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Abstract

The quality of a machined surface can be described by macro and micro parameters, like the size error, the form and position error

or the surface roughness. The task of machining process planning is to find the best machining method and parameters, which ensure

the required quality. In this article, the surface roughness in the case of turning and milling technologies is analysed. The effect of

the cutting parameters (feed at turning and depth of cut at milling) and the tool parameter (cornerradius)areinvestigated. Theresults

are compared with the theoretical geometric model of surface roughness. In longitudinal turning as well as in constant Z-level milling,

the geometric model of surface roughness is similar. The article presents whether the real surface roughness is similar too.
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1 Introduction

Surfaces can be defined as the material boundaries. These
boundaries have some intrinsic properties like colour,
and other measured properties such as hardness [1]. On
the other hand, the term surface texture refers to the sur-
face geometrical form, which usually includes waviness,
rough- ness and form. The surface wavelength determines
the difference between these surface characteristics. In
general, roughness is considered a result of the manufac-
turing process, it has a periodic nature, and it can produce
a tool and grit marks. While, waviness is related to the
machine, like irregularities in tool feed, or chatter vibra-
tions. Form errors, on the other hand, can be caused by the
absence of rigidity of the workpiece during the manufac-
turing process, extreme residual stress on the surface or
by the strains in the workpiece material [2].

Related to the surface roughness, there are several view-
points. The first question is, how can we define the sur-
face roughness, and the second is how can we measure
it. During the design process of a machine lot of aspects
must be considered in order to define the value of the sur-
face roughness, like the function, the tribology, the fit-
ting, the lubrication, the look of the surface etc. The next
question is how the surface can be produced considering
the requirements, and the last question is how can be the
surface roughness estimated based on the parameters of
the production process.

Many parameters are used to describe the surface rough-
ness based on standards, such as R which represents the
maximum depth of the roughness (Fig. 1 a)), this parame-
ter is sometimes replaced with RP and R which represent
respectively, the height of the highest peak and the depth
of the lowest valley with respect to the mean (Fig. 1 b)).
R, is another parameter of surface roughness, which can
be defined as the sum of the average of the five lowest val-
leys and the average of the five highest peaks (Fig. 1 c)). The
parameter that has a significant mathematical influence is
the root mean squared Rq. R, on the other hand, represents
the arithmetic average (Fig. 1 d)) [1, 3].

The stylus is one of the most common tools to measure
surface 2D or 3D profiles. The three- dimensional stylus is
reliable, versatile and easy to construct [4]. The main con-
cept of work is that the vertical movement of the stylus is
converted into electrical signals by a transducer. The sty-
lus includes a pickup, which moves on the surface with
constant speed. The signal of the transducer is amplified
and the device records the signal [5].

The dynamic range of the transducer determines the
vertical range of a stylus. Whereas, the horizontal range
depends on the length of pickup traverse. Stylus dimen-
sions determine the horizontal resolution. The main
advantage of the stylus is the electrical signal output.
However, there are many disadvantages, the stylus is a
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complex device and brittle, besides, and it is considered
expensive [1].

In the industry, the quality of the produced surface is
an essential factor, and it is a function of various parame-
ters, such as the cutting conditions, the workpiece and the
cutting tool, in addition to the cutting strategy. Therefore,
determining the values of the process' parameters that will
yield the desired product quality has a high priority among
researchers.

It is possible to classify the approaches to predict
surface roughness into three categories as followed in
Subsections 1.1-1.3.

1.1 Experimental approach
In this approach, a number of factors is chosen, and several
experiments are performed. The results then are analysed,
and the effect of each factor and its influence on the observed
character are investigated. Usually, the obtained data is used
to build a model using regression analysis. This approach
is used when the cause and effect relationships between the
various factors do not have an analytical formulation [5].
Kovac et al. [6] built a power function based model in
case of turning of stainless steel. The parameters were the
cutting speed, the feed and the depth of cut. The feed das
the largest effect on the surface roughness, the effect of
the cutting speed and the depth of cut is very little.
Taguchi method for design of experiments (DoE) and
the response surface methodology (RSM) are the most

used approach to define the set of factors and levels and
predict the surface roughness.

The Taguchi method contents a set of standard arrays,
which determine the number of experiments that should
be conducted. The number of factors and the level of these
factors determine which array should be used. Using this
method gives the possibility to investigate the linear effect
of the factor and some interactions between the factors [5].
This approach was used by Tlhabadira et al. [7] in order to
optimize the surface roughness during the milling opera-
tion. A linear regression was determined to the R surface
roughness, where the feed, the spindle speed, the depth
of cut and the cutting speed were considered. Sharma
and Dwivendi [8] study the effect of the specific cutting
parameters on surface roughness in case of slot milling by
Taguchi method. The feed rate showed the largest effect,
then the spindle speed and the depth of cut.

Response surface methodology (RSM) integrates
the statistical and the mathematical techniques used to
develop, improve and optimize the process. It can be used
to design and formulate the process. In most cases, first
and second-order models are used [9].

1.2 Artificial intelligence approach

The development of genetic algorithm (GAs), artificial neu-
ral network (ANN), expert systems and fuzzy logic make it
possible to use artificial intelligence in the predicting of sur-
face roughness. However, ANNs and GAs are the main used
methods between the researchers for this purpose [5].

Artificial neural networks are a mathematical model-
ling tool used to simulate any system in a way similar to
the biological neural network. ANNs have the ability to
define the relationship between the inputs and outputs,
which made it useful to be used in engineering appli-
cations such as optimization, prediction and classifica-
tion. The artificial neural networks consist of many lay-
ers of neurons [10]. Many researchers have adapted this
approach. Deshpande et al. [11] used artificial neural net-
works to predict the surface roughness of Inconel 718 in
turning based on the cutting speed, the feed and the depth
of cut. Vasanth et al. [12] used ANN to predict the surface
roughness of SS410 steel during hard turning.

Genetic algorithm is based on the evolution theory. It
combines the principles of natural selection and natural
genetics. Genetic Algorithm is suitable for solving optimi-
zation problems and obtains the optimal solution that has
a high probability. The mechanism of GA is simple and
starts to form a set of chromosomes. The first step in GA is



the reproduction in this stop the good strings are selected. In
the next operation, each chromosome is split, and then each
one-half of a chromosome is combined with another half
from a different chromosome. Then it comes to the mutation
which contains flipping the chromosome. GA produces chil-
dren from selected parents in a way, evolves the population
toward the optimal solution. The process ends by reaching a
chromosome with the best fitness criteria [13]. Li et al. [14]
used genetic algorithm in order to predicting surface rough-
ness of GH4169 in turning. The GA was used during deter-
mine the parameters of the power function of R .

Zhou et al. [15] investigate the turning process, where
the cutting speed, the feed and the depth of cut were var-
ied. The surface roughness prediction model was built
to the measured data and use genetic-gradient boosting
regression tree method. Savkovic et al. [16] present a neu-
ral network based modelling of the surface roughness of
the face milling, when the cutting speed, the feed per tooth
and the depth of cut are the input parameters. The input
parameters were investigated in five levels. Based on the
measured data a fuzzy logic and a power function model
were built and compared. The neural network based model
showed the best result.

1.3 Machining theory-based approach
In this approach, one or more aspects of machining the-
ory are emphasized, such as cutting tool properties, pro-
cess kinematics, and chip formation. Computer-aided
design (CAD) methods are used to build the model that sim-
ulates the machined surface profile formation. As a result
of this approach, a geometric model will be developed
depending on a rigorous mathematical equation. Then a
computer algorithm is used to implement this model to
handle the complex calculation. In general, these modes
are not accurate that is why an introduced and examined
additional parameter is necessary in many cases [5].

Kundrak and Felh6 [17] present the geometric model-
ling of the face milled surface by CAD system. The method
makes possible to consider the geometric error (run-out) of
the milling cutter [18]. The theoretical Ra parameter can be
calculated based on the CAD model of the machined sur-
face considering the number of teeth and the possible error.
Meijer et al. [19] present an analytical geometric model of
the face milled surface, consider the contour of the cutting
edge and compare with the simulation based model, which
consider the whole path of the cutting edge.

The aim of the article is to present the geometric model
of the surface roughness in case of turning and contour
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milling. The article deals with the two cutting procedures
based on a common theory

In this article, the surface roughness is investigated in
the case of the longitudinal turning and constant Z-level
milling technologies. In the case of turning, two turning
tools with different corner radius were used. The effect of
the feed and depth of cut were studied. The same in mill-
ing, two different cutters with different corner radius were
used. The depth of cut is investigated on two levels.

Fig. 2 shows the geometric model of the cusp height
(CH), which is the base of the estimation process of sur-
face roughness.

Based on Fig. 2 the cusp height in turning can be calcu-
lated from Eq. (1):

RE? = (%) +(RE-CH). (1

Because of the small value of CH, the square of it is
small too, so it is negligible. The cusp height is:

cu-/_. @)
8-RE

Because of the similarity of the geometric model (Fig. 3),
in case of Z-level milling the cusp height can be calculated
in the same way:

2
3
REZ:[ % j+(RE—CH)2, ®)
2-sin 4
al @)
CH=—2
8-RE-sin’ 4

2 Materials and method
The work piece material used for present work was
C45 (1.0503) medium-carbon unalloyed steel. The C45

f

lCH

\ |

| N

/\RE

N~

RE (RE — CH)

Fig. 2 Cusp height in case of a
longitudinal turning.
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Fig. 3 Cusp height in case of the Z-level milling.

steel is used to manufacture parts with high strength
requirements, such as gears, shafts, piston pins, etc., and
parts that are not very stressed, such as machined parts,
forgings, stampings, bolts, nuts, and pipe joints. The ten-
sile strength is R _ = 650800 MPa. The chemical compo-
sition of C45 is given in Table 1.

During the experiments turning and milling tech-
nologies were compared. The turning test parts were
machined by the type E400 conventional lathe engine
(tuning machine). Two different turning tools were used
with different corner radius (RE): CNMG 120404-PM and
CNMG 120408-PM inserts were used. The same cutting
speed and three different feed were applied (Table 2).

The surface roughness was measured by the Mitutoyo
SJ-301 instrument. R and R parameters were measured
in 8 positions around the test part, and the presented val-
ues were calculated with the averages of them.

In case of milling, the test parts were machined by a
Mazak 410-AIl CNC machining centre. The surface incli-
nation was 80°. Two different milling cutters were used
with the same cutting speed (v, = 160 m/min), but two

Table 1 Chemical composition of C45 steel (analysis in %)
C Si Mn P S Cr Mo Ni
0.42-0.5 <04 0.5-08 <0.045 <0.045 <04 <01 <04

Table 2 Cutting parameters in case of turning.
Tl T2 T3 T4 T5 T6
Cutting speed v, (m/min) 100 100 100 100 100 100
Depth of cut a (mm) 1.0 1.0 1.0 1.5 1.5 1.5
Feed rate f (mm/rev) 0.1 015 0.2 0.1 015 02
Corner radius RE (mm) 04 04 04 08 08 08

values of the depth of cut were applied (Table 3). The
diameter of solid carbide milling cutters were 8§ mm,
the number of teeth was 4 (type: Fraisa U45319.388 and
U45319.391). The Z-level milling strategy was used, which
means than the milling cutter moves only in the x-y plane,
and the surface is machined slice-by-slice.

The surface roughness was measured by Mitutoyo
SJ-301 instrument. R_and R parameters were measured
in 3 positions, and the presented values calculated with the
averages of these measures.

3 The results
The Table 4 contains the values of the calculated cusp
height and the measured surface roughness. The measured
data was analysed by three aspects:

1. the look of the profile,

2. the ratio of R /R and

3. the relationship between the cusp height and the sur-

face roughness.

3.1 Characterization of surface roughness
Representative surface profiles obtained in turning and
milling operations performed are presented in Figs. 4 and 5
respectively.

From the practical point of view, of fundamental impor-
tance is the comparison of the maximum surface height R
and arithmetic mean height R , which are generally used
by technologists and constructors.

Table 3 Cutting parameters in case of milling.
Ml M2 M3 M4
Cutting speed ve (m/min) 160 160 160 160

Depth of cut ap (mm) 0.15 025 015 0.25
Feed per tooth fz (mm/rev) 0.05 0.05 0.05 0.05
Corner radius RE (mm) 0.5 0.5 1 1

Table 4 Values of cusp height and the

measured surface roughness.

Part ID CH[pm] R [um] R [um]
T1 3.13 1.36 7.69
T2 7.03 2.00 10.17
T3 12.50 3.06 15.10
T4 1.56 1.09 7.06
T5 3.52 1.46 8.50
T6 6.25 1.99 10.31
Ml 5.80 2.40 9.66
M2 l6.11 4.84 19.25
M3 2.90 1.38 6.15
M4 8.06 2.50 10.63
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Fig. 4 Surface profiles at turning operation.

Based on Fig. 4, it can be noticed that the surface is
more smooth at small feed, and the roughness increases
with the increase of the feed, and that is true in both values
of the depth of cut, while the ideal situation is under the
smallest value of feed f = 0.1 mm. In case of small feed
the profile looks irregularly, and becomes more and more
regular with the increasing feed. But in case of larger RE
the profile stays irregular. The reason of this irregularity
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Fig. 5 Surface profiles at milling operation.

is that the surface profile is driven by not only the geomet-
ric parameters but the state of the machining environment,
like the vibration and the chip removal process.

In case of milling (Fig. 5) the smoothest surface can be
obtained with larger depth of cut (a,=0.25 mm) and larger
radius corner (RE = 1.0 mm). The profiles look regular
and the cusps can be recognized.

3.2 The ratio of R /R
In the machine design, the R, and R parameters are applied
too, and in case of some design steps (fitting, lubrication)
the R or the R gets more emphasis. Therefor the conver-
sation has large importance. But the ratio of R /R is not
a constant value, it depends on the production technology.
During the turning, the material of the workpiece and
the cutting conditions have a significant effect on the
roughness of the surface. The average value of the ratio
of R /R is 5.52, the increasing RE increases the ratio,
and the increasing feed decreases the value (Fig. 6 a)).
The feed has larger effect on the ratio.
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Fig. 6 The ratio R /R ; a) in the case of turning; b) in the case of milling.

At the milling the average value is 4.18, and the ratio of
R, /R, decreases with the increasing depth of cut (Fig. 6 b)).
But the difference between smaller and the larger RE
is smaller, than at turning. In case of smaller corner
radius (RE = 0.5 mm) the change is very small.

3.3 Comparison of cusp height and surface roughness
Based on the machining theory based approach, there
is relationship between the cusp height and the surface
roughness.

Fig. 7 shows the measured surface roughness that is
machined with different cutting conditions and the calcu-
lated cusp height at turning. In case of R_and R  the linear
regression is work with good R? factors (R*, = 99.62 %;
R?, =98.33 %).

The relationship can be described with a linear
regression:

R, =0.1794-CH+0.8108, Q)

R, =0.7341-CH +5.6444. 6)
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Fig. 7 Measured R and R in function of cusp height in case of the
longitudinal turning; a) R surface roughness; b) R, surface roughness.

If the roughness of surfaces is analysed at milling method,
the relationship between the cusp height and surface rough-
ness can be described by linear regression also (Fig. 8). The R?
coefficients are very good (R?, =98.21 %; R? = 99.15 %),
which mean a close relationship and accurate estimation.

R, =0.2557-CH+0.6793 (7

R, =0.9762-CH +3.4013 @®)

Let's unite the measured data of the turning and milling
experiments, in order to investigate the general application
of the cusp height parameter. The Fig. 9 shows the regres-
sion of the united database. In case of R surface roughness
the regression is good (R?,, = 93.66 %), but the R param-
eter can be estimated by cusp height with better accuracy.
The R?, is 96.61 % and the calculated equation is:

R, =0.8495-CH +4.7714. ®

The surface roughness can be estimated based on cusp
height considering the tool and cutting parameters. In the
investigated case, the next form was used:
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Fig. 8 Measured R and R in fuction of cusp height in case of the
Z-level milling; a) R surface roughness; b) R surface roughness.

R, =C(RE,p)-CH, (10)

where RE is the corner radius of the tool, and the p is the
feed in case of turning and the depth of cut in case of con-
tour milling.

Based on the measured data the results of the hybrid
estimation approach are:

R, =(1.94-1.68-RE+11.6-p)-CH, (11)
R,=(0.24-0.37-RE+3.45-p)-CH. (12)

The coefficient of determination for C(RE, p) is
R?. ..=70.0 % in case of Ra parameter and R*. . =88.8 %
in case of R parameter.

Based on every measured data and statistical analysis,
the R parameters seems to be better for the estimation

method based on cusp height.

4 Conclusion

This article gives a review of the importance of surface
roughness, and the approaches used for predicting the sur-
face roughness. In recent years there has been a growing

Mgherony et al. | 343
Period. Polytech. Mech. Eng., 65(4), pp. 337-344, 2021

Turning and Milling

__ 600
£
= 5.00 a
a :
< 4.00
e
%" 3.00 e .
el 2
g 2,00 tee y =0.2344x + 0.6412
g - R?=0.9366
5100 |-®
wv
o 0.00
0.00 5.00 10.00 1500 2000  25.00
Cusp height [um]
a)
Turning and Milling

__25.00
§
= 20.00 n
£ 15.00 p—
g ;¥
TR P y = 0.8495x + 4.7714
Il e 25
£ 5o . R?=0.9661
-
wv
< 0.00

0.00 5.00 10.00 15.00 20.00 25.00
Cusp height [um]

b)

Fig. 9 Cusp height values and measured surface roughness in case of the
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interest in predicting surface roughness in order to find a
more precise model despite the big number of uncontrolla-
ble factor that influences the machined surface. The cut-
ting conditions and the cutting tool parameters have a sig-
nificant impact on the surface roughness.

In this article the longitudinal turning and the Z-level
milling technology were compered. In case of turning,
the effect of the corner radius and the feed has been investi-
gated. While in case of milling, the impact of corner radius
and depth of cut has been studied. The presented geomet-
ric model of cusp height shows the logical equivalency of
the feed of the turning and the depth of cut of the milling.
The aim of the research was to present the application of
the cusp height as a geometric parameter in the estimation
of the surface roughness. The cusp height considers the
geometric and technological parameters too.

The measured data shows, that the increasing feed
of turning or the increasing depth of cut of the milling
increase the surface roughness, while the increasing cor-
ner radius of the tool results decreasing surface roughness.

The calculated cusp height shows the same tendency
as the measured surface roughness parameters. Though
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both of surface roughness parameters (Rz and Ra) shows
a good correlation with cusp height. But the hybrid model
shown, that the Rz parameter is more suitable parameter
to estimate the surface quality based on cusp height.
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