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Abstract: Because of its high wear and corrosion resistance,
AISl 52100 steel is mostly used in automobile and aerospace
applications. It is a high strength chromium steel with hardness
usually greater than 45HRC.The prime objective of this study is
to identify the influential machining parameters affecting metal
removal rate (MRR) and cutting forces. During turning of
AISI52100 steels, a central composite design (CCD) through
response surface methodology (RSM) was employed to generate a
model for predicting the MRR and cutting forces. The significant
parameters and their contribution percentage were identified
using analysis of variance (ANOVA). Furthermore, the affect of
machining parameters in the MRR and cutting forces were
examined and validated for identifying the accuracy of the
predicted model. To conclude, the optimum values of MRR and
cutting force along with the optimum parameters were
ascertained using genetic algorithm (GA).
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[ INTRODUCTION

AlSI 52100 stedl is high chromium & carbon steel with low
aloying composition. Because of its high mechanical
properties like fatigue and strength, this steel is used in
highly stressed components. The primary applications are
heavy function shafts and aircraft bearings. Despite of its
advantages, high hardness of the material makes it difficult
to machine. [1] Hence it is dire necessary to find out suitable
parameters during machining.Several parameters like tool
nose radius, feed rate, depth of cut, cutting velocity etc.,
determine the performance of machining. In the recent
years, lot of attention is paid towards the influence of the
above parameters over Output responses like cutting force,
Material Removal Rate (MRR), Surface finish, Tool wear
etc [2,3]. Attensica et al.
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performed machining on hardened AlSI 52100 steel to study
the influence of cutting speed and feed on materia removal
using PCBN inserts. Results reveded that MRR was
primarily influenced by cutting speed [4]. In an experiment
by Meddour et a. [5] significance of cutting parameters on
cutting forces and surface roughness was studied during
turning of AIS| 52100 (59 HRC). Experimental design and
statistical analysis was performed using Response Surface
Methodology (RSM.). Also, the optimum parameters were
found using response optimizer. Zhang et al.[6] studied the
significance of input parameters during machining of 2.25
Cr 1Mo 0.25V high strength steel. RSM was used to analyze
the relation between factors and responses. Genetic
Algorithm (GA) was employed to identify the optimum
parameters influencing MRR and cutting forces. During a
study of optimizing cutting parameters affecting cutting
force and surface roughness, Hamdi et al. [7] used RSM and
proposed best machining conditions. On the other hand
Anderson et a. adopted RSM to study the influential cutting
conditions while turning AISI 52100 steel. Multi response
optimization was performed for minimizing surface
roughness and maximizing MRR. In a similar work by
Gaurav et al. [8] performance analysis on surface finish and
cutting forces were studied. A suitable parametric range was
proposed for effective machining. Khaider et al. [9]
performed cutting operation on AlS| 52100 steel and studied
the influence of parameters on MRR and cutting forces. GA
was used to optimize the cutting parameters. Results
revealed that depth of cut primarily influenced MRR. It is
also seen that GA proved to be an effective optimization
technique. In a similar study by Rahul et a. [10]|GA was
used to maximize MRR in turning Al Mgl Si Cu. From
results it was found that GA predicted the optimum values
very accurately.

. MATERIALSAND METHOD

The surface finish of machined workpiece is often
considered as the quality index of a material. Therefore, itis
important to reduce the surface irregularities during
machining. The machining parameters and their influence
on MRR and cutting force were inspected.

a. Experimental set up

The turning operation was conducted using a semi
automated lathe 7.5KW machine. The bed length of the
machine is 1830mm with centre height 185mm. The spindle
speed ranges from 45 rpm to 2000 rpm. The experimental
conditions were taken from the previous work [11,12]
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The Kistler make piezoelectric tool force dynamometer
(9257B) is used to measure the cutting force. The data is
computed and interpreted using XKM software.

b. Cutting Insert and Work material:

Multilayer coated carbide inserts with cutting edges were
used in the experiment. The inserts were purchased from
Sandvik Coromont India with 1SO designation DNMG 11
04 08 PM 4325. The insert is mounted on right hand holder
PDINR 25 25 M11.

AlISI 52100 steel (50HRC) of 40mm diameter was
machined to an effective length of 250mm. Table I, shows
the elemental composition of the work piece . The
mechanical properties of AISI 52100 steel are presented in
Table II.

Table- I: AlSI 52100 steel (50HRC) elemental composition

Element C Mn | Cr P S Si Ni Mo | Cu Fe

Weight percentage 1.04 0.34 | 1.49 | 0.007 0.017 | 0.24 | 0.07 0.02 | 0.16 | Baance
Table- I1: AlSlI 52100 steel (50HRC) properties c. M achining layout
Properties Metric The influential machining parameters on MRR and cutting
Density 7.81 g/cm’ force were identified under various machining conditions.

L 15 orthogonal array was selected and 15 experiments were

Bulk modulus 140 GPa performed. The machining parameters and their levels were
Shear modulus 80GPa presented in Table |11 and Table V.
Elastic modulus 190-210 GPa
Poisson ratio 0.27-0.30
Hardness 64HRC
Therma Conductivity | 46.6 W/mK

Table- I11: Turning parameters experiment table

Coding Cutting Parameter Experiment Vaue
Y, fz d F(N) MRR(mm>/min)
1 55 0.15 0.3 437.86 2003.3
2 75 0.15 0.3 366.32 3163.2
3 55 0.23 0.3 749.63 3291.7
4 75 0.23 0.3 499.67 5126.2
5 55 0.15 0.7 637.51 4137.3
6 75 0.15 0.7 621.26 6206.9
7 55 0.23 0.7 1216.84 6996.3
8 75 0.23 0.7 987.35 11016.8
9 45 0.19 0.5 836.22 4133.2
10 85 0.19 0.5 589.42 81124
11 65 0.11 0.5 423.39 2563.1
12 65 0.27 0.5 1026.54 7762.3
13 65 0.19 0.1 355.81 1685.3
14 65 0.19 0.9 1002.36 8535.2
15 65 0.19 0.5 673.57 5201.6

Table- IV: Machining factorsand levels

Cutting Leve
parameter

v (m/min) | 45

65 |75 |85

fmn | 011

0.15

0.19| 0.23 | 0.27

0.1

d(mm)

03 |05 |07 |09
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(. STATISTICAL MODELING

The Response surface methodology is an effective method
for statistical analysis and optimization. Taguchi partia
factorial design is used to obtain the design matrix for
carrying out the experiments. The modeled data is verified
using full quadratic regression equation. The relationship
between input factors and output responses is established
and their significance was analyzed using variance analysis
(ANOVA). Response surface optimizer is employed to
optimize the cutting parameters. The optimization goal is to
minimize the cutting force and maximize material removal
rate.

The following quadratic equation presents the correlation

between input factors and output  responses.
y
k k
=by+ Y b+ ) by ¥
i=1 i=1
£ by (1)

i<j
Where b, is a constant, by; is coefficient of linear term, by; is
coefficient of quadratic term and b; is coefficient of
interaction term. Regression analysis is used to obtain
coefficients of the polynomials. Minitab version 17 was
used to model the data and optimize the values.

a. Regression analysis

A regression model is established with the output responses
(MRR and tool force) as objective function. The regression
equation obtained for cutting forceis

F =66 + 0.3.v+ 4840 .f, - 1005 .d + 0.1071 .v.v + 8590. f,_f,
+57.d. d -1224 .vf, +473 vd +7817 f,

2

Similarly, the obtained regression equation for MRR is
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MRR = 20944 — 468.v - 56354 . f, - 16658 . d + 2.477. v.v
+4799. f,.f,— 136.d.d + 820. v.f,

+193.5.v.d + 69024 f,.d. ©)
V. ANALYSISOF VARIANCE (ANOVA)
Table Il displays the experiment design and the

corresponding results for MRR and tool force. The
significance and the contribution percentage of the factors
and the importance of model coefficients are obtained
through variance analysis.

The objective of the variance analysis is to find out
significance of each parameter and the model coefficients
individually. The ANOVA anaysis for MRR and cutting
forces are presented in tables V and VI respectively. The
insignificant factors were automatically removed using back
elimination process. It is one of the efficient methods of
modeling the statistical data as the redundant values are
eliminated.

a. ANOVA for MRR

From the variance analysis of MRR, it is revealed that the
R? value (99.56%) is very near to 100%, which is highly
desirable. Moreover the adjusted R? value (98.76%) is
closed to the obtained R? value. This indicates high
goodness-of-fit of the generated model. As the statistical
analysis was performed for 95% confidence level, any factor
having p-vaue less than 0.05 is considered as significant.
Table V. shows depth of cut is the most significant factor
with  48.91%  contribution  followed by  speed
(27.53%).Besides, the interaction of depth of cut with speed
and feed also has influence.

Table- V: Analysis of variance analysis of cutting for ce model

Source DF Seq SS Contribution | Adj SS Adj MS F-Vaue P-Value
Model 9 103125670 | 99.56% 103125670 | 11458408 124.80 0.000
Linear 3 97227020 93.86% 97227020 32409007 352.98 0.000
% 1 18153650 27.53% 18153650 18153650 197.72 0.004
f, 1 28405595 17.42% 28405595 28405595 309.38 0.600
d 1 50667775 48.91% 50667775 50667775 551.84 0.001
Square 3 1399750 1.35% 1399750 466583 5.08 0.056
V-V 1 1396984 1.35% 679619 679619 7.40 0.002
f,-f, 1 2440 0.00% 653 653 0.01 0.936
d-d 1 327 0.00% 327 327 0.00 0.955
2-Way 3 4498900 4.34% 4498900 1499633 16.33 0.005
Interaction
v-1, 1 861617 0.83% 861617 861617 9.38 0.028
v-d 1 1197951 1.16% 1197951 1197951 13.05 0.004
f,-d 1 2439332 2.35% 2439332 2439332 26.57 0.004
Error 5 459078 0.44% 459078 91816
Total 14 103584749 | 100.00%

b. ANOVA for Cutting force

From the model summary obtained, the R? value is 99.63%
indicating very high fitness of the model. The adjusted R?
value (98.97%) is found to be very close to R? value. Table
6., presents that feed and depth of cut are significant factors
with p-value less than 0.05.0f these, depth of cut has highest
contribution of 45.35% followed by feed with 41.87%.
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Additionally, the interaction of speed and feed, and feed and
depth of cut also have considerable significance.
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Table- VI: Analysis of variance analysis of MRR model

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Model 9 1002889 99.63% 1002889 111432 151.02 0.000
Linear 3 948306 94.21% 948306 316102 428.41 0.000
% 1 70336 6.99% 70336 70336 95.33 0.000
f, 1 421474 41.87% 421474 421474 571.22 0.000
d 1 456496 45.35% 456496 456496 618.69 0.000
Square 3 3403 0.34% 3403 1134 154 0.314
V-V 1 439 0.04% 1270 1270 172 0.247
f,-f, 1 2907 0.29% 2092 2092 2.84 0.153
d-d 1 57 0.01% 57 57 0.08 0.792
2-Way 3 51180 5.08% 51180 17060 23.12 0.002
Interaction
v-1, 1 19175 1.90% 19175 19175 25.99 0.004
v-d 1 717 0.07% 717 717 0.97 0.369
f,-d 1 31288 3.11% 31288 31288 42.40 0.001
Error 5 3689 0.37% 3689 738
Total 14 1006578 100.00%
C. M odel validation
Probability plot for Normal distribution
Model validation is a confirmation test after establishing a ‘
regression model. Hence, the generated models for MRR 098
and cutting force were verified using probability graphs. “
Figure-1(a) & 1(b) displays the probability graphs of MRR Zo7s 7
and force respectively. From the plot it is desired to have all :g b
the residuals falling close to mean line. The curves limiting m 7
the mean line above and below are upper and lower :Em
deviations. A model is estimated to be accurate if all the =
residuas fall within the deviation curves. Fromfigure 1, it is 01 |
very clear that al the residuals for MRR and force lie very 0.05
close to mean line indicating very high accuracy of the e B

model.

The interaction effects of various parameters on MRR and
cutting force were verified using 3-D surface plots. Figure
3(a) shows the surface plotted for the interaction of speed
and feed on cutting force, where as 3(b) shows the
interaction of feed and depth of cut. Similarly, Figure 4(a)
shows the surface plotted for the interaction of speed and
feed on MRR, whereas 4(b) shows the interaction of speed
and depth of cut and Figure 4(c) shows the interaction of
feed and depth of cut.

Probability plot for Normal distribution
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Internally Standardized Residuals

(b) Normal plot for residuals of MRR
Fig. 1. Residualsvs. Normal probability

V. VALIDATION OF RESPONSE
OPTIMIZATION USING GENETIC ALGORITHM

a. Optimization through GA:

GA is a global optimization technique which is primarily
inspired by Darwin’s natural phenomenon on genetic
evolution. This employs survival-of —the-fittest principle by
selecting the best chromosomes in genetic evolution
process. Subsequently, the selected chromosomes are
subjected to stochastic swap over techniques. GA is based
on artificial intelligence by associating biological principles
which is highly effective in obtaining the global optimum
solution. This in turn surpasses the conventional
optimization  techniques.  Initialy, the potentia
chromosomes are identified by performing random quest
with in the search space. These identified chromosomes are
converted into bit strings for performing stochastic swap
over operations like cross-over and mutations. The fitness
value of the new output strings are inspected for optimum
solution and similar operations are performed until the
optimum solution is obtained. Moreover,
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GA simultaneously execute globa and paralel search in 108
order to eliminate deficient chromosomes. Figure 2. Shows x10%
the flow chart of the algorithm.

(_ Generation of initial population )

-l

( Fitness evaluation of each individuals )

I —
¢ nec 04 I-ZKQ = (.‘2
( Selection of individuals ) 3(b). Cutting forceasa function of fz,d

FORCE

l'_ T Fig. 3.Surface plots of cutting force
( Crossover operation of individuals )

v

( Mutation process )
v

No Termination
criteria

Yes ¢

( Optimal fitness and individual values ) FEED 0t

v

End

Fig.2. Flow chart of genetic algorithm optimization
process

This work is aimed at obtaining the optimum MRR and
cutting force. This work is aimed at obtaining the optimum
machining parameters which pertain to maximum MRR and
minimum cutting force. The objective function for the
optimization is given as:

Wil=min [F(v.f,a)]

W2=min [-B (v,f,a)]

Constraint equation:

45< v <85

0.11< f,<0.27

0.1< g <09 (4)

8000 .
% 6000
[}
2 4000
4000 |
2000 .

025
4 (c). Cutting forceasa function of fz,d

Fig. 4.Surface plotsof MRR

3 (a) Cutting forceasa function of v, fz
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The optimization was performed with the mutation and
crossover rate of 0.001 and 0.9 respectively, considering the
population size as 200.The maximum value of evolutionary
algebra is 500. The graphs for minimum cutting force and
maximum metal removal using genetic algorithm were
presented in figure (5) and figure (6).The optimum values of
metal removal rate and cutting forces were identified at
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243 and 326™ generations respectively. The optimum value
for MRR is 19476.8mm*min, where as the optimum
machining parameters were cutting speed of 84.985 m/min,
feed 0.157 mm/rev and depth of cut 0.897mm.
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The optimum parameters for least cutting force were speed
84.996 m/min, feed 0.27mm/rev and depth of cut 0.1mm.
The optimum value is 140.56N.

b. Validation of model

In the context of validating the accuracy of the generated
model, the MRR and cutting forces were evaluated with the
obtained optimum machining parameters. Furthermore, the
errors and residuals were compared by evaluating the actual
and predicted values. The actual and predicted values for
MRR are presented in table 7.The actual and predicted
vaues ae 19476.8mm3/min  and  19694.2mm*min
respectively. The residual value is 217.4 with an error
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v=85m/min,f,=0.15 mm/rev and ap=0.9mm. Table VII.
displays the actual and predicted values of cutting force s.
The optimum parameters of v=85m/min,f,=0.27mm/rev and
a,=0.1mm resulted in actual value of 140.56N and predicted
value of 137.13N. The residua vaue is 3.43 with error
percentage of 2.45.

From the results, it is quite apparent that for both MRR and
cutting forces the experimental and computational values are
very close to each other. However, the error percentage for
MRR and cutting forces are 1.11 and 2.45.This indicates
that the established model is very accurate with prediction
capability more than 97%.

percentage of

1.11. The optimum parameters are

Table- VII: Actual and predicted values of cutting forceand MRR

Machining parameter MRR (mm®/min)
V(m/min) f, (mm/r) a, (mm) Actual Predicted Residual Error(%)
85 0.15 0.9 "19476.8 19694.2 2174 111
Machining parameter F(N)
V(m/min) f, (mm/r) a, (mm) Actual Predicted Residual Error(%0)
85 0.27 0.1 140.56 137.13 343 245
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