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Abstract The turn-milling methods for machining oper-
ation have been developed to increase efficiency of con-
ventional machines recently. These methods are used
especially by coupling some apparatuses on the computer
numerical control (CNC) machine to decrease the pro-
duction time and machine costs, ensure the maximum
production and increase the quality of machining. In this
study, 100Cr6 bearing steel extensively used in industry
has been machined by tangential turn-milling method. This
paper presents an approach for optimization of the effects
of the cutting parameters including cutter speed, workpiece
speed, axial feed rate, and depth of cut on the surface
roughness in the machining of 100Cr6 steel with tangential
turn-milling method by using genetic algorithm (GA).
Tangential turning-milling method has been determined to
have optimum effects of cutting parameters on the
machining of 100Cr6 steel. The experimental results show
that the surface roughness quality is close to that of
grinding process.
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1 Introduction

The turn-milling methods have been used in the processing
of eccentric shaft or any other non-coaxial parts and have
shown rapid development in recent years. In the turn-mil-
ling method, multi-edged cutting tools are used and the
workpiece makes simultaneously rotational and feeding
motion along its own axis. This new method can be con-
sidered as a combination of two different metal removal
(turning and milling) methods and it is grouped together
with the view of contact shapes of the cutting tool and
workpiece axes. As shown in Fig. 1, the turn milling is
divided into three groups as orthogonal, parallel to the axis
and tangential.

The advantages of these methods can be listed as
follows:

(i) The metal removal process done with turning can
be continuous or mass, but this method occurs
only in the short chip. Thus, tool life increases.

(i) Instead of turning, milling and drilling operations,
the processes in the turn-milling method can be
performed by a single machine.

(iii)  Manufacturing time is shortened. Thus, processing
costs are lower in mass production.

(iv)  The surface roughness is close to that of grinding
quality.

Kountanya et al. [1] studied the chip morphology sim-
ulation of robust turning and effects of tool & edge
geometry on the cutting conditions. In Ref. [1], a simula-
tion of experiments conducted with different cutting con-
ditions, tool & edge geometries and finite element method
was concluded. Umbrello [2] used several experimental
techniques in order to firstly validate the proposed simu-
lation strategy, and successively analyze the influences of
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(a) Orthogonal

(b) Parallel to X axis

(c) Tangential

Fig. 1 Mechanisms of turn-milling method

white and dark layers on residual stresses. He determined
that the proposed finite element method (FEM) model was
also suitable for studying the influences of white and dark
layers on residual stresses during hard machining of AISI
52100 steel.

Mao et al. [3] carried out a systemic experimental
investigation involving scanning electron microscopy,
Vickers microhardness tester, X-ray diffraction, three-axis
piezoelectric dynamometer, and thermocouple to analyze
the affected layers formed in grinding of AISI 52100 steel.
They determined that the dominant factor in annealed steel
grinding was the plastic deformation, and the residual
compressive stress was observed on the ground surface.

Mulik and Pandey [4] designed and fabricated a mag-
netic abrasive finishing set up mechanism which used
different designs of electromagnet having alternate north
and south poles. It was obtained that the least surface
roughness value obtained was as low as 51 nm in 120 s
processing time on a hardened AISI 52100 steel workpiece
of 61 HRC hardness [4]. Savas and Ozay [5] determined
the effect of surface roughness of cutting parameters for
SAEI1050 steel. The values of optimum cutting parameters
given for the minimum surface roughness with the tech-
nique of genetic algorithm (GA) related to experimental
results were obtained.

Savas and Ozay [6] used GA method to study the
effects of cutting parameters of tangential turning-milling
operations on surface roughness. They indicated that as
the speed of the cutting tool was increased to a certain
point, surface roughness increased. However if the speed
overran this certain point, surface roughness decreased.
Savas and Ozay studied the effects of cutting parameters
on surface roughness of MS58 brass material machined
with tangential turn-milling method. In Ref. [6], three
levels of cutting parameters as cutting tool revolution,
workpiece revolution, axial feed speed, the depth of cut
and helix angle of the cutting tool had been taken into
consideration. They obtained a surface quality approxi-
mately equal to that of grinding process with this new
method [7]. Karaguzela et al. [8] showed a comprehensive
process model for both orthogonal and tangential turn
milling operations and made a comparison for different
types of turn-milling operation and optimized the process.
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Reference [8] described the cutting speed for both con-
figurations, formulated circularity in turn-milling and
presented cutting force calculations for the chip geometry.
Mahesh et al. [9] developed a predictive model to observe
the effect of radial rake angle on the end milling cutting
tool by considering the following machining parameters:
spindle speed, feed rate, axial depth of cut, and radial
depth of cut. By referring to the real machining case
study, the second-order mathematical models have been
developed using response surface methodology. Zhu et al.
established two mathematical models to predict the
roughness and topography of machined surface. Some
simulations by MATLAB software and experiments were
shown to clarify the effect of some parameters on surface.
They determined that a better surface quality and tiny oil
storage structure could be obtained if the cutting param-
eters were chosen in reason. Zhu et al. [10] developed a
modern advanced method as called the co-simulation
method in turn-milling centre design for structural
improvement and optimization that this was a good way
for solving the dynamics of rigid flexible coupling system.
With this method, they simulated the system of turn-
milling as dynamic [10]. Turn-milling is an intermittent
cutting process which in turn causes periodic forces dur-
ing cutting. The cutting forces in turn-milling are simu-
lated using oblique transformation of orthogonal cutting
data and the chip thickness expressions developed in Refs.
[11, 12]. Yuan and Zheng [13] tried to model the surface
roughness and analyze the influencing factors emphasized
the effect of eccentricity on surface roughness.

It seems that there are different studies conducting on
100Cr6 steel with conventional methods. The residual
stresses and hardness changes induced from heating and
cooling between cutting tool and workpiece in machining
with conventional methods of 100Cr6. Therefore, in these
studies detailed surface structure of the material has been
investigated. However, the machining methods have not
been much developed and turn-milling methods have not
been presented to process 100Cr6 bearing steel which is
widely used in industry.

There is no continuous contact between tool and work-
piece in the turn-milling processes, and the chip is short.
Thus, the heat between tool and workpiece decreases. The
residual stresses and hardness changes which occur on the
surface of workpiece decrease, then the tool life also
increases [8]. Therefore, in the processing of chromium-
based steel, turn-milling method will be more effective to
eliminate the disadvantages arising from processing
methods. This is one of the most important advantages. In
this study, DIN 100Cr6 (AISI 52100) bearing steel has
been machined with a new method called tangential turn-
milling method and the effects of cutting parameters on
surface roughness have been investigated.
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2 Experimental
2.1 Experimental setup mechanism

The experiments on turn-milling were carried out on a
CNC JOHNFORD WMC-850 FANUC 0 M vertical mil-
ling machine in the accuracy of 0.001 mm. 20 mm diam-
eter end-milling cutter of high speed steel material with
four teeth and 30°. Helix rank was used as a cutting tool.
The schematic diagram of experimental setup with the
contact between cutting tool and workpiece is shown in
Fig. 2. The cooling water was not used in the experiments.

2.2 Workpiece material

DIN100Cr6 bearing steel was machined with tangential
turn-milling method. 100Cr6 bearing steel has a wide range
of applications in industry such as arm grids, milling cut-
ters, etc. The chemical analysis of 100Cr6 bearing steel is
given in Table 1. The part was not exposed to any thermal
process.

The 100Cr6 workpiece in tangential turn-milling oper-
ations was cut with 24 mm x 60 mm (diameter x length).
The workpiece was prepared according to the ISO 3685
standard.

The cylindrical workpiece of DIN100Cr6 bearing steel
of 40 mm diameter and 100 mm length was fixed between
three jaw universal chucks and rolling centers on the
machine bed using a special attachment. The workpiece
and cutting tool were contacted wherein the tool axes were
perpendicular and tangential to the workpiece axis. The
parallelism between workpiece and X-axis of the machine
was controlled with a comparator at precision 0.001 mm.

2.3 Determinations of experiment parameters

In the experiments, the parameters at different levels,
including workpiece revolution, X-axis feed speed and the
depth of cut, were obtained by exact factorial method. The
parameters at three different levels are given in Table 2.

Workpiece

End-milling cutter “

Fig. 2 Schematic diagram of the experimental setup

Turn-milling method is considered to be a combination
of these two processes, therefore the parameters separately
affecting these two operations are considered to cause
effects on the new method. Before beginning the experi-
mental study, the machining parameters and other effective
parameters of the previous machining were determined.
81(3*) experiments were performed by exact factorial
method. In the experiments for an ideal tool life, the values
of both workpiece and tool speed were computed sepa-
rately by using Eq. (1) taking into consideration of cutting
speed (v), workpiece and cutter diameter (D). The values
were written in the CNC program.

v = 1Dn/1000. (1)

The cutting speed equation was determined by cutting
tool and workpiece speed at sub-levels and top-levels. The
axial feed rate was taken into consideration to three dif-
ferent levels. The depth of cut written in the CNC pro-
gramme was 0.1 mm or greater.

2.4 Measurement of surface roughness

The surfaces were measured using the MITUTOYO 211
surf test instrument with 0.01 pm at least count, which
provided a numerical assessment of the surface roughness
in terms of R, values. The measurements were conducted
according to the ISO 1997 standards and the measuring
range (0.8 mm x 5 mm). The measurements were con-
ducted in the direction of the axis of the cylindrical
workpiece. The arithmetical average of measurements was
taken from four different points (see Fig. 3).

3 Results

Figures 4, 5, 6 show the effects of the process parameters
on surface roughness. The parameters of 81 experiments
and the values of average surface roughness were entered
to MINITAB-15. Thus, the graphics were obscured in
MINITAB-15 programme. Finally, the optimum values for
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Table 1 Chemical composition of bearing steel DIN100Cr6

Element C Cr Fe Mn Si P S
Weight percentage/% 1.030 1.400 0.350 0.350 0.230 0.010 0.001
Table 2 Parameters and their levels milling experiment parallel with the values obtained from
Cutting parameters Levels thf?se equations. Besides, by increasing the depth 9f cut and
axial feed rate, the surface roughness value also increases.
Level I~ Level 2 Level 3 1y (1 the increase of the feed rate and the cutting force,
Cutting tool speed (N)/(r-min™") 460 560 660 the vibration acceleration increases and this causes incre-
Workpiece speed ()/(r-min~") 280 450 710 ment in surface roughness value [11].
Table feed rate ()/(mm-min~") 2 5 12.6 The effects of workpiece speed and chip thickness on
Depth of cut (a)/mm 0.1 0.5 1 surface roughness for 100Cr6 bearing steel at the tangential

workpiece and cutting speed were obtained. Since turn-
milling processes are considered, it is seen that Eq. (2)
gives the best result for workpiece and cutting tool speed.
The values of the surface roughness obtained from the turn-

turn-milling operations are given in Fig. 4. It shows that
the lowest surface roughness value is on the second level of
the workpiece revolution. The reason is that the centrifugal
force takes greater values after the second level, and both
the vibration acceleration and surface roughness increase.
The centrifugal force in the first level takes the lover

Fig. 3 Surface roughness measurement setup
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Fig. 4 Effects of workpiece speed feed rate and the depth of cut on surface roughness
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Fig. 5 Effects on surface roughness of cutting tool speed, feed rate and the depth of cut
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Fig. 6 Residual plots for surface roughness

values. When the cutting speed between workpiece and
cutting tool reduces, the cutting tool is forced to cut metal
and the chip breakage is not smooth. Therefore, the surface
roughness increases.

Figure 4 shows that it is directly proportional to the rate
average surface roughness of the depth of cut and feed rate.
The reason is that, increment of depth of cut and feed rate
causes decrease of cutting force. When more chip is
removed in unit time with the same cutting speed, surface
roughness value also increases.

Another similar case is shown in Fig. 5. It is observed
that average surface roughness value decreases or increases

0.50

0.25
0.00

Residual

-0.25

-0.50

1.0 1.5 2.0 2.5 3.0
Fitted value

(b) Residuals versus the fitted values
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0.00
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-0.25F

-0.50

1 1 1 1 1 l 1 1 1
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Observation order
(d) Residuals versus the order of the data

depending upon the speed of cutting tool. The surface
roughness decreases when cutting tool speed is increased
from the first to the second level. As known, ideal value of
cutting speed varies on the type of the cutting tool in chip
removing processes, such as milling, turning, drilling and
grinding. The ideal cutting speed value was determined
from related tables by the tests performed by the manu-
facturer company.

When the cutting tool speed is increased from the sec-
ond level to the third level, the surface roughness value
increases. With increment in speed, the cutting tool scrapes
to the same spot more than normal. Thus, the values greater
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than the ideal cutting speed may cause increment in cen-
trifugal force, which causes vibrations on the tool, there-
fore the surface roughness value increases.

As the feed rate and the depth of cut increase, the
average surface roughness value increases. The reason is
that the removed chip amount in unit time with constant
cutting speed increases. However, feed rate has less influ-
ence on surface roughness.

3.1 Optimization of surface roughness

Solving many technical problems leads to the need for
optimization that the R, function with many variables has
to be minimized. The first step in the optimization of cut-
ting technology is the definition of mathematical model.
Because of the complexity of models (many factors influ-
ence the cutting process), more accurate mathematical
models include linear and non-linear parts. In practice,
models defined by the second-order polynomials are suf-
ficient for the description of technological processes, as
long as the possibility of description exists.

The effects of the cutting parameters over surface
roughness in the tangential turn-milling process for
machining of cylindrical workpiece have been investigated.
The investigation was performed with four independent
(input) variables: cutting tool speed, workpiece speed,
depth of cut and feed. The preliminary tests were carried
out to determine suitable parameter range. The maximum
possible tool speed in our condition was 2 500 r/min, but at
speeds higher than 800 r/min, the tool wear was too high.
Therefore, cutting tool speed level varied between
460 r/min and 660 r/min; workpiece speeds varied between
280 r/min and 710 r/min; the depth of cut and feed varied
between (fin = 2.0 mm/min, f., = 12.6 mm/min, a,;, =
0.1 mm and a,,,x = 1.0 mm).

In this study, the surface roughness equation, according
to the experimental parameters, has been obtained by the
toolbar of surface response method of MINITAB-15 pro-
gramme. These graphics show that the experimental results
are compatible with Eq. (2).

R, = 14.1192 4+ 0.0275988f + 0.220373a — 0.00432277n
—0.0433481N + 0.00000399544n*

+0.0000383407N2 + 0.0624221fa + 0.000035147 1 fn
— 0.0000656233fN + 0.000773275an. (2)

It can be noticed that the residuals form a straight line,
which means that the errors are normally distributed and
the regression model is well fitted with the observed values.
Other figure shows the residual values with fitted values for
surface roughness. Figure 6 indicates that the maximum
variation from —0.50 to 0.50 shows the high correlation
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that exists between the fitted values and the observed
values.

The optimal selection of the cutting parameters should
increase not only the utility for cutting economics, but also
the product quality to a great extent by minimizing surface
roughness. The process parameters of turn-milling are
defined in the standard optimization format that is solved
by a numerical optimization algorithm. An objective
function to be minimized is necessary to define the stan-
dard optimization problem.

In process of tangential turn-milling, the optimization
problem is to minimize R,(N, n, f, a) within ranges of cutting
parameters: cutting tool speed 460 r/min < N < 660 r/min,
workpiece speed 280 r/min < n < 710 r/min, feed rate
2.0 mm/min < f < 12.6 mm/min, depth of cut 0.1 mm <
a < 1.0 mm.

The far too many values of surface roughness are
obtained according to these given cutting parameters.
Determining the surface roughness analytically is very
difficult. Therefore, we have used GA to carry out numeric
optimization. Researchers have proposed several approa-
ches to predict surface roughness based on theoretical
approach [14-17]. Analytical models had been created to
predict tool life and surface roughness in terms of cutting
speed, axial depth of cut and feed rate in milling method
[18, 19], experimental investigations [20, 21], design of
experiments [22, 23], and optimization techniques such as
GA, neural network, neural fuzzy and fuzzy logic
approaches to predict surface roughness [24, 25].

GAs are extensively used for optimization problems and
were first developed by Holland [26] in the 1970s. These
algorithms are based on biological evolution process. A
similar analogy is used to solve the complex optimization
problems. The notable feature of GAs is that it emulates the
biological system’s characteristics like self-repair and
reproduction. It is generally well known that the human
being is a very good example of a decision maker. So
researchers began to experiment with the natural systems
and have developed methods like GAs and neural
networks.

The actual differences between the GAs and other
optimization methods are briefly summarized below. GAs
move through the solution space starting from a population
of points rather than a single one. This is similar to calculus
based methods where we have to restart the solution from a
number of points to ensure global convergence. GAs work
with objective function information directly and not with
any other auxiliary information like derivatives. Con-
straints are included in the objective function using some
penalty function. GAs use probabilistic rules rather than
deterministic rules. Therefore, applying to the optimization
problem and the structure of GA is rather easy. Here,
determining objective function and constraints are
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Table 3 Optimization results with experimental measurements

Results Cutting parameters Objective function
N/(r-min~") n/(r-min™h) f/(mm-minfl) a/mm R,

Experimental measurement 560 450 2 0.1 0.82

GA 588.7 564.6 22 0.1 0.80

important. The critical parameters of GA are the size of the
population, mutation rate, number of iterations (i.e., gen-
erations), etc. In this study, population size of 30, crossover
rate of 2.0, mutation rate of 0.1, bit number for each
variable of 16, and 3 000 iterations are utilized. Equa-
tion (2) solves the optimization technique of GA and gives
the minimum surface roughness. The values obtained from
Eq. (2) completely match with the values achieved in
experiments (see Table 3).

4 Conclusions

In this study, 100Cr6 bearing steel was machined with
tangential turn-milling method. The results given below are
obtained from the conducted experiments and analysis:

(i) In the case of tangential turn-milling, an ideal
surface quality for the machined surface, taking
into consideration of workpiece cutting speed,
improves with Eqgs. (1) and (2) calculated
separately.

(i) A very high surface-finishing quality of machined
surface can be achieved by tangential turn-milling
for the machining of rotationally symmetrical
workpieces. In the case of tangential turn-milling,
R, value of the achieved surface roughness
achieved is lower than that in the case of turning.

(iii)) In the case of tangential turn-milling, very small
chips are produced contrary to the relatively
longer chips produced in the case of turning of
100Cr6 bearing steel. However, the chip lengths
are different depending on feed rate.

(iv)  According to additional measurement results, a
good correlation is obtained between the value of
surface roughness predicted by the GA and
surface roughness obtained from experimental
measurements in process of tangential turn-
milling. Based on the GA prediction value, it
can be concluded that the errors in measurement
regions are between 2% and 7%.

(v)  The minimum surface roughness is determined
with the objective function given in this study.
Therefore, in the tangential turn-milling process,

the assumed value of surface roughness will be
easily determined according to cutting parameters.
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