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Abstract— The measuring of cutting forces in hrad turning
is an important factor. The cutting force of a certain material
represents the machinibility of such materail, it also reflects
how quickly a tool can wear and also the vibrations that can
occur during machining. So it is clear that for condition
monitoring aswell as for process optimization, the
measurement of cutting forces becomes fundamental. This
Paper deals with a prediction of Cutting forces in a Hard
turning process of AISI 52100 steel with the help of
regression models and artificial neural networks. The
objective of this dissertation is to develop artificial neural
networks and multiple regression models to predict the
cutting forces developed during hard turning of A.L.S.I
52100 steel using PCBN cutting tools. In this research, a
hard turning model was developed to evaluate the effect of
machining parameters and nose radius of cutting tool on the
cutting force. The model was authenticated by comparing
the cutting forces with the experimental results. In this ANN
was used which is a network of artificial neurons
(sometimes called perceptron) inspired by the biological
neural networks that constitute human brain. The artificial
neuron that constitutes the neural network is a simplified
mathematical representation of the real neuron found in
human brains. The experiments are planned based on
taguchi design and measured cutting forces were compared
with the predicted forces in order to validate the feasibility
of the proposed design. The percentage contribution of each
process parameter had been analyzed using Analysis of
Variance (ANOVA).
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I. INTRODUCTION

Manufacturers of various machined components have been
searching for more beneficial machining technologies in
order to increase the process efficiency and improve the
process planning. The solution is increasing the material
removal rate and decreasing the setup times along with
keeping quality and functioning characteristics. One of these
solutions is turning work pieces in their hardened condition
called hard turning. The turning of materials with high
hardness (45HRC above) (considered very high) is known
as Hard Turning. The automotive industry acclaimed it and
it was proven to be an alternative to grinding process. It is
reported that if hard turning is used to make complex parts,
the cost of manufacturing could be lowered 30 times which
in itslef is a huge gain. Hard turning is a cycle which takes
out the prerequisites of grinding activity. The process of
hard turning provides surface finish of Ra 0.3 to 0.7 pm,
roundness of 2-5 um and Diameter tolerance + 3 — 7 pum.
Hard turning has been securing its acceptance in many
industries throughout last two decades. The machining of

hardened steels has been traditionally done by using
grinding process but the same process can be very time
consuming and is limited to certain types of geometries. So
for high MRR and increasing the flexibility of geometry of
parts, improved technologies are required. Due to the
developments in advanced cutting tool materials, the
attention towards cutting of hardened steels has gone
upwards. With the benefits like ability to cut complex
geometries and high flexibility provided by hard turning has
proven technical advantages of hard turning with respect to
that of grinding process.

Though hard turning is advantageous over grinding
process, it also possesses certain limitations. For example,
residual stresses are produced beneath the surface of turned
part due to high temperature and high pressure induced
during metal removing. Also, tool wear is critical
phenomenon which deteriorates the surface finish of
machined part.

A. Introduction to AISI 52100 Steel

AISI 52100 is high carbon, chromium based low alloy steel
that is especially used in the production of anti- friction
bearings i.e. precision ball-bearings and roller bearings. It is
popularly known as bearing steel because of superior
hardness at room temperature and can operate continuously
up to 120°C.

B. Introduction to PCBN Cutting Tool

The applications of PCBN (Polycrystalline Boron Nitride)
can be seen in machining of hard cast irons and hardened
tool steels. CBN is a polymorph boron nitride based
material. Due to its covalent link and crystalline structure, It
has high mechanical properties. Its industrial production has
started since 1957, starting from hexagonal boron-nitride to
which high pressure (8 GPa) is applied and under high
temperature (1500 °C). With hardness (<4500 HV) lower
than diamond (>9000 HV), CBN is 2nd hardest synthetic
material. By sintering teCBN grains together with a binder, a
composite, PCBN is formed. PCBN composite sheet
hardness is generally 3000~5000HV, So it is used to process
high hardness materials with higher wear resistance than
hard alloy and ceramic, which will reduce the size of large
parts processing or size dispersion, can reduce the change
insert adjustment time. It*s thermal stability is very high and
also has high temperature hardness.

Il. EXPERIMENTAL PROCEDURE

For designing of high quality systems the Taguchi method is
considered very powerful. It provides simple, efficient and
systematic approach to optimize designs for performance,
quality and cost. The efficiency of the Taguchi method
makes it ideal for various operating conditions as it perfoms
consistenly under such conditions. It uses the strategically
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designed experiment to determine the best design. The users
who have very less knowlege of statistics this approach
becomes ideal for them beacause it is very easy to apply and
adopt, that“s the reason it is very popular among the
engineering and scientific community. By using the
experience or hand book required parameters can be
determined. The parameters which effect the performance
charateristics can be identified which makes the way for
futher experimentation and others things which do not have
much impact can just be neglected. So, 27 experiments are
carried out as per this orthogonal array and corresponding
output data are recorded serially.

The statistical method that lets us find out
relationship between two or more variables is the
Regression analysis. Since there are various varients of
regression analysis, their main functtion is that they all
analyze the effect of greater or equal to 1 independent
variables on a dependent variable. So regression analysis is
used to estimate the realtionshio among variables.

Multiple regression analysis is a statistical tool that
is widely applied in several engineering fields to model the
relationship between reliable variable and one or more non-
reliable variables. This modeling technique comprises the
statistical and mathematical approach and experimental
investigations. In the current examination, so as to
comprehend the impact of cutting boundaries on the cutting
force information introduced in Table 4.1 and check the
precision of created regressive model, connection and
affirmation tests were performed cutting force of machined
work material in machining is determined from the
developed multiple regression maodels.. Minitab, a software
is used to check and develop the regression model. Further,
ANOVA is used to discuss the result of cutting parameters
on the measured surface.

In- multiple regressions, there are several
independent variables or functions of independent variables.
To check the relationship between set of variables which is

statistically significant, multiple regression is used and to
find trends in those packs of data. The similarities between
linear regression and multiple regression are almost
negligible. The only difference between simple linear
regression and multiple regression is in the number of
predictors (“x” variables) used in the regression.

The influence of input parameters viz. cutting
speed, feed rate, nose radius and depth of cut on cutting
force are assessed by ANOVA and modelled through
multiple regression and artificial neural network.

A. Comparison of ANN and RA results for cutting force

Results of 1%t order and 2" order regression models and
ANN model predictions are weighed up with the
experimental results of cutting force. The experimental and
model prediction results are illustrated in Table. In this
study, to comprehend the prediction capability of RA and
ANN models, the absolute percentage error (A) between the
predictions of proposed model and to those of experimental
surface roughness values is estimated using Equation

Raexp - Rapred

A= x 100

Rapred

The calculated absolute percentage error values are
also presented in Table 4.10. The MAPE for 1% order
regression model is 26.68%, for 2" order regression model
is 8.84% and for ANN model is about 1.873%. From the
model predictions values, it is clear that both the models are
suitable for prediction of cutting forces in an acceptable
error ranges. However, it shows that the proposed ANN
model predicts results which are closer to the experimental
values as compared with the RA model. The closeness of the
ANN model predictions to the experimental results is also
high as the correlation coefficient between the ANN model
predictions and experimental results is about 0.96. Table
below shows the values of cutting forces predicted.

S. First order Absolute Second order Absolute Absolute
No. EXPERIMENTAL model Error % model Error % ANN Error %
1 125.85 80.7344 35.85 158.7952 -26.2 126.32 -0.37
2 436.65 262.1716 39.95 397.5192 8.96 436.92 -0.062
3 580.47 443.6088 23.57 652.5008 -12.41 550.57 5.16
4 483.91 359.3344 25.74 471.7952 2.503 483.076 0.17
5 393.79 297.7316 24.39 431.9992 -9.7 393.887 -0.024
6 324.7 229.4488 29.33 335.0208 -3.178 | 354.569 -9.19
7 476.43 344.8944 27.6 398.0752 16.45 472.402 0.84
8 507.01 326.6116 35.58 459.3192 9.406 506.76 0.049
9 397.46 265.0088 33.32 381.4208 4.035 361.338 9.08
10 240.26 182.8844 23.79 246.0077 -2.39 240.145 0.047
11 416.75 314.3216 24.57 454.7317 -9.113 446.25 -7.07
12 670.97 495.7585 26.11 710.3133 -5.86 669.478 0.222
13 537.16 411.4844 23.39 529.6077 1.4 538.2 -0.193
14 622.44 399.882 35.75 489.2117 21.4 618.348 0.657
15 462.69 331.5988 28.33 392.2333 15.22 448,527 3.06
16 424.45 397.044 6.45 455.2877 -7.26 422.751 0.4
17 483.78 328.76 32.04 516.5317 -6.76 483.935 -0.032
18 383.76 267.1588 30.38 438.633 -14.298 | 406.911 -6.03
19 349.88 265.0344 24.24 292.8452 16.3 349.556 0.09
20 489.93 366.4716 25.19 501.5692 -2.375 | 488.211 0.351
21 860.34 577.9088 32.82 756.55 12.06 813.251 5.47
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22 572.86 463.6344 19.06 575.8452 -0.55 570.967 0.33

23 453.71 352.0316 2241 457.0492 -0.735 | 451.973 0.382

24 392.77 283.7488 27.75 439.0708 -11.78 | 390.168 0.662

25 459.98 449.1944 2.34 502.1251 -9.16 459.444 0.116

26 557.21 387.9116 30.38 563.3692 -1.1 555.851 0.243

27 528.4 369.3088 30.1 485.4708 8.12 526.965 0.271
MAPE = MAPE = MAPE =1.873
26.68% 8.84 % %

Comparing the models, ANN model represents
most appropriate forecast of cutting force with minimum
average error percentage. Thus, ANN model may be
implemented for precise prediction of cutting force during
turning of AISI 52100 grades steel within and beyond the
experimental domain.

The capability to predict of ANN model was better
than RA model shown in this work and will be helpful in
reduction of time consumption and experimental runs which
are expensive. On the basis of MAPE, it was concluded that
the prediction of the ANN model on cutting forces is more
precise than regression model. ANN can produce an precise
relationship between input parameters and cutting force.

I11.  ANALYSIS OF VARIANCE (ANOVA)

ANOVA is a statistical model which can be used to find out
the effect of independent parameters.on single dependent
parameter and also it can be useful to find out the various
machining-variables-and-the contribution of each variable.
According to the analysis done by the MINITAB software,
if the values of probability are less than 0.05, it indicated
that the factors are significant to the response parameters.
Comparing the p-value to a commonly used - level = 0.05, it
is found that if the p-value is less than or equal to a, it can
be concluded that the effect is significant, otherwise it is not
significant.

The analysis is done using MINITAB software.
The effect of many parameters on forces is debated with
main effects plot and ANOVA.

In the main effects plots, the point near the average
horizontal line has less significant effect and the one which
has highest incline will have most promising outcome on the
responses. Therefore nose radius is having the most
promising outcome on cutting force and by depth of cut.
But, the effect of speed and feed is small when put head-on

with depth of cut and nose radius. Figure 4.24 shows the
main effects plot.

Main Effects Plot for fc
Dty Means

o

Fig. 4.24: Main Effects Plot for cutting force

The main goal of ANOVA is to find the design
parameters and to show which parameters highly affect the
output parameters. Inthe process, the calculation of variances
and sum of squares takes place. F-test value, at 95 percent
confidence level is used to choose the major factors
impacting the process and percentage contribution is then
calculated. Theanalysisisshownin Table4.13. The percentage
of contribution (P) is shown in last column of the ANOVA
table of each parameter on the total variation indicating then,
the degree of influence on there sult, cutting force. Fromthe
ANOVA results, it can be seen that the most important factor is
the nose radius which is followed by the depth of cut. The
percentage contribution of each factor on the measured
surface roughness is as follows: Nose radius (36.52%), depth
of cut (23.64%), feed rate (8.8%) and cutting speed (8.12%).

But, the impact of feed nad speed is small when
compared with depth of cut nad nose radius.

Factor DoF | Sum of squares | Variance | Pure sum of squares | %

Speed 2 48828.478 24414.239 40144.6 8.12

Feed 2 52414.168 26207.084 43730.36 8.8
Depthof Cut | 2 125514.69 62757.344 116830.89 23.64
Nose Radius | 2 189138.12 94569.059 180454.38 36.52

Table 4.13: Percentage contribution of each parameter

From ANOVA table, it can be seen that nose radius

is the major contributing factor followed by depth of cut.
However, the effect of speed and feed is nominal compared

with nose radius and depth of cut.
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Fig. 4.25: Interaction Plot for Cutting Force

An interaction plot is used for examining interactions
between variables in factorial designs. The resulting profiles
are parallel when no interactivity takes place and nonparallel
when interactivity is present. The levels of one varieble on
the X-axis are displayed on an interaction plot displays and
has different line for each level of the other variable.
Interactions take place when variables start acting together
to effect the output of process. Interactions plots are made
by plotting both variables on the same graph together.
Interaction plots in Figure 4.25 reveal that cutting force is
increasing with all parameters. But Nose radius and the
depth of cut are more dominating. From the interaction
plots, it is also understood that the interaction of nose radius
with other parameters is having the most dominating effect
on cutting force. Also, the interaction of feed and depth of
cut affect the cutting force significantly but contributed less
than the nose radius.

IVV. CONCLUSIONS

The scope of this study is to apply RNand ANN techniques to
model and predict the cutting force involved in hard turning of
AISI 52100 steel. The predictions of Regression model
cutting force in hard turning are compared with the
predictions of ANN model in this work. It is shown that RA
and ANN models can be used as an effective and an
alternative method for the experimental studies and can
reduce time and minimize the expensive experimental runs.
However, the ANN predictions were similar to experimental
values, and the ANN model -effectively reproduced
experimentally observed results through understanding the
complex machining process. It is true because the closeness
of the ANN model predictions to the experimental results is
very high as the correlation coefficient between the ANN
model predictions and experimental results is more than that
of RA model. The following conclusions were drawn from
this investigation:

A multiple linear and quadratic regression model for
predicting cutting force was developed. This model can be
utilized for speculations where high exactness isn't required
as the formula is straightforward and a straight forward
outcome can be obtained. ANOVA results confirm that the
regression model is adequate and is proficient to anticipate the
cutting forces.

An ANN model was made to speculate cutting
force from a given parameters. By using the experimental
dat, it was tested and validated. Many trails were conducted
after which a network with accuracy of 96% was found with

a layer containing 20 neurons, reflecting an excellent
outcome. The network™s outputs are a good fit for the
experimental results and when compared in terms of Mean
Absolute Percentage Error, it outperforms the multiple
regression analysis by a considerable margin.

It was concluded in the study that ANN was a
dependent and precise method of speculating the parameters
in turning operation. On the basis of MAPE, the ANN models
predictions were declared more precise than the regression
model. The ANN model evaluates the cutting force with
high accuracy as compared to the multiple regression models.
From the main effects plot, it is clear that the force is
increasing with all the parameters; however the increment is
varying with the individual parameters. Through ANOVA it
was found out that the percentage of contribution to the
turning process froms a sequence which is, the nose radius,
depth of cut, speed and feed. So it can be seen that the most
controlled element when the cuttingforce is considered is the
nose radius.
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