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Abstract This paper presents a comparison of surface rough-
ness between both ceramic cutting tools namely, TiN coated
mixed ceramic CC6050 and uncoated mixed ceramic CC650
when machining hardened hot work steel X38CrMoV5-1
[AISI H11] treated at 50 HRC. A mathematical model, relat-
ing surface roughness criteria and main factors such as cutting
radius, cutting speed, feed rate, and depth of cut, was devel-
oped using response surface methodology (RSM) and its ad-
equacy was checked by regression analysis. The effect of cut-
ting parameters on surface roughness is evaluated and the
optimum cutting conditions tominimize the surface roughness
are determined. A multiple linear models have been
established between the cutting parameters and the surface
roughness using response surface methodology. The experi-
mental results reveal that the most significant machining pa-
rameter for surface roughness is the feed followed by cutting
radius. Also the determined optimal conditions really reduce
the surface roughness on the machining of AISI H11 steels
within the ranges of parameters studied. In addition, excellent
surface roughness was obtained in hard turning using CC650

tools. The coated ceramic tools had no advantage over CC650
from the point of view of surface roughness.

Keywords Hard turning . AISI H11 steel . Ceramic . Surface
roughness . ANOVA . RSM

Nomenclature
Vc Cutting speed (m/min)
HRC Rockwell hardness
f Feed rate (mm/rev)
ANOVA Analysis of variance
ap Depth of cut (mm)
RSM Response surface methodology
r Cutting radius (mm)
DF Degrees of freedom
Ra Arithmetic mean roughness (μm)
Seq SS Sequential sum of squares
Rt Total roughness (μm)
Adj MS Adjusted mean squares
Fc Tangential force (N)
Cont. % Contribution ratio (%)
HT Hard turning
R² Coefficient of determination (%).

1 Introduction

Nowadays, hard turning (HT) is the most interesting topic in
industrial production and scientific research [3]. It has been
applied in many cases in producing bearings, gears, cams,
shafts, axels, and other power transmission and mechanical
parts since the early 1980s. Hard turning operations involve
the cutting ofmaterials with hardness from 45 to 68HRC [10].
As a consequence, the tool materials are hard. Some of the
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main tool materials include the following: ceramics, cubic
boron nitride (CBN) and coated CBN, polycrystalline cubic
boron nitride (PCBN), polycrystalline diamond (PCD), or
tungsten carbide (WC) coated with titanium nitride (TiN) [27].

Unfortunately, extreme tribological conditions developed
at dry severe friction and high tool–chip and work–flank in-
terface temperatures tend towards the acceleration of tool
wear, and as a consequence a relatively fast deterioration of
surface finish and dimensional and shape accuracy. Today,
research activities in HT sector are primarily focused on
CBN tool wear (thematerial predominantly used in the cutting
tool) [21, 28, 31]. Oppositely, new data on turning hardened
AISI D3 and 100Cr6 bearing steels using ceramic tools are
reported in ref. [4]. In general, ceramic tools have attracted the
attention of researchers and some works can be highlighted.
With the development of ceramic tool materials, they are more
and more widely used in the field of metal cutting because
their mechanical properties and cutting performances have
been greatly improved. They have been used in many appli-
cations due to their improved properties like good thermal
shock resistance, good high-temperature strength, creep resis-
tance, low density, high hardness and wear resistance, electri-
cal resistively, and better chemical resistance [11].

The surface roughness describes the geometry of the sur-
face to be machined and combined with surface texture. The
formation of surface roughness mechanism is very complicat-
ed and mainly depends on machining process [1, 33]. Hence,
it is very difficult to determine the surface roughness through
analytical equations. The surface finish can be characterized
by two main parameters, arithmetic mean roughness (Ra) and
total roughness (Rt). Geometric models have been proposed to
estimate these parameters and are given as [6, 29] where are
based only on the geometry of the tool (radius nose) and feed
rate.

Ra ¼ f 2

32r
ð1Þ

Rt ¼ f 2

8r
ð2Þ

where f is the feed rate (mm/rev) and r is the tool nose radius
(mm).

The work completed by the scientific community [19,
32], when reporting the performance of ceramic tools in
the machining of various hard materials, has shown that
the surface roughness depends on cutting parameters (cut-
ting speed and feed rate) and tool’s geometry. Lima et al.
[23] evaluated the changes of Ra surface roughness on
58 HRC AISI D2 cold work steel parts in terms of VB
wear indicator in turning, using mixed alumina inserts at
the cutting speeds of 80, 150, and 220 m/min and three
feeds of 0.05, 0.1, and 0.15 mm/rev and 1 mm depth of
cut. For example, after 5 min turning test (Vc= 150 m/

min, f= 0.1 mm/rev), the Ra of 0.5 μm corresponded to
the wear land width of VB = 0.10 mm, and after other
10 min when wear progressed to 0.18 mm the relevant
Ra value increased to 0.58 μm. In another study,
Grzesik and Wanat [20] investigated the surface finish
generated in hard turning of quenched alloy steel
(60 HRC) using conventional and wiper ceramic inserts.
They determined that surfaces produced by wiper tools
contained blunt peaks with distinctly smaller slopes
resulting in better bearing properties. In order to deter-
mine machinability rates and surface roughness, tool wear
and cutting force components were measured. A new op-
timization approach called the Multivariate Robust
Parameter Design (MRPD) was applied by Paiva et al.
[25] with the target of minimal surface roughness during
hard turning of AISI 52100 steel with coated mixed ce-
ramic inserts. In a recent study, Bouacha et al. [7] used the
ANOVA to evaluate the significance of cutting parameters
on cutting force and surface roughness obtained in hard
turning of AISI 52100 steel with CBN tool. The effect of
tool material (ceramic and CBN) and cutting parameters
(speed, feed rate, and depth of cut) on surface roughness
was studied by Darwish [9] using two-level factorial de-
signs (23). He further demonstrated a favorable effect for
ceramic inserts on surface roughness when compared with
CBN inserts at both high and low feed rates. Fnides et al.
[18] conducted the experimental study to determine the
statistical models of surface roughness criteria in turning
hardened AISI H11 (X38CrMoV5-1) steel (50 HRC) with
mixed ceramic tool. Mathematical models, based on
Minitab software, were elaborated in order to express
the influence degree of each cutting mode on surface
roughness. The results indicate that feed rate is the dom-
inant factor affecting surface roughness, followed by cut-
ting speed. However, the effect of the depth of cut is not
very important. Recently, Elbah et al. [16] compared the
values of surface roughness obtained with wiper and con-
ventional ceramic inserts during hard turning of AISI
4140 steel. They disclosed that the improved surface qual-
ity is achieved with wiper geometry.

In order to get good surface quality and dimensional prop-
erties, it is necessary to employ optimization techniques to
find optimal cutting parameters and theoretical models to do
predictions. Taguchi and response surface methodologies can
be conveniently used for these purposes. Suresh [30] used the
response surface method and genetic algorithm to predict the
surface roughness and to optimize the process parameters. In a
present study, Dureja et al. [14] applied the response surface
methodology (RSM) to investigate the effect of cutting param-
eters on flank wear and surface roughness in hard turning of
AISI H11 steel with a coated mixed ceramic tool. The study
indicated that the flank wear is influenced principally by feed
rate, depth of cut, and workpiece hardness. Jenn-Tsong et al.
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[22] developed the RSM model using the CCD in the hard
turning which uses uncoated Al2O3/TiC mixed ceramic tool
for flank wear and surface roughness. Flank wear was influ-
enced principally by the cutting speed and the interaction ef-
fect of feed rate with tool’s nose radius. The cutting speed and
the tool corner radius affected surface roughness significantly.

The current study investigates the influence of cutting
parameters (cutting radius (r, mm), cutting speed (Vc,
m/min), feed rate (f, mm/rev), and depth of cut (ap,
mm)) in relation with surface roughness (Ra) on machin-
ability. The processing conditions are turning of hardened
hot work steel (AISI H11) with two different ceramic
tools (CC6050 coated with TiN and CC650 conventional)
using RSM and ANOVA. This last is a computational
technique that enables the estimation of relative contribu-
tions of each of the control factors to the overall measured
response. In this work, the significant parameters will be
used to develop mathematical models using RSM. The
RSM is a collection of mathematical and statistical tech-
niques that are useful for the modeling and analysis of
problems in which interest response is influenced by sev-
eral variables and the objective is to optimize the
response.

2 Experimental conditions and procedures

2.1 Material, workpiece, and tool

Turning experiments were performed in dry conditions using
lathe, which is made by TOS TRENCIN company; mode SN
40C with 6.6 kW spindle power. The cutting conditions for
finish hard turning under higher parametric condition are
shown in Table 2.

The workpiece material used for the experiments is grade
AISI H11 steel, hot work steel bars with dimensions of
400 mm length and 75 mm in diameter, which is popularly
used in hot form pressing. Its resistance to high temperature,

its tenacity, its aptitude for polishing, and its impact resistance
thermal properties enable it to answer to the most severe re-
quests in hot dieing and molds under pressure [17]. Its chem-
ical composition is given in Table 1. It is hardened to 50 HRC
(quenching at 1020 °C followed by oil tempering at 250 °C).
Its hardness was measured by a digital durometer DM2D.

A tool holder and insert geometry, having the ISO desig-
nation: PSBNR2525K12 and SNGA120408T01020, respec-
tively, were employed with tool geometry as follows: χ=75°;
α=6°; γ=−6°; λ=−6°. Tool flank wear was inspected several
times during the tool’s life, using an optical microscope
(Visual Machine 250). Tool life was considered ended when
the flank wear reached VB=0.30 mm. At the end of the tool’s
life, worn inserts were examined in a scanning electron mi-
croscope (SEM).

The measurements of the surface roughness (Ra and Rt) for
each cutting condition were obtained from a Surftest 201
Mitutoyo roughness meter. It consists of a diamond point
(probe) with a 5-μm radius and moves linearly on the working
surface. The length examined is 4.0 mm with a basic span of
0.8 mm. The measured values of Ra are within the range 0.05
to 40 μm while for Rt they lay between 0.3 and 160 μm.
Roughness measurements were directly obtained without
disassembling the turned part in order to reduce uncertainties
due to resumption operations.

In addition, four measurements were made using a three-
dimensional (3D) surface topography with optical platform of
metrology modular Altisurf 500. The three-dimensional topo-
graphic maps of the machined surfaces were produced using
the interferometry technique (Fig. 1). 3D data were also taken
along the pitch-surface generator, the shape was removed, and
then parameters were calculated with the Gaussian filter (cut-
off was 0.8 mm).

2.2 Design of experiment

(a) Orthogonal array
The surface roughness has been measured after the

straight turning operation. In this study, a factorial design
was used to identify the main effects of four factors [cut-
ting radius (r, mm), cutting speed (Vc, m/min), feed rate
(f, mm/rev), and depth of cut (ap, mm)] on the responses
namely arithmetic mean roughness (Ra) and total rough-
ness (Rt) when using two cutting tools: uncoated mixed
ceramic (CC650) and TiN coated mixed ceramic
(CC6050).

The planning of experiments was based on
Taguchi’s L36 orthogonal array, with factors (“A”,
“B”, “C” and “D”) and three levels for (“B,” “C,”
“D”) and two levels for “A.” In the matrix shown
in Table 3, the three levels are represented by “−1,”
“0,” and “+1,” where “−1” is the lowest level and
“+1” is the highest. For each experiment, 36

Table 1 Chemical
composition of AISI H11
steel

Composition (Wt%)

C 0.35

Cr 5.26

Mo 1.19

V 0.50

Si 1.01

Mn 0.32

S 0.002

P 0.016

Other components 1.042

Fe 90.31
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machining trials were carried out. The considered
factors are given in Table 3. Their levels were chosen
according to the cutting tool specifications (Table 2).

(b) Response surface methodology
The RSM is a procedure used to determine the rela-

tionship between the independent process parameters
with the desired response and exploring the effect of
these parameters on responses. The present investigation
has been planned in the following steps:

(a) Identify the important factors, which influence
the surface roughness on the machining of AISI
H11 steels;

(b) Find the upper and lower limits of the factors
identified;

(c) Develop the experimental design matrix using de-
sign of experiments;

(d) Conduct the experiments as per the design matrix;
(e) Empirical modeling to approximate the relationship

(i.e., the response surface) between responses and
factors;

(f) Analyze the results using ANOVA;
(g) Optimize the chosen factor levels to attain minimum

surface roughness;
(h) Confirm experiments and verify the predicted per-

formance characteristics.

Fig. 1 Illustration of measured
surface roughness criteria
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(c) Development of the mathematical model
The response function representing the surface rough-

ness criteria can be expressed as:

Y ¼ φ A;B;C;Dð Þ ð3Þ

where Y= response (surface roughness criteria).
The multiple linear polynomial (regression) equation used

to represent the response surface for k factors is given by the
relation:

Y ¼ b0 þ
X k

i¼1
biX i þ

X k

i; j
bi jX iX j ð4Þ

where b0 is the free term of the regression equation, the
coefficients b1, b2,…bk are linear terms and b12, b13,…bk
−1,bk are the interaction terms. Xi represents input parameters
(r, Vc, f, and ap). The outputs (Ra and Rt) are also called the
response factors. The experimental plan and the result of trials
are reported in Table 3. Based on the plan of Taguchi 21×33

full factorial design, a total of 36 tests were carried out.
For four factors, the selected polynomial could be

expressed as:

Y ¼ b0 þ b1r þ b2Vcþ b3 f þ b4apþ b5r � Vcþ b6r � f þ b7r � ap
þb8Vc� f þ b9Vc� apþ b10 f � ap

ð5Þ

2.3 Analysis of variance (ANOVA)

The analysis of variance has been applied to check the ade-
quacy of the developed machinability models. ANOVA can
be useful to determine the influence of any given input param-
eters from a series of experimental results by the design of
experiments for machining process and it can be used to in-
terpret experimental data. The obtained results are analyzed
using Design Expert V8, a statistical analysis software which
is widely used in many engineering applications. The
ANOVA table consists of sum of squares and degrees of free-
dom. Themean square is the ratio of sum of squares to degrees
of freedom and F value is the ratio of mean square to the mean

square of the experimental error [8]. The statistical signifi-
cance of the fitted multiple linear models is evaluated by the
P values and F values of ANOVA.

In ANOVA table, P value is the probability (ranging from 0
to 1) that the results observed in a study (or results more
extreme) could have occurred by chance.

& If P value 0.05, the parameter is significant;
& If P value 0.05, the parameter is insignificant.

The important coefficient R2 measures the percentage of
data variation that is explained by the regression equation.
The adjusted R2 value is particularly useful when comparing
models with different number of terms. When R2 approaches
to unity, the response model fits the actual data effectively.

3 Results and discussion

The results of the machining trials performed as per the exper-
imental plan are shown in Table 3. These results were entered
into the Design Expert software for further analysis following
the steps outlined in Section 2.2b. The Table 3 shows all values
of surface roughness criteria (Ra and Rt) when using two cut-
ting tools namely, coated CC6050 and uncoated CC650 ceram-
ic tools. The surface roughness criteria were obtained in the
range of (0.18–1.51 and 1.33–7.96)μm and (0.20–1.36 and
0.69–6.77)μm, respectively, for CC6050 and CC650.

3.1 Statistical analysis

Tables 4 and 5 show ANOVA results, respectively, for Ra and
Rt for both ceramic cutting tools (CC650 and CC6050). This
analysis was out for a 5 % significance level, i.e., for 95 %
confidence level. In addition to degree of freedom, mean of
squares (MS), sum of squares (SS), F value, and probability
(Prob.) associated to each factor level were presented. The last
column of tables shows the factor contribution (percentage;
Cont. %) on the total variation, indicating the degree of influ-
ence on the result.

Table 4 shows the results of ANOVA model for surface
roughness parameter namely arithmetic mean roughness
(Ra) of coated ceramic (CC6050) and uncoated ceramic
(CC650) tools. From the analysis of Table 4, it can be apparent
seen that the model is significant and the feed rate (f, mm/rev)
is the most important factor affecting Ra. Its contribution is
(72.245 and 89.953)%. This is because its increase generates
helicoid furrows, the result of tool shape and helicoid move-
ment tool–workpiece. These furrows become deeper and
broader when the feed rate increases. However, a qualitative
comparison can be made; for example, Dilbag and
Venkateswara [13] found that the feed rate and the radius nose
are the important factors affecting surface roughness. The next

Table 2 Cutting parameters and their levels for turning

Symbol Control
factor

Unit Symbol
of
factors

Levels

Level 1 Level 2 Level 3

ap Depth of cut mm D 0.10 0.30 0.50

f Feed rate mm/
rev

C 0.08 0.14 0.20

Vc Cutting speed m/min B 100 150 200

r Cutting
radius

mm A 0.80 1.20
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largest factor influencing Ra is cutting radius (r, mm) with
(12.105 and 4.898)% contribution, for CC650 and CC6050
tools, respectively. Other model terms can be considered not
significant. Another important coefficient R2 in the resulting
ANOVA table is defined as the ratio of the explained variation
to the total variation and it is a measure of the degree of fit.
When R2 approaches to unity, the better response model fits
the actual data. The value ofR2 calculated in Tables 4 and 5 for
these models are over 0.91 for both ceramic tools CC650 and

CC6050 and reasonably close to unity, which is acceptable. It
denotes that about 95 % of the variability in the data is ex-
plained by these models. It also confirms that these models
provide an excellent explanation of the relationship between
the independent Xi factors and the response Yi.

The results given byANOVA analysis of surface roughness
Rt for both ceramic cutting tools are presented in Table 5. It is
observed that the parameters, feed rate (Cont. =55.339 % and
Cont. =93.084 %) and cutting radius (Cont.= 15.660 % and

Table 3 L36 (2
1 × 33) orthogonal

array, experimental results for
surface roughness

Test no. Machining parameters Surface roughness

CC650 CC6050

r (mm) Vc (m/min) f (mm/rev) ap (mm) Ra (μm) Rt (μm) Ra (μm) Rt (μm)

1 0.8 100 0.08 0.1 0.67 3.65 0.39 2.61

2 0.8 150 0.14 0.3 0.63 3.23 0.76 4.40

3 0.8 200 0.20 0.5 1.14 5.60 1.48 7.40

4 0.8 100 0.08 0.1 0.66 3.30 0.37 2.56

5 0.8 150 0.14 0.3 0.61 3.96 0.80 4.76

6 0.8 200 0.20 0.5 1.36 6.77 1.51 7.01

7 0.8 100 0.08 0.3 0.29 1.82 0.36 2.67

8 0.8 150 0.14 0.5 0.58 3.27 0.73 4.34

9 0.8 200 0.20 0.1 1.30 6.26 1.40 6.38

10 0.8 100 0.08 0.5 0.36 3.46 0.30 2.38

11 0.8 150 0.14 0.1 0.67 3.59 0.73 3.76

12 0.8 200 0.20 0.3 1.10 5.25 1.50 7.96

13 0.8 100 0.14 0.5 0.63 3.88 0.71 4.21

14 0.8 150 0.20 0.1 1.24 6.31 1.24 5.70

15 0.8 200 0.08 0.3 0.31 2.16 0.33 2.46

16 0.8 100 0.14 0.5 0.68 3.57 0.67 3.88

17 0.8 150 0.20 0.1 1.28 6.70 1.26 6.68

18 0.8 200 0.08 0.3 0.27 2.25 0.24 1.65

19 1.2 100 0.14 0.1 0.63 3.41 0.54 3.12

20 1.2 150 0.20 0.3 0.79 4.36 1.10 6.13

21 1.2 200 0.08 0.5 0.30 1.81 0.26 1.77

22 1.2 100 0.14 0.3 0.41 2.69 0.59 3.22

23 1.2 150 0.20 0.5 0.52 2.88 1.12 6.28

24 1.2 200 0.08 0.1 0.26 1.87 0.18 1.33

25 1.2 100 0.20 0.3 0.82 4.50 1.07 5.41

26 1.2 150 0.08 0.5 0.33 2.45 0.24 1.66

27 1.2 200 0.14 0.1 0.51 2.68 0.50 3.38

28 1.2 100 0.20 0.3 0.92 4.58 1.03 5.99

29 1.2 150 0.08 0.5 0.26 2.19 0.30 2.47

30 1.2 200 0.14 0.1 0.54 2.86 0.46 2.93

31 1.2 100 0.20 0.5 0.66 0.69 1.08 6.17

32 1.2 150 0.08 0.1 0.29 2.03 0.30 2.00

33 1.2 200 0.14 0.3 0.46 3.05 0.42 2.63

34 1.2 100 0.20 0.1 1.13 4.98 1.16 6.13

35 1.2 150 0.08 0.3 0.20 1.48 0.28 2.09

36 1.2 200 0.14 0.5 0.33 2.21 0.42 3.48
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Cont. =3.223 %) have great influence on the total roughness
(Rt) of CC650 and CC6050, respectively, especially the feed
rate. Earlier, Aouici et al. [2] observed that the effect of the
feed rate was so notable on surface roughness criteria. Other
model terms and interaction can be considered not significant.

The correlation coefficients R2 of about (0.8624 and
0.9488) are considered good. It represents the proportion of
variation in the response which is explained by the model. The

“Pred. R2” of (0.6860 and 0.8932) is in reasonable agreement
with the “Adj. R2” of (0.8074 and 0.9283) for both cutting
ceramic tools, respectively.

One of the methods used to analyze data for process opti-
mization is the use of Pareto ANOVA (Fig. 2). Pareto ANOVA
is a simplified ANOVA method which uses Pareto principles.
It is a quick and easy method to analyze results of parameter
design. It does not require anANOVA table and therefore does

Table 4 Analysis of variance for
Ra Source SS DF MS F value Prob. Cont. % Remarks

(a) CC650

Model 3.701743 10 0.37017431 26.32226 <0.0001 Significant

A-r, mm 0.317911 1 0.31791178 22.60599 < 0.0001 12.105 Significant

B-Vc, m/min 0.023762 1 0.02376211 1.689670 0.2055 0.905 Insignificant

C-f, mm/rev 1.897396 1 1.89739643 134.9195 < 0.0001 72.245 Significant

D-ap, mm 0.171704 1 0.17170417 12.20949 0.0018 6.538 Significant

AB 0.000672 1 0.00067277 0.04783 0.8286 0.026 Insignificant

AC 0.087192 1 0.08719213 6.200036 0.0198 3.320 Significant

AD 0.005410 1 0.00541017 0.384705 0.5407 0.206 Insignificant

BC 0.008830 1 0.00883093 0.62794 0.4356 0.336 Insignificant

BD 0.092884 1 0.09288452 6.604809 0.0165 3.537 Significant

CD 0.020574 1 0.02057459 1.463013 0.2378 0.783 Insignificant

Residual 0.35157 25 0.01406316

Lack of fit 0.31637 16 0.01977369 5,055773 0.0091 Significant

Pure error 0.0352 9 0.00391111

Cor total 4.053322 35 100

SD=0.12 R2 = 0.9133

Mean= 0.64 R2 Adjusted = 0.8786

Coefficient of variation = 18.45 R2 Predicted = 0.8091

Predicted residual error of sum of squares (PRESS) = 0.77 Adequate precision= 16.701

(b) CC6050

Model 6.038464 10 0.60384643 76.23911 <0.0001 Significant

A-r, mm 0.179108 1 0.17910833 22.61346 <0.0001 4.898 Significant

B-Vc, m/min 0.002216 1 0.00221681 0.279885 0.6014 0.061 Insignificant

C-f, mm/rev 3.289100 1 3.28910046 415.2680 <0.0001 89.953 Significant

D-ap, mm 0.003504 1 0.00350417 0.442421 0.5120 0.096 Insignificant

AB 0.083535 1 0.08353521 10.54680 0.0033 2.285 Significant

AC 0.051658 1 0.05165824 6.522152 0.0171 1.413 Significant

AD 0.003139 1 0.00313962 0.396395 0.5347 0.086 Insignificant

BC 0.030636 1 0.03063683 3.868077 0.0604 0.838 Insignificant

BD 0.005318 1 0.0053184 0.671478 0.4203 0.145 Insignificant

CD 0.008257 1 0.00825726 1.042527 0.3170 0.226 Insignificant

Residual 0.198010 25 0.00792043

Lack of fit 0.188110 16 0.01175692 10.68810 0.0005 Significant

Pure error 0.009900 9 0.0011

Cor total 6.236475 35 100

SD=0.089 R2 = 0.9682

Mean= 0.72 R2 Adjusted = 0.9555

Coefficient of variation = 12.40 R2 Predicted = 0.9242

Predicted residual error of sum of squares (PRESS) = 0.47 Adequate precision= 27.899
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not use F tests. The following graphs are the Pareto ANOVA
results of surface roughness criteria for CC650 and CC6050,
respectively.

The Pareto ANOVA analysis technique, which re-
quires less knowledge about ANOVA method which
makes it suitable for engineers and industrial practi-
tioners, has been performed. Effects are standardized
(F value) for a better comparison. Standardized values

in Fig. 2 are obtained by dividing the effect of each
factor by the error on the estimated value of the corre-
sponding factor. The more standardized the effect, the
higher the factor considered influence. If the F values
of the table are greater than 4.24, the effects are signif-
icant. By cons, if the F values of the table are less than
4.24, the effects are not significant. The confidence in-
terval chosen is 95 %.

Table 5 Analysis of variance for
Rt Source SS DF MS F value Prob. Cont. % Remarks

(a) CC650

Model 70.90744 10 7.09074415 15.67095 <0.0001 Significant

A-r, mm 8.152613 1 8.15261377 18.01774 0.0003 15.660 Significant

B-Vc, m/min 0.058907 1 0.05890714 0.130188 0.7213 0.113 Insignificant

C-f, mm/rev 28.80886 1 28.8088632 63.66924 <0.0001 55.339 Significant

D-ap, mm 3.270816 1 3.27081666 7.228693 0.0126 6.283 Significant

AB 0.048931 1 0.04893190 0.108142 0.7450 0.094 Insignificant

AC 1.390497 1 1.39049737 3.073079 0.0919 2.671 Insignificant

AD 1.651184 1 1.65118431 3.649212 0.0676 3.172 Insignificant

BC 0.929685 1 0.92968558 2.054658 0.1641 1.786 Insignificant

BD 3.579892 1 3.57989214 7.911767 0.0094 6.877 Significant

CD 4.167336 1 4.16733631 9.210053 0.0056 8.005 Significant

Residual 11.31192 25 0.45247689

Lack of fit 10.11842 16 0.63240139 4.768841 0.0112 Significant

Pure error 1.193500 9 0.13261111

Cor total 82.21936 35

SD=0.67 R2 = 0.8624

Mean= 3.49 R2 Adjusted = 0.8074

Coefficient of variation = 19.26 R2 Predicted = 0.6860

Predicted residual error of sum of squares (PRESS) = 25.81 Adequate precision= 13.794

(b) CC6050

Model 120.11806 10 12.0118064 46.285163 <0.0001 Significant

A-r, mm 2.4681083 1 2.46810833 9.5103761 0.0049 3.223 Significant

B-Vc, m/min 0.0238445 1 0.02384454 0.0918803 0.7643 0.031 Insignificant

C-f, mm/rev 71.274847 1 71.2748471 274.64378 <0.0001 93.084 Significant

D-ap, mm 0.8325375 1 0.8325375 3.2080215 0.0854 1.087 Insignificant

AB 0.7523151 1 0.75231516 2.8989003 0.1010 0.983 Insignificant

AC 0.0894116 1 0.08941166 0.3445304 0.5625 0.117 Insignificant

AD 0.0898803 1 0.0898803 0.3463362 0.5615 0.117 Insignificant

BC 0.7154013 1 0.71540132 2.7566600 0.1093 0.934 Insignificant

BD 0.1112695 1 0.1112695 0.4287554 0.5186 0.145 Insignificant

CD 0.2127386 1 0.2127386 0.8197468 0.3739 0.278 Insignificant

Residual 6.4879356 25 0.25951742

Lack of fit 4.8856356 16 0.30535223 1.7151407 0.2075 Significant

Pure error 1.6023 9 0.17803333

Cor total 126.606 35 100

SD=0.51 R2 = 0.9488

Mean= 4.08 R2 Adjusted = 0.9283

Coefficient of variation = 12.48 R2 Predicted = 0.8932

Predicted residual error of sum of squares (PRESS) = 13.52 Adequate precision= 22.233
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3.2 Mathematical modeling

The correlation between the effective factors (cutting
speed, feed rate, depth of cut, and cutting radius) and

the surface roughness criteria (Ra and Rt) for both ceram-
ic cutting tools were obtained by multiple linear regres-
sions. This correlation can be represented by the follow-
ing equations:

CC650

RaCC650 ¼ 0:0151þ 0:544r−4:017� 10−3Vcþ 11:1317 f −0:819ap−6:683� 10−4r � Vc
−6:340r � f −0:396r � apþ 0:010Vc� f þ 8:33� 10−3Vc� ap−3:268 f � ap

ð6Þ

(R2 =91.33 %)

RtCC650 ¼ þ1:876þ 1:917r−0:037Vcþ 45:012 f þ 3:824apþ 5:699� 10−3r � Vc
−25:319r � f −6:918r � apþ 0:105Vc� f þ 0:052Vc� ap−46:512 f � ap

ð7Þ

(R2 =86.24 %)

CC6050

RaCC6050 ¼ −0:996þ 1:287r þ 3:935� 10−3Vcþ 8:677 f −0:830ap−7:447� 10−3r � Vc
−4:880r � f þ 0:301r � apþ 0:019Vc� f þ 1:994� 10−3Vc� apþ 2:070 f � ap

ð8Þ

(R2 =96.82 %)

Fig. 2 Graphs of Pareto, for effect cutting parameters on surface roughness criteria
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RtCC6050 ¼ −0:240þ 2:1999r þ 5:886� 10−3Vcþ 23:324 f −3:522ap−0:022r � Vc

−6:420r � f þ 1:614r � apþ 0:093Vc� f þ 9:120� 10−3Vc� apþ 10:501 f � ap
ð9Þ

(R2 =94.88 %)

3.3 Surface topography

The two-factor interaction effects due to feed rate ( f )–cutting
radius (r), depth of cut (ap). and cutting speed (Vc) on surface
roughness criteria (Ra and Rt) during hard turning of AISI
H11 (50HRC) hot work tool steel were analyzed for two dif-
ferent ceramic inserts, namely coated ceramic tool CC6050
and uncoated ceramic tool CC650 through surface plots
(Figs. 3, 4, 5, and 6). The 3D response surface plots were
generated considering two machining parameters at a time,
while the other parameters were kept at the middle levels.

From the interaction plot Figs. 3 and 4, it can be observed
that, at constant cutting radius, the surface roughness criteria
(Ra and Rt) increase with the increase of feed rates because
their increase generate helicoid furrows, the result of tool

shape and helicoids movement tool–workpiece. These fur-
rows become deeper and broader when the feed rate increases
[11]. For this reason, weak feed rate has to be employed dur-
ing turning operation. Similar results were reported by Aouici
et al. [2] when turning AISI D3 steel (60 HRC) using ceramic
tool. On the other hand, surface roughness criteria have a
tendency to decrease with an increase in cutting radius at
constant feed rate. The best surface roughness was achieved
at the lowest feed rate and highest cutting radius for both
ceramic tools (CC6050 and CC650).

The analysis of response variable can be explained through
surface plots too and a typical 3D surface plot is shown in
Figs. 5 and 6. The surface plot illustrates that depth of cut
and cutting speed increases at a constant feed rate and depth
of cut, 0.14 mm/rev and 0.30 mm, respectively. As it can be
deduced from these figures, the surface roughness criteria are
not statistically significant. However, a qualitative comparison
can be made. For example, Elbah et al. [16] found that the

Fig. 3 3D surface plots for
interaction effects of feed rate and
cutting radius on arithmetic mean
roughness Ra for (CC6050 and
CC650)

Fig. 4 3D surface plots for
interaction effects of feed rate and
cutting radius on total roughness
for Rt (CC6050 and CC650)
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depth of cut does not impact on the surface roughness of
turned surfaces. However, feed rate, nose radius, work mate-
rial, and the tool point angle have a significant impact on the
observed surface roughness using the fractional factorial ex-
perimentation approach [15]. In general, the CC650 tool gives
lower value results than CC6050. In other term, uncoated
ceramic cutting tool CC650 produces a better surface finish
than the coated ceramic cutting tool CC6050.

3.4 2D and 3D surface topography

In this study, the surface integrity produced by turning of hard-
ened hot work steel (AISI H11) with two different ceramic tools
(CC6050 coatedwith TiN and uncoatedmixed ceramic CC650)
was characterized by means of 2D and 3D surface roughness.

The representative examples of 3D images of hard turned
surfaces are visualized by four isometric views and contour
maps. Characteristic sharp and partially blunt peaks localized
by arrows are present in the scanned surfaces obtained for
ceramics: CC6050 coated with TiN (Figs. 7a and 8a) and
CC650 uncoated (Figs. 7b and 8b) tools at two noses radius
(0.8 and 1.2)mm, respectively.

According to the graphs, it is noted that the both 3D
profiles have represented pure roughness values, i.e., the

turned surface topography in Figs. 7 and 8 shows well-
defined peaks and valleys, this is mainly because when
the turning operation process uses a single cutting edge, it
generates helicoids furrows the result of tool shape and
helicoids movement tool–workpiece. In addition, the two
figures illustrate that a 1.2-mm cutting radius produces a
highly precise surface (RaCC6050 = 0.162 μm and
RaCC650= 0.128 μm) compared to the other cutting radi-
us with a 0.8-mm nose radius (RaCC6050 = 0.677 μm and
RaCC650= 0.643 μm). We also noticed from the 3D sur-
face map that the insect with a noses radius of (1.2 mm)
generates a small form of peaks and valleys this is be-
cause noses radius increases and this cause the increasing
of the contact surface between the tool and the workpiece,
which has the effect of crushing the asperities of the sur-
face, and as a consequence roughness decreases. It has to
be noticed that all surfaces were obtained by using new
cutting edges, i.e., at the beginning of the tool life.

Figure 9 shows four exemplary of 2D surface profiles pro-
duced for the workpiece materials machined with two ce-
ramics catting tools (CC6050 coated with TiN and CC650
uncoated, at two noses radius (0.8 and 1.2)mm). It must be
noted that all the 2D profiles have represented pure roughness
values, i.e., the waviness components have been filtered out.

Fig. 5 3D surface plots for
interaction effects of depth of cut
and cutting speed on arithmetic
mean roughness Ra for (CC6050
and CC650)

Fig. 6 3D surface plots for
interaction effects of depth of cut
and cutting speed on total
roughness Rt for (CC6050 and
CC650)
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The 2D profile along the feed direction for both ceramic cut-
ting tools at high cutting radius (1.2 mm) shows a very small
form of peaks and valleys compared to the profile with the
small cutting radius (0.8 mm), this is because increasing cut-
ting radius results the increase of the tool work contact length.
It can be concluded that large tool nose radius gives only a
finer surface finish. Earlier, Meddour et al. [24] observed that
the use of small feed rate and large nose radius results the
lowest surface roughness.

Figures 10 and 11 show the 3D surface topography, XY
plane representation, and Abbott-Firestone Curve of the ma-
chined surfaces at two noses radius (0.8 and 1.2)mm using
uncoated (CC650) and coated ceramic (CC6050) cutting
tools. It can be noticed that the distribution of the peaks and
valleys depends on the values of the noses radius. It is attrib-
uted to the helicoid furrow resulted from the combination of
the tool–workpiece movement in turning using a single cut-
ting edge. The surface roughness can be recognized by the

Fig. 7 3D topography for turning
with a CC6050; b CC650 at
r= 0.8 mm
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variation in height of a surface, where a surface with less peak-
to-valley height has a lower surface roughness. We also no-
ticed from the 3D representation and XYplane representation
of surface topography that the surfaces produced with a noses
radius of 0.8 mm, having both the dark blue and red colors,
can be representative of a larger variation in peak-to-valley
height (Fig. 10(a1), Fig. 11(b1)), on the other hand the sur-
faces produced with a noses radius of 1.2 mm have almost
unique colors which can be clearly illustrated in the surface

generated with the uncoated insect with a noses radius of
1.2 mm (Fig. 10(a2)). From this figure, we can see that the
entire surface are red, which mean it has a very small form of
peaks and valleys, a proof that it is the best surface quality
produced. Therefore, the uncoated ceramic insert (CC650) has
the better performance compared with coated ceramic insert
(CC6050) in terms of surface roughness of the workpiece.
Similar results were found by Bensouilah et al. [5] when turn-
ing AISI D3 steel.

Fig. 8 3D topography for turning
with a CC6050; b CC650 at
r= 1.2 mm
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Investigation of the depth histograms of the fourth surfaces
obtained with the different inserts could provide additional
information to compare their surface roughness. The solid
red lines plotted on the histograms represent the bearing area
curve (BAC), or Abbott-Firestone curve, calculated for the
different inserts. The BAC is the integral of the amplitude
distribution function and shows what percentage or linear
fraction of a profile lies above a certain height. Dividing the
BAC into subsections could help interpret the results of sur-
face roughness. Abbott-Firestone curve is a good characteris-
tic for assessing the functional properties of surfaces and their
possible exploitation. We can distinguish between different
surfaces with the same value of Ra or other height character-
istics. Generally speaking, each type of surface is character-
ized by course of Abbott curve.

Dividing the BAC into subsections could help interpret the
results of surface roughness. For this purpose, a straight line
can be plotted based on a best-fit line over 40 % of the BAC’s
central portion. The three subsections of the BAC include core
roughness depth (Sk), reduced peak height (Spk), and reduced
valley depth (Svk). Figure 12e shows a schematic of the BAC
curve and its three subsections. It is desirable to have a surface
with a small Spk because these peaks are worn off during the
initial stages of service, while Sk can be the long-term charac-
teristic (roughness) of a surface. According to Fig. 12, increas-
ing the noses radius resulted in an upward translation of the
BAC toward shallower depths. The figures illustrate that a
1.2-mm cutting radius produces a highly precise surface (Spk
CC6050=0.516 μm and Spk CC650=0.373 μm) compared to
the other cutting radius with a 0.8-mm nose radius (Spk

a1 CC650 r=0.8mm a2 CC650 r=1.2mm

b1 CC6050 r=0.8mm b2 CC6050 r=1.2mm
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Fig. 9 2D surface profiles produced in dry hard turning with (CC650 and CC6050) at r= (0.8 and 1.2 mm)

0 1 2 3 4 mm

mm

0

0.5

1

1.5

2

2.5

3

3.5

4

µm

0.000

0.592

1.184

1.776

2.368

2.959

3.551

4.143

4.735

5.327

5.919

0 20 40 60 80 100 %

0 5 10 15 %

0 1 2 3 4 mm

mm

0

0.5

1

1.5

2

2.5

3

3.5

4

µm

0.000

0.506

1.012

1.518

2.023

2.529

3.035

3.541

4.047

4.553

5.059

0 20 40 60 80 100 %

0 5 10 15 20 25 30 %

µm

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5a1 

µm

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5a2 

Fig. 10 3D representation, XY plane representation of surface topography, and Abbott-Firestone Curve for hard turning with CC650 insert: (a1)
r= 0.8 mm, (a2) r= 1.2 mm
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CC6050=0.960 μm and Spk CC650=1.23 μm). We also no-
ticed from the Fig. 12b that the uncoated insect (CC650) with

a noses radius of 1.2 mm had the minimum (Sk =0.809 μm)
and (Spk=0.373 μm).
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Fig. 11 3D representation, XY plane representation of surface topography, and Abbott-Firestone Curve for hard turning with CC6050 insert: (b1)
r= 0.8 mm, (b2) r= 1.2 mm

a

d

 CC650 r=0.88mm

 CC6050 r=11.2mm

b CC650 r=

e 

=1.2mm c CC60500 r=0.8mm

Fig. 12 The comparison of Abbot curves for the surfaces produced in dry hard turning with (CC650 and CC6050) at r= (0.8 and 1.2 mm); e schematic
illustration of the BAC
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3.5 Surface roughness evolution

Surface roughness is one of the most important require-
ments in machining process. The surface roughness value
is a result of the tool wear. When tool wear increase, the
surface roughness also increases. The determination of the
sufficient cutting parameters is a very important process
obtained by means of both minimum surface roughness
values and long tool life. In this section, the roughness
of the machined surface was also measured as a function
of cutting time, and hence as a function of tool wear. The
effect of the cutting time on the machined surface is often
discussed in hard machining studies. Pavel et al. [26]
showed such dependence for two types of CBN inserts
while the Ra was within 1.18–1.48 μm for 38 min.
Grzesik and Wanat [20] obtained Ra dependence for com-
mercial CC650 ceramics within 0.55–0.85 μm for 28 min
of cutting. De Oliveira et al. [12] reported that Ra= 0.55–
0.60 μm as a linear dependence of time tc= 20 min.

A series of experiments were carried out in order to
determine the effect of cutting time (hence flank wear)
on machined surface roughness using the same cutting
conditions: Vc = 150 m/min; f = 0.08 mm/rev, and
ap = 0.30 mm. Surface roughness measurements were

taken at every 100 mm length cut. Three readings were
taken at three different points on the circumference, which
was 120° apart. The averages of these readings are plotted
on the graphs. Figures 13 and 14 illustrate these effects
for the CC6050 and CC650, respectively. The analysis
shows that the surface roughness criteria produced using
a coated ceramic insert CC6050 is superior to the surface
produced using an insert with uncoated insert at various
cutting radius. Also, it can be seen from Figs. 13 and 14
that the relationship may be explained as follows.

The first zone when the cutting time is inferior to
16 min, the inserts CC650 and CC6050 provide a better
surface finish at all cutting radius. Example, for a time
t = 10 min, it recorded wears VBCC6050 = 0.189 mm,
VBCC650 = 0.209 mm, which correspond to the surface
roughness criteria (Ra1.2 and Rt1.2) with the values of
(0.93 and 6.90)μm for CC6050 and the values (0.40
and 2.88)μm for CC650 insert.

When the development of excessive flank wear is su-
perior to 16 min, increased cutting force and temperature
may destabilize the machining process and the surface
quality is degraded. For example, at the end of machining,
it has been recorded that tool life TCC6050 = 28 min,
TCC650 = 49 min, which corresponds to the surface

Fig. 13 Influence of time on
arithmetic mean roughness Ra, at
various cutting radius for
Vc= 150 m/min, f = 0.08 mm, and
ap= 0.30 mm (CC6050 and
CC650)

Fig. 14 Influence of time on total
roughness Rt, at various cutting
radius for Vc= 150 m/min,
f= 0.08 mm, and ap= 0.30 mm
(CC6050 and CC650)
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roughness criteria (Ra1.2 and Rt1.2) with the values of
(2.12 and 18)μm for CC6050 insert and the values of
(0.72 and 4.64)μm for CC650 insert.

The Fig. 15 represents the scanning electron micrographs
for the rake and clearance faces of the ceramics cutting tools

(CC6050 and CC650) after turning of AISI H11 (50 HRC) at
cutting radius of 1.2 mm, with cutting speed, feed rate, and
depth of cut values of 150 m/min, 0.08 mm/rev, and 0.30 mm,
respectively. This figure shows the typical aspect under an
optical microscope of the flank wear face of ceramic tools

Diffusion

Adhesion

Adhesion 

Abrasion

Abrasion

Diffusion

Crater wear

Flankwear

Crater wear

Flank wear

a

b

Fig. 15 SEM images of the flank
and crater wears of a cutting tools:
a CC6050; b CC650 at
Vc= 150 m/min, f= 0.08 mm/rev
and ap= 0.30 mm for r= 1.2 min

Table 6 Constraints for optimization of cutting conditions

Condition Goal Lower limit Upper limit Lower weight Upper weight Importance

CC650 CC6050 CC650 CC6050 1 1 3

Cutting radius (mm) Is in range 0.80 1.20 1 1 3

Cutting speed (Vc) Is in range 100 200 1 1 3

Feed rate ( f ) Is in range 0.08 0.20 1 1 3

Depth of cut (ap) Is in range 0.10 0.50 1 1 3

Ra (μm) Minimize 0.2 0.18 1.36 1.51 1 1 3

Rt (μm) Minimize 0.69 1.33 6.77 7.96 1 1 3
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after testing. Themicrographs were taken at the end of tool life
(total machining time is shown in brackets). The analysis of
the micrographs shows that abrasion, diffusion, and adhesion
are prominent wear mechanisms, especially for the flank and
clearance faces. However, along with the nose wear, crater
wear also can be seen for all the tools, indicating diffusion
wear, especially for the rake face as one of the active wear
mechanisms along with the abrasion and adhesion wear mech-
anisms. In conclusion, the abrasive wear has been frequently
reported as a main wearmechanism in hard turning. Due to the
high temperature and high stresses in hard turning, diffusion
wear may also occur. Chemical reactions, including oxidation
at high speeds due to high cutting temperatures, have also
been reported. Chemical properties may be very important at
the high cutting speeds in which the cutting temperature could
accelerate any chemical reaction between the tool and
workpiece.

4 Optimization of responses

In the present study, the desirability function approach of the
RSM has been employed for surface roughness optimization.
The optimization module searches for a combination of factor
levels that simultaneously satisfy the requirements placed on each
of the responses and factors in an attempt to establish the appro-
priate model. During the optimization process, the aim is to find
the optimal values of machining parameters in order to produce
the lowest surface roughness (Ra and Rt). To resolve this type of
parameter design problem, an objective function, F(x), is

DF ¼ ∏
n

i¼1
dwii

 !
1Xn

j−1
wi

F xð Þ ¼ −DF

ð10Þ

Table 7 Response optimization
for surface roughness parameters
(CC650 and CC6050)

Test no. Machining parameters Surface roughness Desirability Remarks

r Vc f ap Ra Rt

Solutions CC650

1 1.031 199.999 0.08 0.1 0.2 1.126 0.963 Selected

2 1.024 200 0.08 0.1 0.201 1.124 0.963

3 1.049 199.998 0.08 0.1 0.197 1.133 0.963

4 1.006 200 0.08 0.1 0.203 1.118 0.963

5 1.067 200 0.08 0.1 0.195 1.138 0.962

Solutions CC6050

1 1.198 183.712 0.081 0.101 0.149 1.283 1 Selected

2 1.124 197.728 0.081 0.101 0.147 1.315 1

3 1.155 190.534 0.08 0.108 0.146 1.297 1

4 1.164 195.123 0.082 0.131 0.145 1.318 1

5 1.191 188.759 0.081 0.162 0.143 1.311 1

b a

Fig. 16 Ramp function graph for surface roughness (Ra and Rt) with a CC6050 and b CC650 inserts
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Where di is the desirability defined for the ith targeted
output and wi is the weighting of di.

For various goals of each targeted output, the desirability di
can be defined in different forms. If the goal is to reach a
specific value of Ti, the desirability di is written as:

di ¼ 0 if Y i≤Lowi

di ¼ Y i−Lowi

T i−Lowi

� �
if Lowi≤Y i≤Ti

di ¼ Y i−Highi
T i−Highi

� �
if Ti≤Y i≤Highi

di ¼ 0 if Y i≥Highi

ð11Þ

In the case of searching for a maximum, the desirability is
rewritten as follows:

di ¼ 0 if Y i≤Lowi

di ¼ Y i−Lowi

Highi−Lowi

� �
if Lowi≤Y i≤Highi

di ¼ 1 if Y i≥Highi

In the case of searching for a minimum, the desirability can
be defined by the following equations:

di ¼ 1 if Y i≥Lowi

di ¼ Highi−Y i

Highi−Lowi

� �
if Lowi≤Y i≤Highi

di ¼ 0 if Y i≥Highi

ð12Þ
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Fig. 18 3D surface plot and contour graph of optimization combined for CC650 insert

Int J Adv Manuf Technol (2017) 89:333–354 351



Where the Yi is the found value of the ith output during
optimization processes, the Lowi and theHighi are, respective-
ly, the minimum and the maximum values of the experimental
data for the ith output. In Eq. 12, wi is set to 1 since the di is
equally important in this study. The DF is a combined desir-
ability function, and the objective is to choose an optimal
setting that maximizes a combined desirability function DF,
i.e., minimizes F(x).

The constraints used during the optimization process are
summarized in Table 6. The optimal solutions are reported in
Table 7 for both ceramic cutting tools CC650 and CC6050 in
order to decrease the desirability level. The optimum cutting
parameters obtained with the importance degrees of 3 for Ra

and Rt are chosen in terms of the highest desirability value
(Figs. 18 and 19). The desirability levels are decreased when
the operating parameter is changing. So, we can conclude that
in the highest cutting radius, highest cutting speed, and lowest
feed rate with lowest depth of cut, the performances of the
cutting tool are optimized and the desirability levels are (100
and 96.30)% in these optimized conditions for both ceramic
cutting tools CC650 and CC6050, respectively.

The Fig. 16 and Table 7 show the optimization results.
Values of optimal cutting parameters are found to be with
cutting speed of (199.999 and 183.712)m/min, feed rate of
(0.08 and 0.081)mm/rev, cutting depth of (0.1 and 0.101)mm,
and cutting radius of (1.031 and 1.198)mm. The predicted
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Fig. 19 3D surface plot and contour graph of optimization combined for CC6050 inserts

Fig. 20 Relative errors between experimental and predicted values: a Ra and b Rt for both ceramic cutting tools (CC650 and CC6050)
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responses are Ra= (0.2 and 0.149)μm, and (1.126 and
1.283)μm for Rt, with desirability value of (0.963 and
1) for both ceramic cutting tools CC650 and CC6050,
respectively.

Figure 17 presents the bar graph of desirability for the
cutting conditions and the responses together with a combined
desirability= (0.963 and 1) for (CC650 and CC6050) (Figs. 18
and 19).

5 Confirmation experiments

In order to verify the adequacy of the model developed, five
new trials were performed for both ceramic cutting tools
(CC650 and CC6050); the test conditions for the confirmation
test were chosen so that they are within the range of the levels
defined previously. The predicted values and the associated
experimental values are compared (Fig. 20). The error per-
centage is within permissible limits (Table 8). The data from
the confirmation runs and their comparisons with the predict-
ed design for surface roughness (Ra) and (Rt) are listed in
Table 8. Based on the analysis of Table 8 results, it can be
observed that the calculated error is small. The relative errors
between experimental and predicted values for (Ra) and (Rt)
for both ceramic cutting tools (CC650 and CC6050) are ob-
tained in the range of [(0.4359 to 8.7568 %) and (0.5836 to
3.0452)] and [(0.3860 to 12.8723 %) and (1.6114 to
16.0198 %)], respectively. All the experimental values for
the confirmation run are within the 95 % prediction interval.
Obviously, the quadratic model obtained is excellently
accurate.

6 Conclusion

Based on the above results for the hard turning of AISI H11
steel with 50 HRC using both cutting tools namely, coated
CC6050 and uncoated CC650 ceramic tools under conditions
similar to those used in this work, the following conclusions
are made:

1. This study shows that the surface roughness Ra is strongly
influenced by the feed rate. Its contribution is (72.245 and
89.953)%, for CC650 and CC6050 tools, respectively.
Additionally, this study confirms that in dry straight turn-
ing of this steel (AISI H11) and for the cutting conditions
tested, the uncoated ceramic is better than coated ceramic
in terms of surface roughness and wear resistance. The
ratio mean value for RaCC650/RaCC6050 and RtCC650/
RtCC6050 is of (0.89 and 0.85), respectively.

2. The linear mathematical models developed for surface
roughness using regression analysis technique are very
useful for predicting new experiments. Close correlation
between predicted and measured values was established.

3. The 3D visualization map of the machined surface is an
important investigation tool. It confirmed some character-
istic features of surfaces produced with both inserts tested,
i.e., peaks and valleys.

4. Based on the response surface optimization and the com-
posite desirability method of RSM, the optimal turning
parameters of AISI H11 steel with two ceramic cutting
tools CC650 and CC6050, respectively, are found to be
Vc = (199.999 and 183.712) m/min, f = (0.08 and
0.081)mm/rev, ap= (0.1 and 0.101)mm, and r= (1.031
and 1.198)mm. The optimized responses are Ra= (0.2

Table 8 Confirmation
experiments Exp.

no.
Designing parameters For regression equations

Vc
(m/min)

f (mm/
rev)

ap
(mm)

r
(mm)

Exp. Pred. Error % Exp. Pred. Error
%

CC6050 CC650

Surface roughness (Ra)

1 129 0.09 0.15 0.8 0.47 0.4095 12.8723 0.45 0.4713 4.7333

2 153 0.11 0.25 0.8 0.57 0.5722 0.3860 0.57 0.5336 6.3860

3 195 0.18 0.4 0.8 1.44 1.2795 11.1458 0.97 0.9646 0.5567

4 129 0.09 0.15 1.2 0.37 0.3824 3.3514 0.37 0.4024 8.7568

5 153 0.11 0.25 1.2 0.45 0.4466 0.7556 0.39 0.3917 0.4359

Surface roughness (Rt)

1 129 0.09 0.15 0.8 2.77 2.7091 2.1986 2.81 2.7936 0.5836

2 153 0.11 0.25 0.8 3.32 3.3735 1.6114 3.32 3.2189 3.0452

3 195 0.18 0.4 0.8 7.56 6.3489 16.0198 5.32 5.2483 1.3477

4 129 0.09 0.15 1.2 2.28 2.3196 1.7368 2.46 2.5279 2.7602

5 153 0.11 0.25 1.2 2.88 2.7859 3.2674 2.51 2.5286 0.7410
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and 0.149)μm, and (1.126 and 1.283)μm for Rt, with
desirability value of (0.963 and 1).

5. Flank wear is an important factor to consider. Its evolution
damages the surface finish of the workpiece. Even so
when [VB] is 0.3 mm, the average roughness Ra did not
exceed 2.12 μm for CC6050.

6. From the confirmation test, it can be said that the empir-
ical models developed are reasonably accurate. The rela-
tive errors between experimental and predicted values for
(Ra) and (Rt) for both ceramic cutting tools (CC650 and
CC6050) are obtained in the range of [(0.4359 to
8.7568 %) and (0.5836 to 3.0452)] and [(0.3860 to
12.8723 %) and (1.6114 to 16.0198 %)], respectively.
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