVA results indicated that the feed rate contributes
the most to thrust force and torque, with a percentage contribution of 61.73% and 59.87%, respectively, followed by spindle speed,
with a percentage contribution of 37.09% and 38.89%, respectively. Furthermore, temperature influences spindle speed the most,
followed by feed rate, with percentage contributions of 67.75% and 31.11%, respectively. Moreover, the feed rate’s percentage
contribution to surface roughness is higher than the spindle speed, with a contribution of 66.20% and 32.18%, respectively.

1. Introduction

In manufacturing, drilling creates a circular hole in a piece
of material. Because of its cheap cost and good hole
quality, it is an essential tool in machining for assembly
activities in automotive and aerospace industries [1-3]. In
the automobile industry, it accounts for about 40 percent
of all material removal procedures. In contrast, in the
aerospace industry, millions of holes are essential in the

final assembly of their products [4-6]. A typical aircraft
requires nearly 2000 holes only for frame attachment with
the main assembly [6, 7]. Improper drilling operations,
such as poor drilling conditions and rapid tool wear, can
force additional finishing operations and parts rejection,
increasing the cost and time of the product [8, 9]. Hence,
the desired hole quality can only be achieved by carefully
choosing process variables, machine configuration, and
cutting equipment [10].
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AISI 1020 mild steel has been acknowledged as the most
prominent material for all-purpose engineering products
such as cams, shafts, ratchet, gudgeon pins, spindles,
lightweight gears, and worm gears, as well as other similar
items [11]. It is the most widely used low-alloy steel due to its
excellent formability and adequate mechanical qualities [12].
High-speed steel (HSS) drill bits are commonly selected in
drilling operations because they are more heat-resistant than
high-carbon steel [13]. They are challenging and suitable for
interrupted cutting and various drilling operations. HSS drill
bits are widely used in the metalworking industry to drill
high-quality holes in mild steel alloy to achieve high-quality
final products. The quality of the drilled holes relies on
various machining parameters employed during the fabri-
cation process [14].

Machinability is considered the most prominent factor
affecting the alloy’s machining performance [15, 16]. In-
adequate machinability or poor hole quality can lead to
frequent replacement of cutting tools and a decline in
machine efficiency [17]. Moreover, incorrect machining
parameters can impose undesired thrust forces and torques
on the cutting tool, which can cause unwanted deformation
in the machined workpiece [18]. The quality of the hole is
determined by process parameters, including n, f, cutting
fluid, tool diameter, and chip morphology. It is essential to
carefully select process variables to achieve high-quality
drilled holes. In particular, n, drill tool diameter, and cut-
ting fluid are critical parameters affecting the drilled holes’
surface finish. Therefore, the appropriate selection of process
variables is imperative to obtain superior-quality drilled
holes [19]. The choice of relevant process parameters is
crucial to ensure the production of the finest holes [19].

2. Literature Review

Drilling in mild steel has historically been studied using
various analytical and experimental methods. It has been
shown that even a little discrepancy in the ideal hole shape
may dramatically impact the final assembly and lead to the
whole item being rejected [20]. Prior research studies have
employed various experimental and analytical techniques to
improve machinability and drilling performance. Table 1
summarizes some of the investigations conducted in the past
on the subject of drilling stainless steel and mild steel.

For instance, Bhole and Shelke [21] investigated the
optimum drilling process parameters for AISI 316L fol-
lowing the input parameters such as f, n, and hole depth
affecting the Ra and MRR. The Taguchi method, ANOVA,
and linear regression analysis have been utilized to ascertain
the control factors that hold the most significance in terms of
their effect on Ra and MRR. Sonowal et al. [22] studied the
influence of cutting parameters (f, #, and depth of cut) on Ra
using Taguchi and ANOVA in turning AISI 1020 steels. The
results show that fhas a higher influence than n and depth of
cut on both the mean and variation of Ra in turning AISI
1020 mild steel. Sundeep et al. [28] use the Taguchi L9 array
to study austenitic stainless steel drilling (AISI 316) Ra and
MRR based on the input parameters, such as the f, n, and
drill diameter results examined that n has a more significant
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influence on Ra and MRR in the drilling process of AISI 316.
Kuwvak et al. [23] studied the influence of cutting parameters
such as V, f and cutting tools through Taguchi techniques
and ANOVA. They concluded that f and cutting tools sig-
nificantly affect Ra and Fz in drilling AISI 316 stainless steel.
Siddiquee et al. [19] studied the influence of cutting fluid,
hole depth, f, and n on Ra in the drilling of AISI 312 through
ANOVA and Taguchi techniques and concluded that n was
the dominant element in determining the quality of the
finished product. Mahapatra et al. [25] examined the Ra, tool
vibration, and chip morphology during the hard turning of
AISI H13 steel using a nanofluid mixture of multiwalled
carbon nanotubes and minimal lubricant. A statistical
analysis reveals that the most significant contribution to Ra
comes from nose radius, which accounts for 36.65%, and the
highest contribution to tool vibration comes from cutting
speed, which accounts for 53.88%. Degradation of machined
surface finish is caused by increased tool vibration and flank
wear. Segmented type serrated saw-toothed chips were
produced during nanofluid-MQL machining. Pradhan et al.
[26] addressed the surface and chip morphology when
turning a functionally graded (FG) specimen under NFMQL
conditions. The outcomes demonstrate that the NFMQL
approach produced cleaner, more environmentally friendly,
and more sustainable manufacturing. Jena et al. [27] in-
vestigated the modeling and optimization of Ra when
turning HSLA grade AISI 4340 steel by dry hard turning
using a coated ceramic tool. Sixteen sets of experimental data
were analyzed using ANOVA, and the results indicated that f
and v are the two most important controlled cutting factors
for HT operation in terms of improving surface smoothness.
The desirability function analysis of RSM is used to de-
termine the optimum cutting conditions, which aim to
minimize Ra.

As per the authors’ knowledge, previous literature re-
veals that there needs to be more research conducted on
machining mild steel, especially in drilling AISI 1020 mild
steel. Specifically, investigating parameters such as thrust
force, torque, temperature, surface roughness, and chip
formation under varying f and # is yet to be explored. In-
vestigating these parameters is essential because of their
effect on tool wear and overall machining efficiency.
Therefore, characteristics such as thrust force, torque,
temperature, surface roughness, and chip formation must be
investigated while drilling AISI 1020 mild steel. The thrust
force and torque facilitate tool selection and process opti-
mization, which offer information about the forces applied
to the cutting tool. In AISI 1020 mild steel machining op-
erations, surface roughness and chip formation analysis
assist in achieving desired product quality and dimensional
precision. Monitoring temperature prevents overheating,
impacting both tool life and material qualities. Moreover,
finite element analysis with experimental data needs to be
adequately validated.

Therefore, the present study aims to address the above
gaps by providing specific insight for achieving efficient
material removal and minimizing tool wear by considering
the effect of fand n on torque, thrust force, temperature, chip
formation, and Ra, contributing to a comprehensive
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understanding of the machining process for AISI 1020 mild
steel. The main objectives of the current study are to
compare the simulation results with experimental data fo-
cusing on the drilling of AISI 1020 mild steel, specifically on
cutting forces and temperature, and validate experimental
data with simulation results. The effect of fand n on Ra and
chip formation in AISI 1020 mild steel drilling is also
considered. Finally, ANOVA is employed to investigate the
impact of input parameters on the response of the
current study.

3. Materials and Methods

3.1. Workpiece Material. This study used AISI 1020 mild
steel with a small cylindrical workpiece measuring 130 mm
in length, 40 mm in width, and 13 mm in thickness. The
workpiece was mounted on a customized-built dynamom-
eter, and the temperature was measured by connecting
a thermal sensor to a computer, as illustrated in Figure 1. The
workpiece was held in place by a specially developed and
installed fixture in the dynamometer. The mechanical and
thermal properties of AISI 1020 mild steel are shown in
Table 2.

3.2. Cutting Tool, Cutting Parameters, and Machine Setup.
HSS is used for dry conditions of mild steel [30]. The HSS has
a point angle of 130” and a helix angle of 30°, as shown in
Table 3. Drills often use a helix angle between 12° and 38°
depending on the application; however, 30° is generally
accepted as the standard [31]. A significant point angle and
a large helix angle are also advantageous for decreasing burr
development, enhancing chip removal, and reducing ma-
terial sticking to the drill, which results in BUE [32].
Experimentations were carried out on a vertical milling
machine for the drilling operation of AISI 1020 mild steel
using cutting parameters, as shown in Table 3. The vertical
milling machine has the maximal fand nof 12.4 mm/rev and
1010 rpm, respectively. Therefore, the combinations of
drilling input parameters were selected based on previous
literature, and their values were taken based on available
milling machine specifications. It is an established obser-
vation that cutting tool vibration has a high ramification on
drilling performance because higher vibration causes poor-
quality holes with low accuracy [33]. The workpiece was
positioned and secured on the machine table using nuts and
bolts to reduce the vibrations. A force dynamometer
comprised of sensors, actuators, and a transducer was used
to measure the thrust force and torque induced on the
workpiece, as shown in Figure 1(a). The torque and thrust
force absorbed during the cutting process was measured
with the help of a piezoelectric dynamometer, as shown in
Figure 1(a), and data were recorded through a data acqui-
sition device with a little 0.02% error in accuracy. The pi-
ezoelectric dynamometer comprises three-component
sensors. Each sensor contains three quartz plates that
transform forces into electric charges. Moreover, the charge
amplifier converts the electric charges into voltage signals
with the help of a high-isolated cable, while data processing
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is handled through Kistler’s Dyno Ware software. The ex-
perimentation was done on a vertical milling machine
(Model: Victoria-Elliott U2, London, UK). MATLAB was
used to record data and display real-time graphs for the
analysis. The equipment’s details and experimental condi-
tions are presented in Table 4.

3.3. Thermal Measurement. During drilling, temperature
was measured using an infrared thermal sensor (Model: OS-
180-USB-LSTL, Omega, United Kingdom). The thermal
sensor was attached to the head of a vertical milling machine
using a magnetic stand, as illustrated in Figure 1(b). A laser
was positioned on a thermal sensor lens to precisely aim the
infrared sensor at a drilled hole for accurate readings. After
recording the data, the lens was carefully removed to expose
the thermal sensor lens.

3.4. Postdrilling Experiments and Simulation. A simulation
of the AISI 1020 mild steel has been carried out using
Deform 3D software at various process conditions. The
numerical model was first validated with the experimental
data and the results are made on the following investigations.
The numerical model was verified using experimental data
through an in-depth contrast between simulation and actual
experimentations in the drilling process. Comparing the
simulation’s predictions for axial load, torque, and tem-
perature with the relevant experimental results was one of
the validation’s main requirements. The validation pro-
cedure increased confidence in the numerical model’s ability
to forecast and optimize mild steel machining parameters by
confirming that it accurately represented the physical dril-
ling conditions. Moreover, all the tests were performed
under dry drilling conditions to reduce the cost and
problems associated with chip recycling. It was also de-
termined that it was measured using the Ra tester Mitutoyo
(SJ-201). To ensure that the measurements were correct, the
walls of each hole were cleaned using high-pressure air.

3.5. Analysis of Variance. Statistical techniques have become
prevalent in various domains, such as engineering, agri-
culture, social science, and management. One such tech-
nique is the analysis of variance (ANOVA), which is used to
determine the significance of data input factors on output
responses [34]. Through ANOVA, researchers can perform
hypothesis testing to identify the factors that influence the
outcome of experiments. In the past, researchers commonly
used a 95% confidence interval to evaluate ANOVA results.
A confidence interval of 95% indicates a mere 5% probability
of inaccurate estimation.

4. Result and Discussion

4.1. FE Modeling and Simulation. The present investigation
involved the development of a finite element model using
Deform 3D software. Flowchart for Deform simulation in
the drilling process is shown in Figure 2.
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FIGURe 1: (a) Experimental setup for cutting force measurements. (b) Thermal measurement.

TaBLE 2: Mechanical and thermal properties of workpiece material
(AISI 1020 mild steel) [29].

Parameters Values
Density 7.87 g/em®
Tensile strength 420 MPa
Yield strength 350 MPa
Modulus of elasticity 250 GPa

Poisson’s ratio 0.29

Specific heat capacity 599 J/kg-K
Thermal conductivity 51.9 W/mK
Shear strength 235MPa

Initiate the simulated drilling operation by first collating
comprehensive data on the material properties, the geometry
of the drilling tool, and various drilling parameters, such as
feed rate and velocity, alongside the initial conditions. It is
imperative to meticulously define the geometry of the
drilling tool and the workpiece. For the latter, a finite ele-
ment mesh must be constructed. This process involves
decomposing the workpiece into smaller segments to

5
/|‘> @ ioioioi i. 'i
) Milling Table
TaBLE 3: Cutting parameter.
Factors Levels
Spindle speed (rpm) 330 410 510
Feed rates (mm/rev) 0.12 0.20 0.30

facilitate a more manageable numerical analysis. In order to
simulate the effects of clamping or holding fixtures, it is
necessary to impose boundary conditions by securing the
workpiece at predetermined locations. It is also crucial to
accurately delineate the forces and constraints acting upon
the drilling mechanism and assigning the material properties
to the finite elements using the material chosen for the
workpiece. Finally, specify the nature of the analysis,
whether static, dynamic, thermal, or another type. De-
termine the temporal intervals and establish criteria for
convergence within the simulation framework. Construct
the comprehensive stiffness matrix by integrating the stiff-
ness matrices of individual elements. Proceed to solve the
system of equations to deduce the displacements and stress
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TaBLE 4: Equipment detail and experimental conditions.

Workpiece material

AISI 1020 mild
steel having L =32 mm
and D=19mm

Drill bits

Machine tool
Drilling condition
Thermal sensor

HSS drill bit having D=10mm, y=30" and 6,, =130°, L=133 mm and

Lcutting =87 mm
Vertical milling machine
Dry conditions

Infrared type, min/max temp measurement (450" — 842°)/(2000° — 3632°)

| Start |

A4

| Input parameters |

\Z

| Preprocessing |

\Z

| Boundary conditions |

\Z

| Material properties |

\Z

| Simulation steps |

I

| FEM analysis |

I

| Visualization and Interpretation |

I

| Validation |

FIGURE 2: Deform simulation and FEM steps.

states within the workpiece. Conduct a thorough analysis of
the outcomes to gain insights into deformation patterns,
stress distributions, and other pertinent phenomena. Em-
ploy suitable software tools for the visualization of these
results. Interpret the findings from the simulation to
comprehend the workpiece’s behavior under drilling con-
ditions. Compare and contrast the simulation outcomes with
empirical data or established benchmarks to validate the
results. Identify potential areas for enhancement or opti-
mization within the drilling process.

The FE model requires the input of temperature and
mechanical and geometrical data to represent the tool and
workpiece. The mesh density was increased in areas with
large plastic strain gradients to achieve accurate results and
enhance the solution convergence, thereby minimizing the
interpolation error. The workpiece was fixed in all three
perpendiculars, while the drill bit was allowed to move in the
y-direction (f) and rotate about the y-axis with n chosen for
the current study during the FE simulation.

In the Finite Element Analysis (FEA) simulation, the
workpiece employed is manufactured from AISI 1020 mild
steel, whereas the cutting tool is made using HSS. In this
process, the chips are separated utilizing remeshing tech-
niques based on the strain alteration criteria. The workpiece
is treated as a deformable object, and the elements near the

cutting lip of the drill bit are inclined to undergo significant
distortion due to the plastic deformation of chips. Conse-
quently, the Jacobean matrix yields a negative value.
Therefore, remeshing techniques are vital to substitute the
distorted elements with more appropriate shapes. Upon
remeshing, the present deformation, strain, stresses, and
various parameters are transmitted to the new mesh, and the
analysis is carried forward. The shear strength of a material is
often associated with multiple constitutive material laws that
account for temperatures, strain rates, and strains [35].
However, this research employed a piecewise-rectangular-
shaped material model to consider diverse temperatures,
strain rates, and strains in the drilling process of AISI 1020
mild steel. The study depicts temperature contours, strain
impacts, and damage in Figures 3 and 4, respectively. To
have an in-depth knowledge of AISI 1020 mild steel me-
chanical and thermal behaviors during the machining
process, it is imperative to consider temperature contours,
strain impacts, and damage in the mild steel drilling sim-
ulation [36]. The distribution of heat produced during
drilling can be shown using temperature contours. High
temperatures can impact tool wear, cause thermal strains,
and change a material’s characteristics. Temperature con-
tour monitoring is crucial to avoid excessive heat that could
cause material degradation, hardness changes, or even
thermal cracking [37].

Figure 3 shows the maximum temperature is distributed
at the center of the hole with 319°C whiles the minimum
temperature of blue color at the outer region of the work-
piece. Information regarding the material’s deformation and
structural changes during drilling can be obtained by ana-
lyzing strain impacts. The overall integrity of the drilled hole
may be compromised by plastic deformation caused by
excessive strain, which also changes the material’s me-
chanical characteristics. Understanding strain distribution
depends on predicting material behavior, identifying po-
tential failure zones, and maximizing drilling settings to
reduce negative impacts [38].

Figure 4(a) shows the maximum strain effective at the
center of the workpiece, showing the maximum force
inserted in the center of the hole. Evaluating damage, such as
material removal or microstructural alterations, helps de-
termine how the mild steel drilling process will affect it.
Damage analysis highlights possible structural problems in
the workpiece, tool wear, and chip formation [39]. To ensure
the long-term durability of the tool and the machined
product, it is crucial to identify the areas of damage and
optimize tool geometries and cutting rates. Moreover,
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FiGure 3: Temperature contours.
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FIGURE 4: (a) Strain effective, (b) Damage.

Figure 4(b) shows the damage analysis of the workpiece,
showing maximum damage in the center of the hole. Fur-
thermore, Figure 5 portrays the chip formation after suc-
cessfully implementing the meshing technique. Moreover,
Figure 5 also shows small and discontinuous chips as they
are preferable over long and continuous ones, as the latter
tend to tangle around the drilling tool, resulting in decreased
productivity [40].

4.2. Analysis of Cutting Forces. The cutting forces heavily
influence the drilling process, as they play a significant role in
determining the quality of holes, cutting tool lifespan, power
consumption, and vibration [41]. In machining, the cutting
forces are required to shear the material, and they reflect the
overall toughness of the material during the operation [42].
Drilling operations, in particular, are affected by two types of
cutting force: the axial force (thrust force) and torque. The
thrust force (Fz) acts perpendicularly to the workpiece surface,
while torque (Mz) represents the force the machine spindle

requires to rotate the cutting tool. However, the contribution of
forces generated in the x and y directions is insignificant in
drilling as compared to Fz and Mz [43]. High thrust force can
lead to a shorter lifespan of the cutting tool and early failure,
whereas high torque indicates a larger amount of friction
between the workpiece and the tool, resulting in more heat
generation and high temperature in the region where the tool
contacts the workpiece [44]. However, low torque and thrust
force can be achieved at a f and high n [45]. Although other
forces created in the x and y directions are present in drilling,
they are insignificant compared to Mz and Fz and are thus
ignored in the current study [43]. Moreover, cutting forces
significantly impact hole quality, surface quality, power con-
sumption, vibration, and cutting tool lifespan, all of which are
critical aspects of the drilling process [41].

4.2.1. Thrust Force. In drilling operations, the thrust force
(Fz) holds significant importance as it determines the hole
quality and the tool’s wear [46, 47]. As depicted in Figure 6,
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FIGURe 5: Drilling operation and chip formation.
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FIGURE 6: Average thrust force validation.

Fz has been studied through experimental and numerical
methods, and the results obtained from both methods are in
good agreement. The comparison between the numerical
and experimental values shows 91.53% agreement. The re-
lationship between thrust force variation and f and n pa-
rameters has also been investigated. The study suggests that
Fz is directly proportional to f and inversely proportional
to n.

According to the findings presented in Figure 6, the
maximum Fz obtained from simulation tests was recorded at
1570N, which is greater than the maximum experimental
value of 1430 N. The observed 9.79% error in the experi-
mental results is attributed due to limitations in the pre-
cision of sensors, environmental factors, and machine
dynamics during experimentations. The results further in-
dicate that a rise in fled to a corresponding increase in the Fz
value during both simulation and experimentation, while the

rise in n dropped the Fz value. The maximum and minimum
Fz values for both simulation and experimental results were
recorded at f values of 0.3 and 0.12 mm/rev and n values of
330 and 510rpm, respectively. Notably, a significant de-
crease in the Fz was observed with increased n from 330 rpm
to 510 rpm.

The average Fz achieved during experimentation is
depicted in Figure 7. The graph shows a perceptible drop in
Fz with a rise in n from 330 to 510 rpm. This reduction can be
attributed to the heat generated in the penetration area of the
drilled hole, which lowers the material’s hardness and,
hence, results in a lower Fz [48]. Additionally, the Fz de-
creases due to increased material ductility caused by n
drilling temperature [49, 50]. Figure 7 demonstrates that
a rise in f from 0.12 to 0.3 mm/rev leads to rise in Fz. This
phenomenon can be attributed to the rise in penetration load
in the workpiece with an increase in chip thickness [51, 52].
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FIGURE 7: Thrust force variations with respect to f and n.

The material hardness also contributes to the Fz, as a high
hardness level can cause greater wear to the tool and gen-
erate more Fz [50]. P values are frequently used in ANOVA
tables to indicate the statistical significance levels. The ob-
served variations in the response variable (thrust force and
torque) are statistically significant if the P value is less than
the selected significance level, typically 0.05. Table 5 reveals
that both f and # significantly influence axial load or thrust
force. However, fhas a more significant impact on Fz than n.

The ANOV A results indicated that f contributes the most
to thrust force, with a percentage contribution of 61.73%
followed by n, with a percentage contribution of 37.09%. A
low P value for Table 5 suggests that the parameters (fand n)
significantly affect Fz, which is likely to represent the factors
controlling thrust force. If substantial, it suggests that Fz
during drilling is significantly impacted by # and fvariations.

4.2.2. Torque. The torque variation in both simulation and
experimental results is seen in Figure 8. The achieved results
are approximately 90% in agreement with the experimental
results. The model’s ability to predict machining results is
demonstrated by successfully integrating simulation and
experimental results, with an approximate torque agreement
of 90%. This high degree of agreement may result from
appropriate simulation parameter calibration using exper-
imental data, which ensures the model accurately depicts the
complexities of the machining process. Variations, however,
could occur because of intrinsic complexity that needs to be
fully considered because of sensor accuracy limitations,
environmental influences, and machine dynamics during
experiments. Even with the simulation’s useful prediction
tool, certain complex and dynamic aspects of machining
processes might still be difficult to represent accurately. The
variation in torque depends upon both f and n. Torque is
directly related to the fand inversely related to n. The torque
increases from 0.12 to 0.3 mm/rev and decreases with in-
creasing n from 330 to 510 rpm. The maximum simulation
value of torque at 0.3 f reaches 6.777 N-m, while in ex-
perimentation, the maximum torque obtained at 0.3 f is

6.490 N-m with an error difference of 4.42%. The behavior of
torque in both simulation and experimentations with in-
creasing fis also presented in Figure 8. Results indicate that
torque rises with the increase in f. However, torque decreases
with increased »n from 310 to 510 rpm.

According to the findings presented in Figure 9, a rise in
n from 330 rpm to 510 rpm results in a decrease in the torque
value from an average of 6.50N-m to 3.40 N-m. Addi-
tionally, as highlighted in Figure 9, high n leads to
a heightened generation of temperature between the tooltip
and the cutting zone. The resultant increase in temperature
causes the material in the vicinity of the drilled hole to
liquety, thereby resulting in the production of a softer
material that enables the shearing layers to slip easily with
relatively low force compared to low temperature and hard
material [53]. This phenomenon translates to high n and low
torque.

Figure 9 illustrates the torque behavior with respect to
increasing f. The findings reveal that torque rises propor-
tionally with the rise in f. This can be attributed to the fact
that a larger f leads to faster penetration of the drill bit,
resulting in larger chip thickness and MRR, thereby causing
an increase in torque [54]. Moreover, it has been observed
that the tooltip necessitates maximum force to remove the
material with maximum chip thickness [55]. This force
accounts for the high values of torque produced. Further-
more, the ANOVA results presented in Table 6 demonstrate
that f has a more significant impact on torque than n.
Moreover, Table 6 indicates that f contributes the most to
torque, with a percentage contribution of 59.87%, re-
spectively, followed by n, with a percentage contribution of
38.89%.

4.3. Temperature. In the process of drilling, the rise in
temperature is contingent upon the machining parameters,
namely, fand n [56]. The finite element model of the drilling
temperature is validated with experimental results, as shown
in Figure 10. A maximum error of 8.10% was reported,
indicating high thermal coherence between simulated and
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TaBLE 5: ANOVA results for thrust force.
Source DF Seq SS Adj SS Adj MS F value P value Contribution (%)
Model 4 652911 652911 326455 168.25 0.001 98.82
Linear 4 652911 652911 326455 168.25 0.001 98.82
Spindle speed 2 245072 245072 122536 63.15 0.001 37.09
Feed rate 2 407839 407839 203919 105.10 0.001 61.73
Error 4 7761 7761 1940 1.17
Total 16 660672 100.00
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FIGURE 8: Average torque validation.
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FIGURE 9: Torque variations with respect to f and n.

experimental temperatures. n has a substantial impact on
temperature and significantly influences the tool’s perfor-
mance, especially at higher speeds [57]. High n may generate
frictional heat at the interface between the tool and the
workpiece. In the current study, temperature is directly

related to n and f. The temperature increases with increased
n from 330 mm/rev to 510 mm/rev.

As shown in Figure 11, an increase in 7 leads to a no-
ticeable upsurge in temperature. This rise in temperature
causes intense friction between the workpiece and the
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TABLE 6: ANOVA results for torque.
Source DF Seq SS Adj SS Adj MS F value P value Contribution (%)
Model 4 6.33298 6.33298 3.16646 160.19 0.001 98.76
Linear 4 6.33298 6.33298 3.16646 160.19 0.001 98.76
Spindle speed 2 2.49391 2.49391 1.24693 63.08 0.002 38.89
Feed rate 2 3.83907 3.83907 1.91953 97.11 0.001 59.87
Error 4 0.07907 0.07907 0.01977 1.23
Total 16 6.41205 100.00
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FIGURE 10: Average temperature validation.
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FIGURE 11: Temperature variations with respect to f and #.

rotating tool [58]. According to Nouari et al. [32], a decrease ~ Higher n causes plastic deformation, leading to temperature
in tool life leads to a decrease in temperature. Moreover, they ~ escalation. In contrast, when f is high, it results in a longer
reported that f and n contribute to the temperature rise. ~ contact length between the chips and the tool, which
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increases in temperature. According to Bates [59], rise in f
results in a rise in the area of primary and secondary shear
planes, which facilitate the dissipation of more heat in the
tool and workpiece. Additionally, high f and the generation
of continuous chip formation lead to an increase in tooltip
temperature [60]. Figure 11 depicts the trend of increasing
temperature with an increase in f. Heightening the tool’s
depth of travel increases the MRR and results in high
temperatures [61]. The variation observed at the start of the
graphs is due to the fact that the temperature of the
workpiece and tool was not set to room temperature for the
subsequent experiment. Based on the ANOVA results
presented in Table 7, n has a greater impact on temperature
compared to f.

4.4. Surface Roughness. Surface roughness Ra is a prevalent
industry metric employed to gauge the roughness of surfaces
[62, 63]. In holes, this metric can assume higher values,
leading to elevated material fatigue and wear, adversely
impacting the production process and increasing
manufacturing expenses. Machining parameters, such as the
vibration induced on the workpiece and the cutting tool’s
geometry, can significantly influence Ra [64].

According to Figure 12, the average Ra with respect to f
and n is significantly influenced by both factors. The graph
demonstrates a gradual decrease in Ra values as n increases.
The minimum and maximum Ra values are observed at
510 rpm and 330 rpm, respectively. However, an increase in f
from 0.12 mm/rev to 0.3 mm/rev leads to an increase in Ra.
The lowest Ra value of 4.22 um and the highest Ra value of
5.88um are observed at f values of 0.12mm/rev and
0.3 mm/rev, respectively. According to Olabi and Hashmi
[65], there is a decrease in Ra with an increase in n due to two
reasons. Firstly, the contact between the chip and the tooltip
is shorter, reducing the Ra of the hole’s internal surface.
Secondly, the surface temperature of the hole wall, which
softens the material, decreases the resistance against the
tooltip [66]. Additionally, increased material ductility due to
increased temperature might contribute to this
phenomenon [67].

The Ra value is observed to increase with an increase in f
for several reasons. Firstly, as the process frequency in-
creases, the workpiece materials are prone to laceration due
to the high temperature [68]. Secondly, the Ra value in-
creases with increased f due to chatter phenomena and
drilling vibrations [68]. Thirdly, increased fleads to a higher
material removal rate, resulting in poor hole quality [68].
Additionally, the chip volume increases with an increase in f,
as the thick chip formation produces a low shear angle and
a high thrust force [69, 70]. The deformation of this thick
chip layer requires a high thrust force, which induces more
aggressive vibration in the tool and ultimately leads to a poor
surface finish [2, 71]. Furthermore, from Table 8, it can be
concluded that fhas a more significant impact on Ra than n.

4.5. Chip Formation. Chip morphology has a major effect on
the drilling process because it affects material removal ef-
ficiency, heat dissipation, and tool wear. Well-defined chips

Journal of Engineering

help evacuate heat effectively, minimizing thermal damage
to the tool and workpiece [72]. In machining, the chip
generation process directly impacts the integrity of the
machined hole, surface finish, and dimensional accuracy. A
proper chip formation is essential in order to minimize tool
wear, reduce heat production, and limit chip recutting—all
of which lead to improved hole quality. Achieving targeted
machining results and improving the general quality of
drilled or machined holes depend heavily on understanding
and optimizing chip formation mechanisms [73].

Metal cutting chips can be categorized into four main
types based on their geometrical properties: continuous,
discontinuous, segmented, and lamellar. Drilling becomes
more efficient when continuous chips are used since they
tend to increase surface finish and decrease tool wear. In
addition to increasing tool wear, discontinuous chips can
degrade surface finish. Based on the particular needs of the
machining process, segmented and lamellar chips can
achieve a balance by slightly affecting tool wear and pre-
serving a satisfactory surface finish, affecting overall drilling
efficiency [72]. The formation of a continuous chip is fa-
cilitated by using a ductile material and a tool with sharp
edges with high # values and low f values [74]. On the other
hand, when machining hard materials, it is preferred to form
discontinuous chips as they result in a smooth surface finish.
Discontinuous chips are formed by machining ductile
materials with small rake angles and low f values, while
continuous chips tend to stick to the tool and produce
a Built-Up Edge (BUE). Furthermore, machining hard or
brittle materials results in the formation of discontinuous
chips [75].

In the machining industry, segmented and lamellar chips
are two types generated during drilling. Segmented, dis-
continuous chips are produced at low fand 7, while lamellar
chips, which are semicontinuous, are generated at high n and
f174]. It is widely accepted that uniformly small segmented
chips are preferred during drilling. The chips’ size and
fragmentation significantly impact the prevention of the
drilling tool from breaking and the smoothness of the
process [76, 77]. During the machining of mild steel, small
and discontinuous chips are desirable because long and
continuous chips easily get tangled around the drilling tool,
due to which productivity of the manufacturing process
decreased. In the case of machining mild steel, small and
discontinuous chips are preferable over long and continuous
ones, as the latter tend to tangle around the drilling tool,
resulting in decreased productivity [40].

The results of a study on the drilling of AISI 1020 mild
steel are presented in Figure 13. The findings indicate that
the chips’ length increases while their thickness decreases
with an increase in #n. This phenomenon is attributed to the
material ductility resulting from extreme temperatures ex-
perienced at high » values, ultimately producing longer
chips [78]. Conversely, a decrease in the length and an
increase in the thickness of the chips produced lead to the
formation of short and segmented chips. This occurs due to
the high thrust force generated by the high chip thickness,
which makes the chip more susceptible to breaking as the
sectional area of the chip increases and stiffness is absorbed
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TaBLE 7: ANOVA results for temperature.

Source DF Seq SS Adj SS Adj MS F value P value Contribution (%)
Model 4 98293 98293 49146.3 173.45 0.001 98.86
Linear 4 98293 98293 49146.3 173.45 0.001 98.86
Spindle speed 2 67362 67362 33681.0 118.87 0.001 67.75
Feed rate 2 30931 30931 15465.3 54.58 0.002 31.11
Error 4 1133 1133 283.3 1.14
Total 16 99426 100.00
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FIGURE 12: Average surface roughness.
TaBLE 8: ANOVA results for surface roughness.

Source DF Seq SS Adj SS Adj MS F value P value Contribution (%)
Model 4 4.57666 4.57666 2.28833 121.72 0.003 98.38
Linear 4 4.57666 4.57666 2.28833 121.72 0.003 98.38
Spindle speed 2 1.49708 1.49708 0.74854 39.82 0.002 32.18
Feed rate 2 3.07958 3.07958 1.53979 81.90 0.001 66.20
Error 4 0.07520 0.07520 0.01880 1.62
Total 8 4.65186 100.00

[76,79]. While both fand # have a significant impact on chip
formation, it is observed that n has a more significant in-
fluence than f during the chip formation process of AISI
1020 mild steel.

The research findings on the AISI 1020 mild steel drilling
process have essential applications for actual manufacturing
facilities. Manufacturers may strategically optimize their
machining operations to improve efficiency and product
quality by determining the correlations between n, f, and
other process parameters, including thrust force, torque,
temperature, and surface roughness. From a practical
standpoint, these established correlations provide helpful
information for determining the optimal combinations of n
and f to attain desired results. For example, manufacturers
can choose the best cutting conditions that reduce tool wear
and energy consumption by using the relationship between
n, Fz, and Mz. The study results can be used to determine

a balance between n and f that efficiently regulates tem-
perature levels. Temperature control during drilling is es-
sential for preventing overheating. Additionally, the
relationship with Ra gives manufacturers a valuable tool to
adjust their machining parameters to suit specific criteria for
surface finish, ensuring the creation of high-quality com-
ponents. The findings can also aid in developing data-driven
automation and process optimization strategies in
manufacturing environments. Manufacturers can apply
existing relationships to computer numerical control (CNC)
systems or machining algorithms, enabling real-time #n and f
modifications based on specific material properties and
machining conditions. With this flexibility, the drilling
process for AISI 1020 mild steel is more precise and efficient,
per the emerging trend of smart manufacturing and Industry
4.0 initiatives. The study’s practical implications go beyond
the lab; it offers manufacturers helpful information that they
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Figure 13: Chip formations on different spindle speed and feed rate.

can utilize to improve their machining procedures, reduce ~ Additionally, the contribution of feed rate to torque
costs, and consistently produce high-quality components for ~ (59.87%) was higher than that of spindle speed of 38.89%.
use in real-world applications. Experimental results show that both spindle speed and
feed rate significantly impact temperature, with higher
values for both parameters leading to increased tempera-
tures. Specifically, an increase in spindle speed and feed rate
causes a rise in temperature. However, statistical analysis
using ANOVA revealed that spindle speed had a greater
influence on temperature than the feed rate, contributing
67.75% to the feed rates of 31.11%.

The study reveals that the surface roughness of a material
is directly proportional to the feed rate and inversely pro-
portional to the spindle speed. Furthermore, the ANOVA
analysis indicates that the feed rate had a greater influence
on the surface roughness than the spindle speed. The feed
rate had a percentage contribution of 66.20%, whereas the
spindle speed contributed 32.18%.

5. Conclusions

The present investigation involved conducting a Deform
simulation and experimental study on AISI 1020 mild steel.
The study examined the impact of varying n and fon process
parameters such as Fz, Mz, t, Ra, and chip formation. The
key outcomes of the study are outlined as follows.

The comparison between the simulation and experi-
mental values, with a 2%-10% error in the experimental
study, indicates that the thrust force increases with a rise
in feed rate, while its value decreases when the spindle
speed increases. Based on the ANOVA results, it can be

inferred that the feed rate has a greater influence on thrust 042070 )
force than spindle speed, as it has a percentage contri- The shape of the chip is significantly influenced by

bution of 61.73%, while spindle speed has a percentage spindle speed and feed rate. An increase in spindle speed
contribution of 37.09%. from 330 to 510rpm produces a long continuous chip.

Conversely, an increase in feed rate from 0.12 mm/rev to

The relationship between torque, spindle speed, and feed ! | - )
0.3 mm/rev forms a thick, short, and discontinuous chip.

rate is of great importance in machining processes. Nu-
merical and experimental values reveal that torque values
exhibit an inverse correlation with spindle speed and adirect ~ Data Availability

correlation with feed rate. Moreover, statistical analysis

conducted by ANOVA indicates that the feed rate has  Data will be made available by the corresponding author
a more significant impact on torque than spindle speed. = upon reasonable request.
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