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Abstract

The main of the present study is to investigate the effects of process parameters (cutting speed, feed rate and depth of cut) on perform-
ance characteristics (tool life, surface roughness and cutting forces) in finish hard turning of AISI 52100 bearing steel with CBN tool. The
cutting forces and surface roughness are measured at the end of useful tool life. The combined effects of the process parameters on per-
formance characteristics are investigated using ANOVA. The composite desirability optimization technique associated with the RSM
quadratic models is used as multi-objective optimization approach. The results show that feed rate and cutting speed strongly influence
surface roughness and tool life. However, the depth of cut exhibits maximum influence on cutting forces. The proposed experimental and
statistical approaches bring reliable methodologies to model, to optimize and to improve the hard turning process. They can be extended

efficiently to study other machining processes.
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1. Introduction

In recent years, hard turning of steel parts that are often
hardened above 46 HRC [1] became very popular technique
in manufacturing of gears, shafts, bearings, cams, forgings,
dies and molds. In order to withstand the very high me-
chanical and thermal loads of the workpiece and cutting
materials with improved performances, such as ultrafine
grain cemented carbides, cermets, ceramics, cubic boron
nitrides (CBN), polycrystalline cubic boron nitride (PCBN)
and polycrystalline diamonds, have been developed and
applied [2, 3]. Hard turning is a developing technology that
offers many potential benefits compared to grinding, which
remains the standard finishing process for critical hardened
steel surfaces [3, 4]. Some decisive factors leading to this
manufacturing trend are: substantial reduction of manufac-
turing costs, decrease of production time, achievement of
comparable surface finish and reduction or elimination of
environmentally harmful cooling media [4-8].

During finish hard turning operation, complex and mutual
interactions are created between tool and workpiece at the
contact surface. Consequently, significant cutting forces and
extreme tribological conditions developing at dry severe
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friction and high contact interface temperatures (workpiece-
tool and tool-chip) are recorded causing or tend towards the
acceleration of tool wear and sometimes breakage of the
tool.

As a result, the precisions on the finished workpiece di-
mensions as so as the surface roughness are altered or the
material mechanical characteristics are modified. To in-
crease the implementation of this technology, questions
about the ability of this process to produce surfaces that
meet surface finish and integrity requirements must be an-
swered. Namely that the potential economic benefits of hard
turning can be offset by rapid tool wear or premature tool
failure if the brittle cutting tools required for hard turning
are not used properly. The economics of the process must
be justified, which requires a better understanding of the
phenomena which intervene during the hard turning opera-
tion. Machined surface characteristics are important in de-
termining the functional performance such as fatigue
strength, corrosion resistance and tribological properties of
machined components. The quality of surfaces of machined
components is determined by the surface finish and integ-
rity obtained after machining. High surface roughness val-
ues, hence poor surface finish, decrease the fatigue life of
machined components. It is therefore clear that control of
the machined surface is essential [9] and it can be achieved,
among other factors, by the evaluation of the cutting forces.
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Indeed, the study of cutting forces is critically important in
turning operations because cutting forces correlate strongly
with cutting performance such as surface accuracy, tool
wear, tool breakage, cutting temperature self-excited and
forced vibrations, etc. Knowledge of the cutting forces is
needed for estimation of power requirements and for the
design of machine tool elements, tool-holders and fixtures,
adequately rigid and free from vibration. In turning, there
are many factors affecting the cutting process behaviour
such as tool variables, workpiece variables and cutting con-
ditions. Tool variables consist of tool material, cutting edge
geometry (clearance angle, cutting edge inclination angle,
nose radius, rake angle...), tool vibration, etc., while work-
piece variables comprise material, mechanical properties
(hardness...), chemicals and physicals properties, etc. Fur-
thermore, cutting conditions include cutting speed, feed rate
and depth of cut. The selection of optimal process parame-
ters is usually a difficult work, however, is a very important
issue for the machining process control in order to achieve
improved product quality, high productivity and low cost.
The optimization techniques of machining parameters
through experimental methods and mathematical and statis-
tical models have grown substantially over time to achieve
a common goal of improving higher machining process
efficiency.

However, due to the complex nature of the machining
processes, where several different and contradictory objec-
tives must be simultaneously optimized, the single objective
optimization approaches do not permit to find the global
optimal cutting conditions value which satisfies all the per-
formance characteristics; hence the multi-objective optimi-
zation has become an increasingly important and demand-
ing task. Indeed, it offers greatest amount of information in
order to make a decision on selecting cutting parameters in
machining process.

Finish hard turning differs from conventional turning of
softer materials in several key ways. Because the material is
harder, specific cutting forces (force per unit, chip cross-
section area) are larger than in conventional turning. Studies
carried out by Konig et al. [10] showed that cutting force
was 50% larger and feed and thrust forces were 100% larger
when turning AISI 52100 ball bearing steel of hardness 63
HRC as compared to turning the same material having
hardness 32 HRC. Moreover, it is mentioned in the case of
hardened steel machining that the larger negative is the
insert rake angle, the higher is the thrust force [10, 11]. In
this context, Chen [12] has reported when investigating
experimentally the machining of hardened steel (45-55
HRC) with CBN insert that the radial thrust cutting force
was the largest among the three cutting force components.
However, according to Nakayama et al. [13] cutting forces
in hard material machining are not necessarily higher com-
pared with those of soft materials. A high shear angle and
the formation of saw-toothed chips due to poor ductility
reduce the forces despite the high strength of hard material.

Also, the smaller is the depth of cut, as compared to nose
radius of the tool; the lower is the cutting forces. The sur-
face finish produced by CBN tools was compatible with the
results of grinding. More precisely, Davim and Figueira
[14] found that with an appropriate choice of cutting pa-
rameters it is possible to obtain a surface roughness with Ra
< 0.8 um. This implies that hard machining is an alternative
competitive process, which allows eliminating cylindrical
grinding operation solutions. Nevertheless, it was affected
by cutting speed, tool wear and the plastic behaviour of the
workpiece material. Moreover, the cutting forces as the
surface roughness are also influenced by the insert cutting
edge geometry as it was mentioned by Ozel et al. [15]. In
their experimental research work, Benga and Abrdo [16]
investigated the effect of cutting speed and feed rate on
surface roughness and tool life using three-level factorial
design (3%) on machining of hardened AISI 52100 bearing
steel (62-64 HRC) using ceramic and CBN tools. The 3D
response surface plots are used as single objective optimiza-
tion approach to find optimum values of process parameters.
They found that feed rate is the most significant factor af-
fecting surface finish and cutting speed has very little influ-
ence on surface finish for both ceramic and CBN cutting
tool. Likewise, based on response surface methodology
(RSM), Lalwani et al. [17] investigate the effect cutting
speed, feed rate and depth of cut on the feed force, thrust
force, cutting force and surface roughness in finish hard
turning of MDN250 (50 HRC) steel using coated ceramic
tool. The results show that cutting forces and surface
roughness do not vary much with experimental cutting
speed in the range of 55-93 m/min.

Within the framework of the comprehension of the phe-
nomena occurring during an operation of hard machining, a
great number of studies were carried out on many materials.
Bouacha et al. [1] studied the application of response sur-
face methodology to describe and optimize the performance
of CBN tools when turning AISI 52100 steel (64HRC). The
factors investigated were cutting speed, feed and depth of
cut. The response variables were surface roughness and
cutting force. They found that Response surface methodol-
ogy provides a large quantity of information with a small
amount of experimentation and the quadratic model ob-
tained was very adequate. In addition, Choudhury and El-
Baradie [18] found that response surface methodology cou-
pled with the factorial design of experiments were useful
techniques for tool life testing. Relatively smaller number
of designed experiments is required to generate much useful
information that could be used to develop the predicting
equation for tool life. In another work, Choudhury and El-
Baradie [19] used response surface methodology for assess-
ing machinability of Inconel 718. They found that the dual
response contours of tool life and surface roughness are
very useful in assessing the maximum attainable tool life
for the same surface finish. Suresh et al. [20] have devel-
oped a surface roughness model for turning mild steel using
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a response surface methodology. Surface roughness predic-
tion model has also been optimized by using genetic algo-
rithms. In the same way, Oktem et al. [21] developed a
mathematical model based on response surface methodol-
ogy and optimized cutting condition for surface roughness
using genetic algorithm. The first order and second order
mathematical model, in terms of machining parameters tool
geometry (radial rake angle and nose radius) and cutting
conditions (cutting speed and feed rate) on machining per-
formance was developed based on Taguchi’s experimental
design method. In their research, Hascalik and Caydas [22]
have investigated the effect and optimization of machining
parameters on tool life in a turning operation. They con-
cluded that tool life is affected strongly by the cutting speed,
whereas the feed rate and depth of cut have a significant
statistical influence. Also, Oraby and Hayhurst [23] devel-
oped models for tool wear and tool life determination using
nonlinear regression analysis techniques in terms of the
variation of a ratio of force components acting at the tool tip.
Tamizharasan et al. [24] predicted the tool wear, tool life,
quality of surface turned and amount of material removed in
hard turning by conducting experiments under different
machining conditions. Gaitonde et al. [7] carried out ex-
perimental investigations on machining of high chromium
AISI D2 cold work tool steel with CC650, CC650WG and
GC6050WH ceramic inserts under different values of depth
of cut and machining time. The influence of depth of cut
and machining time on machinability aspects (machining
force, power, specific cutting force, surface roughness and
tool wear) were analyzed using second order mathematical
models. They concluded that the CC650WG wiper insert
performs better with reference to surface roughness and tool
wear, while the CC650 conventional insert is useful in re-
ducing the machining force, power and specific cutting
force. In other work, Gaitonde et al. [8] proposed the re-
sponse surface methodology-based mathematical models
for modeling and analyzing the effects of process parame-
ters (cutting speed, feed rate and machining time) on ma-
chinability aspects (machining force, power, specific cutting
force, surface roughness and tool wear) during turning of
high chromium AISI D2 cold work tool steel using
CC650WG wiper ceramic inserts. As well, Al-Ahmari [25]
has developed different empirical models for tool life when
turning austenitic AISI 302 with carbide inserts. Process
parameters (cutting speed, feed rate, depth of cut and tool
nose radius) were used as inputs to the developed ma-
chinability models. He used response surface methodology.
The two model building methods (RA, and RSM) are com-
pared and evaluated using descriptive statistics and hy-
pothesis testing. They have statistically satisfactory good-
ness of fit from the modeling point of view. It has been
found that the RSM models are better than RA models for
predicting tool life. By conducting experiments on machin-
ing AISI D2 steel at hardness 60 HRC with ceramic cutting
tools, Quiza et al. [26] concluded that the multilayer percep-
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tron neural network model has shown better capability to
make accurate predictions of tool wear under the conditions
studied (cutting speed, feed rate and cutting time) then the
statistical regression model.

In the present study, an attempt has been made to investi-
gate the effect of process parameters (cutting speed, feed
rate and depth of cut) on the performance characteristics
(tool life, surface roughness and cutting forces) in finish
hard turning of AISI 52100 bearing steel hardened at
60HRC with CBN tool. In this research, a L27 Taguchi
standard orthogonal array is adopted as the experimental
design. Both of cutting forces and surface roughness are
measured at the end of useful tool life which corresponds to
VB = 0.3mm. The combined effects of the process parame-
ters on performance characteristics are investigated while
employing the analysis of variance (ANOVA). The rela-
tionship between process parameters and performance char-
acteristics through the response surface methodology
(RSM) are modeled. The composite desirability optimiza-
tion technique associated with the quadratic models of RSM
is used as multi-objective optimization approach to find
optimum values of process parameters that optimize simul-
taneously the performance characteristics.

2. Experimental procedure

The experimental work was divided into two series: The
main aim of the first experiments series was the quantifica-
tion of tool wear evolution as a function of cutting time for
different process parameters combinations. This was carried
out in accordance with long-duration wear tests as stated by
standard ISO 3685 [27].

The purpose behind the second experiments series was to
investigate the effects of process parameters on tool life,
surface roughness and cutting forces, then to establish a
correlation between them using the response surface meth-
odology (RSM).

2.1 Means and materials

The experiments were realized in dry straight turning op-
eration using lathe type SN 40 with 6.6 KW spindle power
and AISI 52100 bearing steel as workpiece material with
round bars form (41 mm diameter and 300 mm length) and
with the following chemical composition: 1.05% C; 1.41%
Cr; 0.38% Mn; 0.21% Si; 0.02% Mo; 0.03% Al; 0.28% Cu;
0.02% P; 0.02% Sn; 0.21% Ni and 0.01% V. After quench-
ing treatment at 850°C followed by tempering at 250°C, an
average workpiece hardness of 60 HRC was obtained. The
coated CBN tool employed is the CBN7020 from Sandvik
Company [28] it’s grade is a low CBN content material
with a ceramic phase added (TiN). The insert ISO designa-
tion is SNGA12 04 08 T01020. It was clamped onto a tool
holder (ISO designation PSBNR2525K12). Combination of
the insert and the tool holder resulted in negative rake angle
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Table 1. Cutting parameters and their levels.

Level Cutting speed Feed rate depth of cut
Ve (m/min) f (mm/rev) ap (mm)
1 100 0.08 0.2
2 140 0.12 04
3 200 0.16 0.6

y = -6°, clearance angle o = 6°, negative cutting edge incli-
nation angle A = -6° and cutting edge angle yr = 75°. Tool
wear follow-up was achieved by using an optical Hund (W-
AD) microscope (precision of 0.001 mm). A Kistler 9257B
force dynamometer was used to measure cutting forces in
three mutually perpendicular directions. The surface rough-
ness criteria measurements (arithmetic average roughness
Ra) for each cutting condition were obtained from a Surftest
301 Mitutoyo roughnessmeter. The cut-off and traverse
lengths for each measurement were taken as 0.8 and 4 mm,
respectively. The measurements were repeated three times
out of three generatrices equally positioned at 120°. The
considered result is an average of these values for a given
machining pass.

2.2 Experimental design

In this work, an L27 Taguchi standard orthogonal array cor-
responding to response measurements is adopted as the ex-
perimental designs. The parameter levels were chosen within
the intervals recommended by the cutting tool manufacturer
[28]. The L27 table contains 27 rows corresponding to the
number of tests (26 degrees of freedom) with 13 columns at
three levels. The first column of the table was assigned to the
cutting velocity (Vc), the second to the feed rate (f), the fifth
to the depth of cut (ap) and the remaining were assigned the
interactions [29]. The parameters to be studied and the attribu-
tion of the respective levels are indicated in Table 1.

3. Results and discussion

3.1 Tool wear

The flank wear was measured for different inserts in con-
nection to cutting time and for different combinations of
cutting parameters. The tool wear zone occurs mostly in the
tool nose radius corner on the flank side. Fig. 1 illustrates a
typical flank wear versus cutting time behavior obtained
during finish hard turning of AISI 52100 bearing steel for
six different combinations of low and high cutting parame-
ters levels.

In the present work, all the experimental conditions in-
vestigated, the flank wear value monotonically increases
with cutting time. We find the classical process of tool wear
which followed three stages: rapid, gradual and catastrophic
wear. Increase in cutting parameters in addition to high
resistance of metal removal because of their high shear

Tool wear (mm)

Cutting time (min)

Fig. 1. CBN tool wear results when hard turning of AISI 52100 bear-
ing steel.

strength (60HRC) indicates that the interaction of process
energies, including temperature, increases generally, which
accelerate tool wear the consequent reduction in tool life.
For high values of cutting speed and feed rate, the time of
tool failure is reached rapidly. Flank wear was rapid at
higher cutting speeds and feed rates, especially when cut-
ting under dry condition. Increased flank wear was ob-
served with the increase in cutting speed. This makes the
contact area at chip-tool interface smaller, which conse-
quently caused a concentration of high temperature very
close to the cutting edge.

Although the cutting tool-workpiece interface undergone
a significant heating during the process of cutting, CBN
particles were held rigidly and effectively in place by the
TiN matrix. Furthermore, the CBN-TiN coating has a low
content of CBN particles, and thus, a low thermal conduc-
tivity. Therefore, quite possibly, the heat produced at the
interface is partially transferred to the workpiece and chips,
thereby retaining the integrity of the TiN binding phases.
Notch wear, which usually degrades the surface finish, was
not observed for the used CBN-TiN coated cutting inserts

(Fig. 2).

3.2 Flank wear shape

The severe forces taken by the tool’s rake and flank face
cause cutting tool wear. These loads are accentuated by
thermal phenomena, especially, in the high cutting speed
(200 m/min). The type of wear depends on the nature of the
tool, machined materiel, cutting conditions and the type of
cutting. Fig. 2 shows the tool wear of CBN tool at rake and
flank face.

The wear pattern on the flank indicates abrasive wear re-
sulting from rubbing of the tool cutting edge and flank with
workpiece material during cutting. The examination of the
worn surfaces shows many grooves on the flank surface.
These grooves are mainly due to the ultra-hard carbide par-
ticles which contained in hardened AISI 52100 steel (chro-
mium-carbide: M;Csand M;C [30, 31]. The abrasion may
also be due to the loose CBN particles since they are easily
released as free abrasive particles.
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t=1 min t=15 min

t=16 min t =20 min t =24 min

(a) Crater wear (wear of the tool face).

t=>5 min

i 0L

t=16 min t =20 min t=24 min

(b) Flank wear (wear of the tool major flank).

Fig. 2. CBN tool wear for run: Vc = 200 m/min, f= 0.08 mm/rev, ap =
0.2 mm.

3.3 Study of tool life, surface roughness and cutting forces
using RSM method

3.3.1 Selection of tool life criterion

Tool life differs based on the wear criterion selected. For
finish hard turning, surface roughness is critical. According
to standard ISO 3685 [27], the time at which the tool ceases
to produce a workpiece of desired surface quality usually
determines the end of useful tool life. To this end, when Ra
reached the value of 1.6 pm (the surface roughness as set by
conventional grinding processes), the test was assumed to
be finished. If such criterion was not satisfied, the tests were
assumed to be finished when a flank wear of 0.3 mm is
achieved. Using L27 Taguchi standard orthogonal array, the
experimental results are given in Table 2 which shows all
values of tool life, surface roughness and cutting forces.
Both of cutting forces and surface roughness are measured
at the end of useful tool life which corresponds to VB of 0.3
mm. Up to this value of wear, CBN tools maintain their
good cutting ability, the increase of cutting force is insig-
nificant and the surface roughness does not increase consid-
erably.

The tool life was obtained in the range of 13.2-54.11 min.
The surface roughness (Ra) was obtained in the range of 0.5
pm to 1.15 pum. The feed force, cutting force and thrust
force were obtained in the range of 50.875-179.014 N,
70.628-314.496 N and 111.177-403.842 N, respectively.
Furthermore, thrust force is about 1.5-2.5 and 1.2-2 higher
than feed force and cutting force respectively.

Table 2. Experimental results for cutting force components, surface
roughness and tool life.

Ve f ap Fa Fc Fp Ra | T
(m/min) | (mm/rev) | (mm)|  (N) ™) (N) | (um) | (min)

100 0.08 0.2 | 72.371 | 107.535 | 162.536 | 0.60 | 54.11
100 0.08 0.4 | 96.126 | 132.501 | 227.783 | 0.59 | 52.94
100 0.08 0.6 | 12725 |213.216 | 313.203 | 0.68 [49.78
100 0.12 02 | 74976 | 118.945 | 185.788 | 0.88 | 50.27
100 0.12 0.4 | 98.779 | 146.475 | 243.03 | 0.89 |48.61

100 0.12 0.6
100 0.16 0.2
100 0.16 0.4
100 0.16 0.6

144.355 | 200.216 | 332.966 | 0.91 | 46.94
126.756 | 166.573 | 201.03 | 0.98 |45.44
152.962 | 199.566 | 287.672 | 1.00 | 40.78
179.014 | 314.496 | 403.842 | 1.15 | 42.00

140 0.08 02 | 65469 | 97.105 | 139.755 | 0.55 |36.70
140 0.08 0.4 | 90.708 | 118.908 | 203.316 | 0.56 | 35.04
140 0.08 0.6 | 125.783 | 170.813 | 249.761 | 0.54 |32.38
140 0.12 02 | 65429 | 70.628 | 139.61 | 0.66 |34.87
140 0.12 0.4 | 94.265 | 135487 | 213.254 | 0.67 | 33.21
140 0.12 0.6 | 126.643 | 192.747 | 247.67 | 0.68 |30.54
140 0.16 02 | 79.746 | 113.417 | 156.896 | 0.88 | 31.04
140 0.16 0.4 | 116.103 | 175.885 | 247.04 | 0.87 |29.38

140 0.16 0.6 | 159.917 | 205.511 | 304.345 | 0.88 |26.00
200 0.08 02 | 5573 | 71.716 | 111.177 | 0.50 | 22.11

200 0.08 0.4 | 83.949 | 116.404 | 162.099 | 0.52 | 21.44
200 0.08 0.6 | 122.415|167.314 | 208.545 | 0.53 (20.78
200 0.12 02 | 50.875 | 82.62 | 121.064 | 0.65|20.27
200 0.12 0.4 | 79.812 | 110.111 | 182.09 | 0.63 | 19.61

200 0.12 0.6
200 0.16 0.2
200 0.16 0.4
200 0.16 0.6

111.746 | 177.923 | 216.855 | 0.66 | 18.94
75277 | 98.546 | 130.84 (0.74 [16.44
109.151 | 161.842 | 204.953 | 0.75 | 15.78
127.696 | 213.013 | 269.555 | 0.79 | 13.20

3.3.2 Response surface method (RSM)

The experimental results are used to establish the quad-
ratic model of cutting forces (Fa, Fc and Fp), tool life (T)
and surface roughness (Ra). This model can be written as
follows:

Y=a0+iaiXi +Zs:aﬁXf+iainin n
i=1 i=1

i<j

where Y is the desired response: cutting force components
(Fa, Fc and Fp), surface roughness (Ra) and tool life (T), a,
is constant, a;, a;and a; represent the coefficients of linear,
quadratic and cross product terms, respectively. X; reveals
the coded variables that correspond to the studied cutting
parameters. Using this quadratic model of the response
function in this study was not only to investigate over the
entire factor space, but also to locate the region of being
desired target where the response approaches its optimum
or near optimal value.

The tests for significance of the regression and individual
model coefficients were performed to verify the goodness
of fit for the obtained model. The analysis of variance was
applied to summarize these tests, which is used for identify-
ing the factors significantly affecting the performance
measures. The results of the ANOVA with the response
measurements (cutting forces, surface roughness and tool
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Table 3. Analysis of variance for cutting force components, surface
roughness and tool life.

Term | DF [seqss|Adjss|agms| F | P |Pcw
(a) Analysis of variance for Fa
Ve 1 33682 | 265.1 | 265.1 6.04 | 0.023 | 11.81
f 1 44124 | 361.0 | 361.0 | 822 | 0.009 | 15.48
ap 1 17309.8 [ 17309.8 | 17309.8 | 394.1 | 0.000 | 60.72
aa 1 1427.7 | 1427.7 | 1427.7 | 32.51 | 0.000 | 5.01
Ve 1 1067.4 | 10674 | 1067.4 | 2430 | 0.000 | 3.74
Erreur| 21 9224 | 9224 | 439 3.24
Total 26 |28507.9 100
(b) Analysis of variance for Fc
Ve 1 8091 2591 2591 849 | 0.008 | 10.34
f 1 11417 | 1635 1635 536 | 0.031 | 14.60
ap 1 47860 | 47860 | 47860 | 156.91 | 0.000 | 61.19
Ve*Ve 1 1848 1848 1848 6.06 | 0.023 | 2.36
il 1 2591 2591 2591 849 | 0.008 | 3.31
Erreur| 21 6405 | 6405 305 8.19
Total 26 78214 100
(¢) Analysis of variance for Fp
Ve 1 30013 | 2137 | 2137 | 1471 | 0.001 |23.28
f 1 10177 | 795 795 548 | 0.030 | 7.89
ap 1 79740 | 3513 | 3513 | 24.19 | 0.000 | 61.84
Ve*Ve 1 1777 1777 1777 | 1224 | 0.002 | 1.38
¥ 1 894 894 894 6.15 | 0.023 | 0.69
Ve*ap 1 2159 | 2159 | 2159 | 14.86 | 0.001 | 1.67
Sfrap 1 1429 1429 1429 9.84 | 0.005 | I.11
Erreur| 19 2759 | 2759 145 2.14
Total 26 128947 100
(d) Analysis of variance for T
Ve 1 3731.61| 237.73 | 237.73 | 174.65 | 0.000 | 89.83
f 1 23631 | 43.6 | 43.60 | 32.03 | 0.000 | 5.69
ap 1 52.33 | 5233 | 52.33 | 3844 | 0.000 | 1.26
Ve*Ve 1 98.94 | 98.94 | 9894 | 72.69 | 0.000 | 2.38
Ve 1 6.50 6.50 6.50 478 | 0.040 | 0.16
Erreur| 21 28.58 | 28.58 1.36 0.69
Total 26 |4154.28 100
(e) Analysis of variance for Ra
Ve 1 0.199870.03342 | 0.03342| 22.09 | 0.000 | 23.99
f 1 0.533890.10532{0.10532| 69.59 | 0.000 | 64.09
ap 1 0.01125|0.01125|0.01125| 7.43 | 0.013 | 1.35
Ve*Ve 1 0.038740.03874 | 0.03874| 25.60 | 0.000 | 4.65
Ve*f 1 0.0175 {0.01750 {0.01750| 11.57 | 0.003 | 2.10
Erreur| 21 10.03178]0.03178 | 0.00151 3.81
Total 26 |0.83303 100

life) are shown in Table 3. This analysis was carried out for
a significance level of a = 0.05, i.e. for a confidence level of
95%. Table 3 show the P-values, that is, the realized sig-

Ve f ap

|

22 ‘\\

s ~ 3
e o o Q_\" @ o .

s L

T

Fig. 3. Main effect plots for average tool life (T).
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Fig. 4. Main effect plots for average cutting force components: (a) Fa;
(b) Fe; (c) Fp.

nificance levels, associated with the F-tests for each term of
variation. The terms with a P-value less than 0.05 are con-
sidered to have a statistically significant contribution to the
performance measures and the obtained models are consid-
ered to be statistically significant. It demonstrates that the
terms chosen in the model have significant effects on the
responses. Also, the last column of the table shows the per-
cent contribution of each source to the total variation indi-
cating the degree of influence on the result.

The other important coefficient is the determination coef-
ficients R’, which defined as the ratio of the explained
variation to the total variation and it is a measure of the
degree of fit. When R” approaches to unity, the better the
response model fits the actual data. Additionally, plots of
normal probability, main effects and 3D response surface
corresponding to each ANOVA analysis were constructed.
These plots are used to investigate the influences of cutting
parameters on response measurements, and are illustrated in
Figs. 3-5.
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Fig. 5. Main effect plots for average surface roughness (Ra).

By selecting the significant terms, the resulting ANOVA
table for reduced model is shown in Table 3. This one
shows that the model is significant and cutting speed (Vc),
feed rate (f) and depth of cut (ap) are the principal signifi-
cant factors (terms) in the models. All other terms (interac-
tion terms) have weakest influences or are insignificant.
The percentage contribution of factors and their interaction
is also shown in Table 3.

Table 3(d) shows that the cutting speed is the dominant
contributor to the tool life (T), accounting for 89.83% of
total variability, whereas feed rate and its interaction with
cutting speed have modest influence which accounts for
5.69% and 0.16% of the total variability. Depth of cut has
much lower levels of contribution 1.26%.

Fig. 3 shows a decreasing of the tool life with increasing
of cutting speed, to reach a minimal value of 13.2 min at the
cutting speed 200 m/min (f = 0.16 mm/rev, ap = 0.6 mm).

The most significant factor on the cutting force compo-
nents is depth of cut (ap) which explain until a 61.84% con-
tribution of the total variability (Table 3(a), (b) and (c)).
The next largest contribution on feed force and cutting force
comes from the feed rate with the contribution 15.48% and
14.60% respectively, whereas cutting speed accounts for
11.81% and 10.34 of the total variability. This indicates that
cutting speed has little influence on feed force and cutting
force. However, for thrust force, Vc is in second position
with a contribution 23.28% of the total variability.

The effect plots in Fig. 4 indicate that the cutting force
components (Fa, Fc and Fp) are significantly affected by
depth of cut, feed rate and cutting speed. These graphs indi-
cate that as feed rate and depth of cut increase, the cutting
components also increase. Because as the depth of cut and
the feed rate increases, the tool- chip interface area in-
creases which leads to increase in components. However,
the effect of feed rate on cutting forces was significant for
feed rates higher than 0.12 mm/rev, whereas cutting forces
slightly change at lower feed rates.

The cutting forces values were almost identical for feed
rates of 0.08-0.12 mm/rev. The cutting speed has decreasing
control on cutting forces components (Fa, Fc and Fp). The
increase in cutting speed leads to high cutting temperature,
particularly, in the shear zone and hence softening of the
workpiece material (reduction of the yield strength of the
work material), reducing of chip thickness and tool chip
contact length and as a result, the cutting force shows a

decreasing trend [32-35].

From Table 3 it can be seen that the Vc, f, ap and the
products Vc?, Vc*f are significant terms on Arithmetic Av-
erage of Absolute Roughness Ra. The most significant fac-
tor on Ra is feed rate (f), which explains 64.09% contribu-
tion of the total variation. The next largest contribution on
Ra comes from the cutting speed Vc with 23.99%.

In Fig. 5 the main effects for average surface roughness
(Ra) are plotted. It is clearly observed that the feed rate (f)
strongly affects surface roughness parameters. Feed rate has
an increasing effect. That was expected; because it is well
known that the theoretical geometrical surface roughness is
primarily a function of the feed for a given nose radius and
changes with the square of the feed rate value. The cutting
speed has an important and decreasing effect. Surface
roughness is improved by increasing cutting speed, though
the improvement was very limited at higher cutting speed
(140-200 m/min). Producing a better surface finish at higher
cutting speed is well known in metal cutting. The conven-
tional explanations are related to built-up-edge (BUE). That
is, the formation of BUE is favored in a certain range of
cutting speed. By increasing cutting speed beyond this re-
gion, BUE is eliminated and as a result, the surface finish is
improved. During present experiments, where hardened
steel was machined, the cutting speeds were higher than
those favoring BUE formation. Indeed BUE was not ob-
served (even at the lowest speed of 56.5 m/min). Therefore,
the phenomenon needs further explanation. According to
Liu [32], Chen [12] and Bouacha [1], the deformation ve-
locity influences the properties of metals. The higher the
velocity, the less significant the plastic behaviour is. The
lateral plastic flow of the workpiece material along the cut-
ting edge direction may increase the peak-to-valley height
of the surface irregularity. If the material presents less plas-
ticity by increasing cutting speed and hence deformation
velocity, the surface finish can be improved as a result of
less significant lateral plastic flow and thus less additional
increase in the peak-to-valley height of the machined sur-
face roughness. Furthermore, at low cutting speed, grooves
are developed on the tool wear face. The large the devel-
opment of the grooves, the more significant deterioration of
the surface finish is. When such cutting edge is engaged
with a workpiece, the defects will in part be copied on to
the newly generated surface.

In any event it is likely that the surface will be rough.
With an increase in cutting speed the grooves will gradually
be reduced, thus the cutting edge and tool wear face will
become smoother, as will the workpiece surface.

For the depth of cut (ap), influence value is that smallest
and it has much lower levels of contribution 1.35%. This
does not present a statistical significance on surface rough-
ness. However, low depth of cut should be used in order to
reduce the tendency to chatter.

The depth of cut (ap) has little direct influence on the sur-
face roughness, however, with increases in ap, above nose
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radius of tool values (0.8 mm), chatter may result causing
degradation of the workpiece surface. Therefore, if the tool-
work system is not very rigid, such as in cutting slender
parts, very fine depth of cut should be employed to avoid
chatter. In this way very good surface finishes can be ob-
tained.

For all machining tests, the Ra values observed were in
the range of 0.50-1.15 um, indicating that CBN tool is able
to produce parts with surfaces equivalent to those resulting
from grinding and other finishing processes. It is also inter-
esting to note that when f = 0.08 mm/rev, average surface
roughness values become less sensitive to changes in Vc
and ap, not exceeding 0.68 um in the worst case (Vc = 100
m/min, ap = 0.6 mm). Instead of specifying optimal levels
for all the three factors, setting only the feed rate to 0.08
mm/rev would be a robust alternative, which would produce
reliable and low surface roughness values even when the
two other factors are not controlled.

The Anderson-Darling test and normal probability plots
of the residuals versus the predicted response for the cutting
force components (Fa, Fc and Fp), surface roughness (Ra)
and tool life (T) are plotted in Fig. 6. The data closely fol-
lows the straight line. The null hypothesis is that the data
distribution law is normal and the alternative hypothesis is
that it is non-normal. Using the P-value (0.143-0.598)
which is greater than alpha of 0.05 (level of significance),
so we cannot reject the null hypothesis (i.e., the data follow
a normal distribution). The plots and the normality tests
results assume that the data follow a normal distribution.
This implies that the models proposed are adequate.

3.3.2.1 Cutting forces, surface roughness and tool life quad-
ratic models

The initial analysis of the responses obtained from RSM
includes all parameters and their interactions. The models
are reduced by eliminating terms with no significant effect
on the responses. Through the backward elimination proc-
ess, the final quadratic models of response equation in terms
of actual factors are presented as follows:

Fa=81.35+0.2904-Vc—-12354- f +

2
155.053-ap +9641- £ —4.6845 - Ve- f @)
R? = 96.8%, R? (ajus) = 96.0%
Fe=363.89-2.6529-Vc—2488- f +257.82-ap + )
0.007361-Vc> +12988 - f2
R?= 91.8%, R? (ajus) = 89.9%
Fp=374.34-2.4669-Vc—1781.9- f +364.54-ap+

0.007219-Ve* +7628- > —1.3324-Ve-ap+ 4)
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Fig. 6. Normal probability plots of cutting force components, tool life
and surface roughness.
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These equations give the expected value of cutting forces,
tool life and surface roughness for any combination of fac-
tor levels given that the levels are within the ranges in Table
1. The R2-values (91.8% - 99.3%) for the regression equa-
tions are very high enough to obtain reliable estimates.

3.3.2.2 3D responses surface plots

Fig. 7(a) presents the influences of cutting speed (Vc) and
feed rate (f) on the cutting force components, while the
depth of cut (ap) is kept at the middle level. Fig. 7(b) shows
the estimated response surface in relation to the cutting
speed (Vc) and depth of cut (ap), while feed rate (f) is kept
at the middle level. The effects of the feed rate (f) and depth
of cut (ap) on the cutting force components are shown in
Fig. 7(c), while the cutting speed (Vc) is kept at the middle
level.

In Figs. 8 and 9, the estimated response surface of surface
roughness and tool life as a function of cutting speed, feed
rate and depth of cut, are depicted. For each plot, the vari-
ables not represented are held at a constant value (the mid-
dle level). These 3D plots confirm the notes observed dur-
ing the principal effects plots analysis.
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Fig. 9. Estimated response surface of surface roughness versus Ve, f
and ap.

3.3.3 Comparison between experimental and predicted
results

Fig. 10 shows cutting force components (Fa, Fc and Fp),
surface roughness (Ra) and tool life (T) values obtained by
experimentation and values predicted by response surface
models. It is obvious that the predicted values are very close
to the experimental readings. It is seen that there is a strong
relationship between the predictor variables and response
variables, which is confirmed by the results of Table 4.

3.3.4 Response optimization

One of the main goals of this experimental study is to
find optimal cutting parameters in order to obtain the high-
est tool life value, the desired value of the machined surface
roughness and the lowest cutting forces during the hard
turning process.

The use of response surface optimization helps to identify
the combination of input variable settings that jointly opti-
mize the cutting force components, tool life and surface
roughness during the hard turning process. Joint optimiza-
tion must satisfy the requirements for all the responses in
the set. Optimization achievement is measured by the com-
posite desirability (D.) which is the weighted geometric
mean of the individual desirability’s (D;) for the responses
on a range from zero to one. One represents the ideal case.
Zero indicates that one or more responses are outside ac-
ceptable limits.

Table 5 shows the RSM optimization results for the cut-
ting force components and surface roughness. The optimum
cutting parameters obtained in Table 5 are found to be cut-
ting speed of 168 m/min, feed rate of 0.08 mm/rev and cut-
ting depth of 0.22 mm. The optimized cutting force compo-
nents are Fa = 61.4520N, Fc = 78.6066N and Fp = 126.6144N.
In addition, the optimized tool life and surface roughness
parameter are: T = 28.4729 min and Ra = 0.4944 pm.

4. Conclusions

In the present study, an attempt has been made to investi-
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Fig. 10. Actual and predicted values of: (a) Fa; (b) Fc; (c) Fp; (d) Ra;
(e) T.

gate the effect of process parameters (cutting speed, feed
rate and depth of cut) on the performance characteristics
(tool life, surface roughness and cutting forces) in finish
hard turning of AISI 52100 bearing steel hardened at
60HRC with CBN tool.

The combined effects of the process parameters on per-
formance characteristics are investigated while employing

Table 4. The RSM models comparison for the cutting force compo-
nents, surface roughness and tool life.

R? AE MSE MAPE
Min Max Mean
Fa|96.8| 0.209 | 17.485 |4.026333333|34.16165507|4.153012598
Fc[91.8] 0.367 | 53.094 |10.98240741|102.1971596(7.738152315
5 Fp|97.9| 0.124 | 24.108 (7.857962963|102.1971596|3.815041224

Ra|96.2/0.00009| 0.06404 [0.027788889|0.001177055| 3.85719232
T [99.3]| 0.1067 | 2.7886 [0.838725926| 1.05866 |3.030520898

Table 5. Response optimization for cutting forces (Fa, Fc and Fp),
surface roughness (Ra) and tool life (T).

Optimum
- binati i
Out Goal compimation Lower |Target| Upper Predicted D
put Ve f ap response
m/min| mm/rev | mm

(i?) Min. | 168 | 0.08 ]0.22(50.875| 62 [179.014| 61.4520 | 1
(l;\?) Min. | 168 | 0.08 ]0.22|70.628 | 85 [314.496| 78.6066 | 1
(l;\% Min. | 168 | 0.08 [0.22(111.177| 130 [403.842|126.6144| 1
Ra Min. | 168 | 0.08 [0.22| 0.50 | 0.51 | 1.15 | 0.4944 |1
(pm)

T Max. | 168 | 0.08 [0.22| 132 | 20 | 54.11 | 284729 |1
(min)

Composite desirability = 1

the analysis of variance (ANOVA). The relationship be-
tween process parameters and performance characteristics
through the response surface methodology (RSM) are mod-
eled. The composite desirability optimization technique
associated with the quadratic models of RSM is used as
multi-objective optimization approach to find optimum
values of process parameters that optimize simultaneously
the performance characteristics. From the results found in
this study, the following conclusions were drawn:

(1) The results delivered from ANOVA analysis and con-
ducting validation experiments have proved that the quad-
ratic models allow predicting response measurements val-
ues with a 95% confident interval and high determination
coefficient (> 91%) within the limits of the factors studied.

(2) From the tool life models, it is found that an increase
of cutting speed, feed rate and depth of cut by 100%, will
lead to reduction of tool life by 59.14%, 16.02% and 2.16%,
respectively.

(3) The surface roughness is highly affected by feed rate,
which explains until 64.09% of the total variation, where
increasing feed rate will increase the surface roughness
values. The cutting speed has a negative effect (23.99%),
whereas the effect of depth of cut is negligible (1.35%).

(4) Cutting forces show an increasing trend with the in-
crease in feed rate and depth of cut on the other hand they
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show a decreasing trend with cutting speed. The depth of
cut exhibits maximum influence on cutting force compo-
nents (Fa, Fc, Fp) compared to the feed rate and cutting
speed. It explains till 60.72%, 61.19% and 61.84% of the
total variation, respectively.

(5) When finish cutting of hardened steel, the thrust force
became the largest among the three cutting force compo-
nents and was the most sensitive to the changes of machin-
ing parameters.

(6) Simultaneous optimization of the performance charac-
teristics (tool life, surface roughness and cutting forces)
when hard turning of AISI 52100 bearing steel with CBN
tool was achieved with a cutting speed Vc = 168 m/min,
feed rate f=0.08 mm/rev and depth of cut ap = 0.22 mm.

(7) The proposed experimental and statistical approaches
bring a reliable methodology to optimize and to improve the
hard turning process. Also, they can be extended efficiently
to study other machining processes.
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Nomenclature

Ve : Cutting speed (m/min)

f : Feed rate (mm/rev)

t : Cutting time (min)

ap : Depth of cut (mm)

o : Clearance angle (°)

Xr : Cutting edge angle (°)

y : Rake angle (°)

A : Cutting edge inclination angle (°)
Ra : Arithmetic average of absolute roughness (um)
HRC  :Rockwell hardness

X : Coded machining parameters

a; : Coefficients of linear terms

a; : Quadratic terms

a; : Cross product terms

VB : Tool wear (mm)

ANOVA : Analysis of variance

RSM  : Response surface method

D.F. : Degrees of freedom

Seq SS : Sequential sum of squares

Adj §S : Adjusted sum of squares

Adj MS : Adjusted mean squares

PC%  : Percentage contribution ratio (%)

R : Determination coefficient

: Mean squared error

: Mean absolute percentage error
AE : Absolute error

D; : Individual desirability

D, : Composite desirability
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