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1. Introduction

The X2CrNil8-09 Austenitic Stainless Steel
(ASS) is an alloy having strategic qualities represented es-
sentially by a good resistance to corrosion and formability
along with numerous non-magnetic properties. All these
characteristics qualify this type of steel for interesting appli-
cations in diverse engineering fields (i.e. chemical equip-
ment, food processing, pressure vessels, cryogenic tanks,
paper industry, etc.). However, machining this type of ma-
terial is more difficult than other steels due of its great ten-
sile strength, its important rate of work hardening, its signif-
icant ductility along with its little thermal conduction and its
significant tendency of the built-up edge (BUE) formation.

Various investigations aiming to optimize the ma-
chinability of this type of material have been performed. I.
Korkut et. al. [1] studied the influence of the cutting speed
on both the wear of the tool and the surface roughness when
turning ASSX2CrNi18-09 using cemented carbide cutting
tools. A reduction in tool wear was witnessed when the cut-
ting speed is increased to 180 m/min. Surface roughness Ra
represented by its arithmetical mean deviation was found to
decrease with the increase of the cutting speed. Therefore, a
correlation was performed between the surface roughness,
the tool wear and the chips collected at three speeds of cut-
ting represented by 120m/min, 150m/min and 180m/min.
Using the L27 rectangular batch Taguchi design process, S.
Nayak, et. al. [2] examined the impact of machining param-
eters on material removal rate, cutting force and surface
roughness during dry machining of X2CrNi18-09 austenitic
stainless steel. The Grey relational analysis (GRA) was ap-
plied to enhance the parameters related to machining during
turning operation. A confirmatory test was performed to
back up the findings and an 88.78% improvement was ob-
served. A. Hamdan et. al. [3] applied the Taguchi statistical
method with the objective of optimizing the parameters re-
lated to large velocity machining of stainless steel employ-
ing coated carbide tool. The common rectangular array of
L9 (3% was employed, and the results were analyzed for the
optimization process using both the ratio of signal to noise
S/N response analysis and Pareto ANOVA. The feed rate f
was identified as more significant than the cutting speed Vc
and the depth of cut ap, while the lubrication mode did not
show any statistical significance.

Using the Taguchi method, P. Selvaraj et. al. [4]
took on to optimize the parameters related to dry turning of
two distinct levels of nitrogen alloyed duplex stainless steel.

The results achieved demonstrated the feed rate as the dom-
inating parameter affecting the surface roughness and the
cutting force Fc, while the cutting speed showed a signifi-
cant impact on tool wear. Furthermore, it was demonstrated
that the lubricating mode can have significant impact on the
indicators related to cutting performance. A. Xavior et. al.
[5] investigated the impact of coconut oil on both tool wear
and surface roughness while turning X2CrNi18-09 with a
carbide tool. They observed that the coconut oil showed bet-
ter performances than the other cutting fluids as it reduces
the wear while improving the surface finish. The optimiza-
tion of the cutting speed and feed rate with the objective of
obtaining favorable performance characteristics was more-
over recently reported by numerous researchers i.e. S. Kali-
dass et. al. [6], M. Rao and K. Venkata Subbaiah [7] and A.
Kulkarni et al. [8]. An interesting review was performed by
S. Chinchanikar et. al. [9] and Kribes et. al. [10] concerning
hardened steel machining.

Most of these studies, interested in evaluating the
machining performances involving the roughness of sur-
faces, the life of the tools, the cutting forces and the mor-
phology of the chip when machining hardened steel with di-
verse harnesses using coated carbide tools, have shown the
benefits of combining a low feed rate and depth of cut with
great cutting speeds.

Moreover, the experimental investigations show
the influence of the depth of cut and the work piece hardness
on the components of the cutting force. However, the work
piece hardness and the feed rate are found to be statistically
significant on the surface roughness. P. Selvaraj et. al. [11]
studied the surface roughness while dry turning X2CrNi18-
09 ASS operated by TiC (Titanium Carbide) and TiCN (Ti-
tanium Carbonitride) coated tungsten carbide cutting tools.
They concluded that feed rate was the most impacting pa-
rameter over the surface roughness along with the cutting
speed and the depth of cut.

In their investigations concerning dry turning using
coated carbide tools on duplex stainless steel while applying
the RSM method (Response Surface Methodology), M.
Krolczyk et. al. [12] observed that the feed rate was the prin-
cipal factor influencing the surface roughness. P. Selvaraj
et. al. [13] investigated the level of influence of the param-
eters related to machining represented by the spindle speed,
the depth of cut in the axial direction, the feed rate on the
surface roughness while end milling the duplex stainless
steel through the application of the RSM by the prediction
equation derived. They concluded that the feed rate is the
most significant factor influencing the surface roughness,
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followed by the depth of cut in the axial direction and the
spindle speed. With the objective of minimizing the surface
roughness while dry turning the X2CrNil8-09 stainless
steel, S. Waychal et. al. [14] identified the optima of the op-
eration parameters represented by the cutting speed and the
depth of cut as the most impacting factors on the surface
roughness. Subsequently, the better surface finish was found
at lower feed rates and large cutting speeds. K. SenthilKu-
mar et. al. [15] investigated the machining performance in-
dicators represented by the tool wear, surface roughness,
cutting zone temperature and force during hard turning of
super duplex stainless steel using uncoated carbide tool.
Their experimental results showed that the feed rate is the
most dominating factor that influences the surface rough-
ness, while the cutting zone temperature and the force act
along the ‘X’ axis. The tool wear was further demonstrated
to be highly influenced by the depth of cut.

In the present study, a model based on RSM is used
to derive a relationship linking the three cutting parameters
Ve, f, and ap and the cutting performance characterized by
the surface roughness Ra, the cutting force Fc, the specific
cutting force Kc and the cutting power Pc while turning the
X2CrNil8-09 ASS. The results achieved were analyzed and
optimized using the desirability method.

A complementary confirmation test is performed
to evaluate the predicted models.

2. Experimental procedure
2.1. Experimental setup

The experiment was performed using the lathe
‘TOS TRENCIN; model SN40C’ that develops a spindle
power of 6.6 kW and a maximum spindle speed of 2000
rpm. The insert used for cutting was a SANDVIK “Ti(C,
N)/A1203/TiN” CVD (Chemical Vapor Deposition) multi-
layer coated carbide referenced as GC2015 (SNMG 12-04-
08-MF) [16] . The inserts used for cutting were secured on
a tool holder designed PSBNR25x25M12. The workpiece
adopted is X2CrNi18-09 ASS with chemical composition
(0.02% C, 16.91% Cr, 7.69% Ni, 0.33% Si, 1.44% Mn,
0.41% Mo, 72.10% Fe and 1.1% other components). Its di-
mensions are 100 mm and 350 mm in diameter and length
respectively.

The mechanical and physical properties of the
workpiece are summarized in Table 1.

The three different components of forces repre-
sented by the cutting force Fc, the feed force Fa and the
thrust Fr were measured using a piezoelectric dynamometer
(Kistler, model 9121) represented in Fig.1. The measure-
ments were monitored continuously, and recorded in a
charge amplifier (model 5019) having three channels. A
two-dimensional roughness meter (MitutoyoSurftest-201)
was employed for the measurement of the surface roughness
Ra, in a direction parallel to the workpiece axis, according
to an examination length of 4 mm with a cut-off of 0.8 mm
and a measured range of 0.05-40 um. To achieve more ac-
curacy and eliminate errors, all the roughness measurements
were obtained directly on the same machine without dis-
mantling the workpiece.

Tool flank wear was evaluated by a binocular mi-
croscope (Visual Gage 250) equipped with Visual Gage
2.2.0 software.
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Table 1
Physical and mechanical properties of X2CrNi18-09
Modulus of elasticityat 20°C, E GPa 200
Thermal conductivity, 1 W.mtK1 15
Coefficientdilatation at 100°C, & | 10°6°C1 16
Elongation at break % 45
Hardness, Vickers HV 160-200

Input parameters: Ve, ap, £

workpiece and the cutting insert

White light interferometer

Multichannel charge amplifier
(model 5019)

!'Il E Output Fx, Fy,Fz
(% A \V, ST T —

Anova Modelling Optimisation

Fig. 1 Schematic diagram of the experimental arrangement

Moreover, and to better visualize the roughness of
the machined surfaces, an AltiSurf ® 500 optical metrology
device with a dynamic range of 50nm-300um was also used.
It allows a fine study of the 3D topography of surfaces ma-
chined.

The other aspects of machinability such as specific
cutting force Kc and cutting power Pc are calculated regard-
ing the obtained cutting force by application of Egs. (1) and
(2). The material removal rate (MRR) can also be computed
using Eq. (3).

ke——o__Fe 1)
S fxap
FcxVce
Pc = , 2
” )
MRR =Vc.f.ap, 3)

where: Kc is the specific cutting force, N/mm?; Fc is the cut-
ting force, N; S is the plane area of shear, mm?; Pc is the
cutting power, W; MRR is the material removal rate,
cm®/min; f is the feed rate; ap is the depth of cut and Vc is
the cutting speed.

2.2. Response surface methodology

The RSM is a combination of statistical and math-



ematical techniques applied for the development of mathe-
matical models for analysis and optimization. It was favour-
ably implemented for predicting and optimizing cutting pa-
rameters by S. Mukherjee et. al. [17] and P. G. Benardos et.
al. [18].

In this study, the RSM is applied to obtaining the
machinability performances of Ra, Fc, Kc, and Pc with the
three principal machining parameters represented by f, Vc
and ap. The relationship linking the three independent input
variables and the output ¢ is given as:

Q= f(Vc,f,ap)+eij, (4)
where: ¢ is the desired response and f the response surface;
eij Is representing the error. The approximation of the output
@ is performed by a fitted second-order polynomial regres-
sion, the quadratic model is expressed as:

k k k
p=ay+YaX +Ya, X +>a, XX, (5)

i=1 i=1 i+ ]

where: a, represents a constant; a;, ai;, and ajj represent the
coefficients of linear; quadratic and cross product terms re-
spectively. X;, X are the levels assigned to the factors (i and
)k

2.3. Design of experiments

The design of experiments is a standard tool to con-
ducting procedures in an optimum way with the objective of
investigating the response of the process parameters on the
output one. In the present case, L27 (3%°) Taguchi standard
rectangular array is adopted as the experimental design pro-
cedure for developing an RSM based mathematical ap-
proach. This plan possesses 27 rows and 13 columns [19].

Three levels are designated for each factor, and the
ranges of the selected one are established according to vari-
ous preliminary tests. The factors applied in the present in-
vestigation and their levels are illustrated in Table 2.

Table 2
Factor levels
pggr?g?elrs Cutting speed | Feed rate Depth of cut
Unit m/min mm/rev mm
Symbol Ve f ap
90 0.08 0.30
Levels 180 0.16 0.60
350 0.24 0.90

The experimental parameters and their correspond-
ing responses are displayed in Table 3. Its first column is
assigned to Vc, the second to f, and the third to ap. The re-
sults gathered for Ra and Fc are displayed in the fourth and
fifth columns. The sixth and seventh columns are assigned
to Kc and Pc respectively, while the last column is commit-
ted to the metal removal rate (MRR).

3. Results and discussion

The influence of the cutting conditions on Ra, Fc,
Kc, Pc and MRR obtained from the turning of ASS
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X2CrNil8-09 are displayed in Table 4. They are discussed
in the three following paragraphs related to variance analy-
sis, the equation of regression for various responses, and the
response surface analysis. The results obtained were ana-
lysed using the Design-expert 9 statistical analysis software.

3.1. Analyse of variance

Tables 4 to 7 present the results pertaining to the
application of ANOVA for Ra, Fc, Kc and Pc. Moreover,
the same tables also show the degrees of freedom (DF),
sums of square (SS), mean of square (MS), F-values and P-
values. The ratio of contribution of the different factors
(Cont.%) and their interactions are also displayed. The pur-
pose is to analyse the impact of the cutting parameters (Vc,
f and ap) on the different cutting outputs represented by Ra,
Fc, Kc, and Pc. The P-value represents a statistical index
employed in the ANOVA method. A lower value of the P-
value indicates the significance of the tested parameter (con-
sidered when P-value < 0.05). In this study, cutting param-
eters that possess a P-value below 0.05 will be considered
as significant. Therefore, it seems important to investigate
the effect of each cutting condition on the machining char-
acteristics.

ANOVA results displayed in Table 4 show that the
feed rate is the most influential factor affecting Ra. Similar
results were reported by Bouzid et. al. [20] and Berkani et.
al. [21]. Its contribution achieves 89.69% while that of the
interaction f2 is 3.02%. The cutting speed and depth of cut
were considered insignificant as their contributions were re-
spectively recorded as 0.41% and 0.02%.

The impact of the cutting conditions on the cutting
force shows that the cutting speed displays a small effect
compared to that of both the feed rate and the depth of cut.
This is clearly shown in the ANOVA analysis results dis-
played in Table 5. Moreover, the depth of cut and the feed
rate display contribution ratios of 46.46% and 39.04% re-
spectively, while that of the cutting speed reaches only
1.52%.

The ANOVA results concerning the specific cut-
ting force and the cutting power are displayed in Tables 6
and 7 respectively. Table 6 clearly shows that the feed rate
develops a significant influence on the specific cutting force
with a contribution of 38.47%, the depth of cut comes sec-
ond with (16.43%) followed by the cutting speed (7.89%).
However, and from the results displayed in Table 7, the cut-
ting speed is the most important parameter affecting the cut-
ting power with a contribution of 39.32%. It is followed by
the depth of cut with a contribution of 27.50% and finally
the feed rate with 23.18%. The depth of cut with a contribu-
tion of 27.50% and the feed rate with 23.18% come last.

3.2. Regression equation for the various responses

The functional relationships combining the de-
pendent variables Ra, Fc, Kc and Pc to the investigated in-
dependent variables Vc,f and ap are developed and united
through the correlation coefficients R? which represent the
regression accuracy. The different quadratic models ob-
tained from the statistical analysis are used to predicting the
Ra, Fc, Kc and Pc in view of the parameters investigated.
The models, their determination coefficients and diverse
cutting parameters are expressed by Egs. (6) to (9).
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0

Orthogonal arrays for responses

Table 3

Test No Proc;ess parameter settings Machinability characteristics .
" | Ve,m/min | f, mm/rev | ap, mm Ra, pm Fc, N Kc, MPa Pc, W MRR, cm®/min
1 90 0.08 0.3 0.82 92.31 3846.25 138.47 2.16
2 90 0.08 0.6 0.62 131.56 2740.83 197.34 4.32
3 90 0.08 0.9 0.79 208.50 2895.83 312.75 6.48
4 90 0.16 0.3 1.60 130.60 2720.83 195.90 4.32
5 90 0.16 0.6 1.99 214.00 2229.17 321.00 8.64
6 90 0.16 0.9 1.28 366.49 2545.07 549.74 12.96
7 90 0.24 0.3 3.63 195.69 2717.92 293.54 6.48
8 90 0.24 0.6 3.13 330.22 2293.19 495,33 12.96
9 90 0.24 0.9 2.39 538.58 2493.43 807.87 19.44
10 180 0.08 0.3 0.66 74.50 3104.17 223.50 5.28
11 180 0.08 0.6 1.00 147.89 3081.04 443.67 10.56
12 180 0.08 0.9 0.55 217.04 3014.44 651.12 15.84
13 180 0.16 0.3 1.24 128.37 2674.38 385.11 10.56
14 180 0.16 0.6 1.84 217.31 2263.65 651.93 21.12
15 180 0.16 0.9 1.61 325.18 2258.19 975.54 31.68
16 180 0.24 0.3 3.32 190.84 2650.56 572.52 15.84
17 180 0.24 0.6 3.19 346.24 2404.44 1038.72 31.68
18 180 0.24 0.9 3.36 497.38 2302.69 1492.14 47.52
19 350 0.08 0.3 0.51 90.35 3764.58 527.04 8.4
20 350 0.08 0.6 0.53 127.91 2664.79 746.14 16.8
21 350 0.08 0.9 1.36 177.13 2460.14 1033.26 25.2
22 350 0.16 0.3 1.81 120.68 2514.17 703.97 16.8
23 350 0.16 0.6 1.59 170.30 1773.96 993.42 33.6
24 350 0.16 0.9 1.58 300.32 2085.56 1751.87 50.4
25 350 0.24 0.3 3.60 159.04 2208.89 927.73 25.2
26 350 0.24 0.6 3.19 300.03 2083.54 1750.18 50.4
27 350 0.24 0.9 3.58 429.37 1987.82 2504.66 75.6
Table 4
ANOVA table for Ra
Source SS DF MS F-value | P-value | Cont.% | Remark
Model 30.08 9 3.34 41.66 < 0.0001 Significant
Ve 0.13 1 0.13 1.56 0.2288 0.41  |Insignificant]
f 28.20 1 28.20 351.48 | <0.0001 89.69 | Significant
ap 0.0082 1 0.0082 0.10 0.7527 0.02 |Insignificant
Vex f 0.082 1 0.082 1.02 0.3269 0.26  |Insignificant
Vcap 0.33 1 0.33 4.14 0.0579 1.04  |Insignificant
f xap 0.31 1 0.31 3.87 0.0657 0.98 |Insignificant
Vc? 4.249e-08 1 4.249e-08 | 5.297e-07 | 0.9994 0.00 [Insignificant
f2 0.95 1 0.95 11.80 0.0032 3.02 Significant
ap? 4.091e-03 1 4.091e-03| 0.051 0.8240 0.01 |Insignificant
Error 1.36 17 0.080
Total 31.44 26 100
Table 5
ANOVA table for Fc
Source SS DF MS F-value | P-value |Cont. % Remark
Model | 4.017e+05 9 44632.6 | 285.46 | <0.0001 Significant
Ve 6153.84 1 6153.84 39.36 | <0.0001 | 1.52 Significant
f 1.579e+05 1 |1.579+05| 1009.5 | <0.0001 | 39.04 Significant
ap 1.879e+05 1 [1.879e+05| 1201.7 | <0.0001 | 46.46 Significant
Vexf 1715.52 1 1715.52 10.97 0.0041 0.42 Significant
Vexap | 2182.85 1 2182.85 13.96 0.0016 0.54 Significant
f xap 27480.2 1 27480.2 | 175.75 | <0.0001 | 6.79 Significant
Ve? 194.22 1 194.22 1.24 0.2806 0.04 Insignificant
f2 1757.65 1 175765 | 11.24 0.0038 0.43 Significant
ap? 1364.54 1 1364.54 8.73 0.0089 0.33 Significant
Error 2658.04 17 156.36
Total | 4.044e+05 | 26 100
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Table 6
ANOVA table for Kc
Source SS DF MS F-value | P-value |Cont. % Remark
Model | 5.367e+06 9 |5.964e+05| 14.24 <0.0001 Significant
Ve 4.799e+05 1 |4.799+05| 11.46 0.0035 7.89 Significant
f 2.339e+06 1 |2.339e+06| 55.83 <0.0001 | 38.47 Significant
ap 9.991e+05 1 ]9.991e+05| 23.85 0.0001 16.43 Significant
Vexf | 42295.6 1 42295.6 1.01 0.3290 0.69 Insignificant
Vexap 47557.3 1 47557.3 1.14 0.3015 0.78 Insignificant
f*xap | 2.005e+05 1 [2.005e+05 4.79 0.0429 3.29 Significant
Vc? 5973.02 1 5973.02 0.14 0.7104 0.09 Insignificant
2 8.029e+05 1 |8.029e+05| 19.17 0.0004 13.20 Significant
ap? 4.961e+05 1 |4.961e+05| 11.84 0.0031 8.16 Significant
Error | 7.121e+05 17 41885.7
Total | 6.079e+06 26 100
Table 7
ANOVA table for Pc
Source SS DF MS F-value | P-value |Cont. % Remark
Model | 8.096e+06 9 ]8.995e+05| 125.81 | <0.0001 Significant
Ve 3.231e+06 1 |3.231e+06| 451.94 | <0.0001 | 39.32 Significant
f 1.905e+06 1 [1.905e+06| 266.49 | <0.0001 | 23.18 Significant
ap 2.260e+06 1 |2.260e+06| 316.15 | <0.0001 | 27.50 Significant
Vexf | 3.084e+05 1 |3.084e+05| 43.14 <0.0001 | 3.75 Significant
Vexap | 3.628e+05 1 |3.628e+05| 50.74 <0.0001 | 4.42 Significant
fxap | 3.017e+05 1 |3.017e+05| 42.20 <0.0001 | 3.67 Significant
Vc? 16712.2 1 16712.2 2.34 0.1447 0.20 Insignificant
2 22367.5 1 22367.5 3.13 0.0949 0.27 Insignificant
ap? 11015.8 1 11015.8 1.54 0.2314 0.13 Insignificant
Error | 1.215e+05 17 7149.60
Total | 8.217e+06 | 26 100
Ra =0.96-0.003Vc —1.79f +0.42ap +62.06 f > +0.007Vc x f +0.004Vcxap —6.70 f xap ©)
R? = 0.9566 ’
Fc =65.56+0.416Vc—623.61f —102.02ap —0.0003Vc” + 2674.30 f > x ap +1993.92 f x ap 0
R? = 0.9934 '
Kc = 6255.76 +1.51Vc — 2482.552 f —5137.25ap —0.002Vc® +57157.89 f * + 3194.8ap” —
—-5.62Vcx f —1.58Vcxap +5385.97 f xap (8)
R? =0.8829
Pc = 688.83—0.26Vc —6258.32 f —1403.89ap —0.003Vc? —9540.10 f 2 + 476.09ap” +
+15.17Vex f +4.39Vcx ap +6606.80 f x ap 9

R? =0.9852

The probability illustrations of the predicted re-
sponses for Ra, Fc, Kc and Pc are displayed in Figs. 2, a to
2, d respectively. The data are found to closely follow a
straight line. The null hypothesis indicates that the data dis-
tribution law is normal, while the alternative one means it is
abnormal. The P-value being greater than that of the degree
of significance (a=0.05), the null hypothesis is acknowl-
edged which leads to consider the data as following a nor-
mal distribution.

Figs. 3 and 4 compare the results of the measured
and predicted results pertaining to Ra and Fc respectively.
The analogy of the results leads to confirm that the models
proposed are adequate.

3.3. Responses surface analysis
3.3.1. Surface roughness

The surface roughness estimated response surfaces
with respect to the cutting parameters Vc, f and ap are shown
in Fig. 5. They show the feed rate as the most important pa-
rameter that influences the machined surface. It is noticed
that with a low feed rate, the surface machined develops a
better quality of surface. The same results have been re-
ported by Z. Hessainia et. al. [22] and M.Y. Noordin et. al.
[23].
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Fig. 3 Comparison between the predicted and measured val-
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Fig. 4 Comparison between the predicted and measured
values for the cutting force Fc

Low cutting speeds may lead to high surface
roughness because of the presence of built up edge (Fig. 6,
b) on the rake face, and this is the consequence of the high
ductility of ASS as reported by H. Gokkaya [24] and J. Paro
et. al. [25].

The increase in surface roughness with that of the
cutting speed may be the result of the presence of micro-
welds on the surface machined because of the high temper-
atures in the cutting zone and the breaking of BUE (Fig. 6,
a). Moreover, this increase may be the consequence of the
cutting tool nose whose wears increases thus leading to a
poor surface finish as reported by E. Ezugwu et. al. [26].
X2CrNil18-09 great surface roughness results illustrate the
high ductility nature of ASS that increases the trend to build
a large and unstable BUE, producing a poor surface finish
[27].

The continuous friction at the interface tool/chip
increases the temperature. Consequently, and because of
both the high ductility and deformation modulus of materi-
als such as X2CrNi18-09, it can stick on either the tool beak
or the rake face generating BUE or micro-welding spots.

3.3.2. Tangential cutting force

The 3D surface plot displayed in Fig. 7 exhibits the
cutting parameters impact on the cutting force. The variation
of this latter with the cutting conditions is linear, increasing
with both the feed rate and the depth of cut. This behavior is
the result of the increase of the ship section [28]. Further-
more, Fig. 7 shows the feed rate as having a small influence
on Fc compared to that of the depth of cut, confirming the
results developed previously by the ANOVA application.
Moreover, the impact of Vc on the Fc is weak. Indeed, the
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growth of Vc contributes to a decrease of Fc because of the
increase of the cutting zone temperature that results in the
mollifying of the workpiece. This allows removing the ma-
terial using lower Fc. Similar observations have been re-
ported by A. EI-Tamimi et al. [29] and S. Swapnagandha et.

al. [30]. They recorded high forces at reduced cutting
speeds.

a) Micro-welds b) Built-up-edge

Fig. 6 Representation of the micro-weld on the machined
surface and the built-up edge on the cutting insert
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This is a consequence of the chip remaining large
times in the tool rake face that leads to an increase of the
contact tool-chip length which in turn raises the friction be-

tween ends of the chip with the tool resulting in higher
forces.

3.3.3. Power and specific cutting force

The variation of the power with the various cutting
parameters (Fig. 8) shows that the power increases with the
diverse cutting parameters. It looks clear from the surface

plots that ap is the preponderant parameter affecting Pc as
it raises with the tangential force.
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The impact of the considered cutting parameters
Ve, f and ap on Kc is displayed in Fig. 9. It may be noticed
that the feed rate affects considerably Kc as it reduces while
f increases as reported by J. Kaczmarek [30]. Moreover, the
growth of the feed rate generates higher friction between the
material being removed and the cutting tool.

Kc (MPa)

0.24 350

0.16
f (mm/rev)

220
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0.08 ~ 90

a) ap=0.6 mm

Kc (MPa)

350

ap (mm) et Ve (m/min)

b) f=0.24 mm/rev

Kc (MPa)

0.24

f (mm/rev)

0.3 0.08
¢) Vc=90 m/min

Fig. 9 Surface and contour plots of Kc

It looks clear from the analysis illustrated in Fig.9

f (mm/rev)

0.3 0.08
¢) Vc=90 m/min
Fig. 8 Surface and contour plots of Pc

that higher cutting speeds along with high feed rates lead to
a reduction of the cutting force and consequently that of the
specific cutting force. This is the result of the heat genera-
tion produced by the tool-chip friction within the range of
the cutting speed, and is the consequence of the low thermal



conductivity of the steel X2CrNi18-09 represented in Ta-
ble 1.

3.3.4. Material removal rate

Fig. 10 represents the variation of MRR expressed
in Eq. (3) at different cutting conditions. The MRR is seen
increasing with the cutting parameters Vc, f and ap. In this
case, the ap is the most important parameter affecting MRR,
followed by the feed rate and finally the cutting speed. The
depth of cut being generally limited by the couple of tool-
workpiece, its reaching the highest permitted level leads the
feed rate to become the MMR most influencing parameter.
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Fig. 10 Surface and contour plots for MRR
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4, Confirmation tests

In order to validate the mathematical models ob-
tained through the application of Egs. (6) to (9), confirma-
tion tests were performed for Ra, Fc, Kc and Pc. The cutting
parameters adopted in the confirmation tests of turning are
displayed in Table 8 while the results gathered are shown in
Fig.11 where a comparison of the predicted values resulting
from the application of the model developed and the exper-
imental data is performed.

Table 8
Cutting conditions used in turning confirmation tests
Test N Ve, m/min F, mm/rev ap, mm
Tl 160 0.08 0.3
T2 230 0.08 0.3
T3 230 0.16 0.3

The results displayed in Fig. 11 show the predicted
error varying between a maximum of 4.48% and a minimum
of 0.45% for Ra. The same errors are found to vary between
7.86% and 2.84% for Fc, 6.93% and 0.35% for Kc, and
14.06% and 3.4 8% for Pc. Consequently, the Egs. applied
(6), (7), (8) and (9) can be considered as correlating the de-
velopment of Ra, Fc, Kc and Pc with the cutting parameters
with a reasonable degree of approximation (Fig. 11).

In addition to the results concerning the surface
roughness shown in Fig. 11, a non-contact three-dimen-
sional white-light interferometer (Altisurf 500) with a sen-
sor having a dynamic range of 50 nm-300 um was employed
to investigate the surface topography.

) / mTest 1
15,00% 1~ WTest2
S 1000% ¥ Test3
E 500% 1 il llI ll
- //-/ -

0,00%
Ra Fc Kc Pc
Cutting performance

Fig. 11 Errors between predicted and experimental results

Fig. 12 shows the 3D surface roughness profiles af-
ter machining with various cutting speeds and feed rates.
For a high feed rate corresponding to f= 0.20 mm/rev, the
shape of the profile is periodical with well-defined peaks
and valleys. The spacing between two peaks is found equal
to the feed rate (Fig. 12, b and c¢). Similar results were re-
ported by [32—35] where the surface roughness Ra is greater
than that of the surfaces machined with low feed rates
(Fig. 12, a and d) where corrugations and surface roughness
Ra are small.

5. Multi response optimizations

The desirability function is extensively used in the
industry for the optimization of multiple response processes.
Diverse desirability functions were proposed by G. Derrin-
ger and R. Suich [36].

The present investigation applied the RSM desira-
bility function optimization for Ra, Fc, Kc, Pc and MRR.
The main goal was to finding out the optimal values for the
cutting parameters that minimize the surface roughness
(quality optimization) while simultaneously maximize MRR



um Longueur =3.200 mm Pt =2.793 pm Echelle = 5.000 pm

um Longueur =3.200 mm Pt=5.752 um Echelle = 10.000 um

24 5
15 49

1 n T , ‘ ;
02 “M““\‘w A ‘(\\ ] A A I 3‘\M I \‘H\Jr\‘. I Al A M\M WAl 8wl \h‘ 7l iA
08 \‘M' \vw\“, vy Ty Wv‘yv ‘U‘ 'VU \H‘u"“ w“‘/ [ \/J ‘\um"\\“ ‘.‘f,‘wd“‘\v(\“/ (W \“‘rwﬁl\f “‘/ U i

1 ! | \ v N‘ 21
15

-2 -3
-25 T T T T T T 1 T T T T T T

o 0.25 05 0.75 1 125 15 175 2 225 25 275 3mm 0 0.25 05 0.75 1 125 15 175 2 225 25 275 3mm

1SO 4287 1SO 4287

Parameters of amplitude-profile of roughness Parameters of amplitude-profile of roughness

Ra [0321 [ um [ Gaussian filter. 0.8 mm Ra [ 1493 [ um | Gaussian filter. 0.8 mm

a) Vc=140 m/min, f=0.08 mm/rev, ap=0.3 mm

um Longueur =3.200 mm Pt =1.200 um Echelle =2.000 um

0.75
0% i [V \ el \
] ot Ay s SN
ALY A Y A Y W BV B W AR VAR N AN A
=V AP
-0.75 7
14 T T T T T T
o 0.25 05 0.75 1 125 15 175 2 225 25 275 3mm
1SO 4287
Parameters of amplitude-profile of roughness
Ra [0.225 | um | Gaussian filter. 0.8 mm

¢) Vc=280 m/min, f=0.08 mm/rev, ap=0.3 mm

b) Vc=140 m/min, f= 0.2 mm/rev, ap=0.3 mm

um Longueur = 3.200 mm Pt=4.738 ym Echelle = 10.000 pm

1SO 4287
Parameters of amplitude-profile of roughness
Ra [ 1.299 | um [ Gaussian filter. 0.8 mm

d) Vc=280 m/min, f=0.2 mm/rev, ap= 0.3 mm

Fig. 12 2D and 3D surface roughness

(Productivity optimization). Table 10 shows the optimiza-
tion constraints for the above-cited cutting parameters.

As displayed in Table 9, three configurations are
investigated. The first one concerns the quality optimization
recommended for achieving an improved surface quality
and reduced productivity with a desirability of (1). The sec-
ond configuration is represented by the optimization of
productivity that should drive to boost productivity but and
unfortunately loses surface quality with a desirability of (1).
The last configuration deals with an arrangement between

the surface quality and the productivity, and this is what es-
sentially interests the actual research as it puts together best
surface quality and maximum productivity. With this goal
in mind, the optimum cutting parameters obtained are de-
fined by a cutting speed of 350 m/min, a feed rate of 0.088
mm/rev and a depth of cut of 0.9 mm. The optimized param-
eters Ra, Fc and MRR are equal to 1.097 um, 187.537 N,
and 27.577 cm®/min respectively. Table 10 summarizes the
results for each type of optimization.

The graphic ramp functions for Ra and MRR over-
all desirability is illustrated in Fig. 13 with the red dots
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Table 9
Constraints for optimization of cutting conditions
- - Importance
Name Goal Lower Limit | Upper Limit Quality Proguctivity Combined

Ve, m/min in range 90 350 3 3 3

f, mm/rev in range 0.08 0.24 3 3 3

ap, mm in range 0.3 0.9 3 3 3

Ra, pm Minimize 0.51 3.63 5 - 5

Fc, N Minimize 74.5 538.58 - - 5

MRR, cm®/min | Maximize 25.12 452.16 - 5 5
M N Using bars, Fig. 15 plots the desirability for the cut-
® oo ting conditions and the responses together with a combined

e =30 1=oourser desirability of 0.727.

Ciap = 0899998 Ra= 109664

T T .

745 538.58 216 756

0.811974

0.756428

Fc = 187.537 MRR = 27.5772

Desirability = 0.727

Combined

Fig. 13 Ramp function graph (Multi-objective)
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Table 10 . S S
Optimization results Fig. 15 Bar graph of desirability (multi-objective)
peggrﬁ't]iqurs Responses 6. Evolution of flank wear and roughness as a function

of time
Optimization| Vc | f | ap | Ra | Fc | MRR [Desirability

Flank wear VB is an important measurement of cut-

Productivity| 350 |0.24) 09 ] - | - 7560 1 ting tools life. It is usually seen at the front face of the cut-
Quality |3500.08( 0.3 0.451 . - 1 ting inserts.
Combined | 350 [0.088| 0.9 [1.097|187.52|27.557| 0.727 The investigation of the evolution of the flank wear

and surface roughness Ra as a function of time needed car-
rying out long-term tests on workpiece of length L=400 mm
with the same feed rate, the same depth of cut and different
cutting speeds.

shown for the cutting velocity, the feed rate and the depth of
cut curves representing the optima. The optima correspond-
ing response for Ra and MRR are described by the blue dots.

The contour graphs presented in Fig. 14 represent 0.6 - —t—Vc=280m/min

both the cutting speed and the feed rate optima. Moreover, L .
they show the development of the opportunity value for Ra 0.5 —#—Ve=330m/min
and MRR with that of the number of revolutions and feed | = [VB]=0.3
spindle. 0.4 - [
026 =
503 -
N
0,2
0,1 -
g 0 . . . .
S 0 20 40 60 80

Time, min
Fig. 16 Evolution of the flank wears as a function of time

Fig. 16 displays the flank wear VB in terms of the
machining time for the two cutting speeds Vc=280 m/min
and Vc=330 m/min. It shows that the increase of the cutting
speed leads to that of the flank wear. At Vc = 280 m/min,
the chip obtained is found to be long and the developed wear
Fig. 14 Desirability contour (multi-objective) exhibits a band on the surface of the tool (Fig. 17). The tool
life of the carbide GC 2015 is found to last 44 minutes.

Ve (m/min)



At Vc= 330 m/min, the carbide coating GC2015
detaches quickly due to the high temperature in the cutting
area (Fig. 18). A tool life of 24 minutes was recorded for the
GC2015 carbide at an admissible wear of VB =0.3 mm.

t =40min \

£ )

t =60min

Fig. 17 Evolution of wear VB at Vc=280 m/min, f=0.08
mm/rev and ap=0.2 mm

t=12min

t =8min

Fig. 18 Evolution of flank wear VB at Vc=330 m/min,
f=0.08 mm/rev and ap=0.2 mm

Fig. 19 shows the evolution of the machined sur-
face roughness in terms of cutting time for the GC2015.
Roughness curves are found to be almost identical to those
of the flank wear, and this shows the relationship of this lat-
ter to the cutting time. As the machining time increases, the
friction also increases giving birth to the diverse wear mech-
anisms that lead to the degradation of the machined surface.

¥ —4—Vc=280m/min
37 ==YV c=330m/min
2,5 -
§ 2-
S 1.5 -
1-
0.5 A
0 T T T )
0 20 40 60 80

Time, min

Fig. 19 Evolution of the roughness as a function of time

At the cutting speed V¢ = 280 m/min, the increase
in flank wear introduces a deterioration of the surface con-
dition leading to the sticking of the micro-welds on the ma-
chined surface of the workpiece (Fig. 6). For the admissible
flank wear VB= 0.3 mm, the tool life of GC2015 is noticed
att =44 min and Ra = 1.7 pm. At the end of the machining
operation that corresponds to a time of 60 minutes and a
flank wear of 0.51 mm, the roughness is found to be
Ra=2.90 pm.

At Vc= 330m/min, the increase in flank wear leads
to an increase in roughness criteria. For a flank wear of 0.3
mm (which corresponds to a tool life t=24 min), the Ra
value is 1.8 um. At the end of the machining (for a time of
28 minutes) and a flank wear of 0.45 mm, Ra reaches
1.97 um.

7. Conclusions

The optimization of the machinability and part
quality has been investigated for the coated carbide tools
turning of the X2CrNil18-09 stainless steel. The results
achieved led to the following conclusions:

The analysis proved that the feed rate is the most
important parameter influencing the surface roughness with
an 89.69% contribution in the total model variability. The
cutting speed and the depth of cut follow with contributions
of 0.41% and 0.02% respectively. The cutting force was
highly affected by the depth of cut. Its contribution was
46.46%followed by the feed rate (39.04%).

The cutting force was highly influenced by the
depth of cut. Its contribution was 46.46% followed by the
feed rate (39.04%). The cutting speed develops a small con-
tribution (1.52%). Initially, the cutting force increases with
both the depth of cut and the feed rate to decrease later when
the cutting speed increases. This reduction is probably a
consequence of the development of the temperature in the
cutting zone that leads to the mollifying of the workpiece.

The feed rate develops the highest influence on the
specific cutting force achieved with a contribution of
38.47% followed by the depth of cut (16.43%) and finally
the cutting speed (7.89%). At high cutting speeds and low
feed rate, the cutting force is found smaller which leads to
the reduction of the specific cutting force.

The cutting speed is the parameter most affecting
the power with a contribution of 39.32%, while the depth of
cut develops 27.50% and the feed rate 23.18%. The devel-
opment of the parameters under investigation leads that of
the cutting power required to perform the machining opera-
tions.

The confirmation tests demonstrate that the error
related to surface roughness Ra reaches a maximum of
4.48% and a minimum of 0.45% for the cutting force Fc op-
tima of 7.86% and 2.84%, the specific cutting force Kc op-
tima of 6.93% and 0.35%, and for the cutting power Pc op-
tima of 14.06% and 3.48%.

The response optimization shows that a maximum
quality leads to an important productivity loss and vice-
versa. To overcome this problem, a compromise is required
between part quality and productivity. The optimal cutting
parameters that combine best quality along with best
productivity are found to be Vc=350 m/min, f=0.088
mm/rev, and ap=0.9 mm.

The flank wear of the CVVD-coated carbide tool
(GC2015).is found to increase with both cutting speed and
cutting time. The results show that a higher tool life (t=44
min witch give a roughness Ra =1.70 pum) is observed at
Vc=280 m/min, f=0.08 mm/rev and ap=0.2 mm.

At low cutting speeds, the formation of micro weld
is noticed, resulting in a deterioration of the roughness of
the workpiece surface.

The influence of the feed rate on surface roughness
can be visualised by the 3D topographic map of the ma-
chined surface.
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DRY TURNING OF X2CRNI18-09 USING COATED
CARBIDE TOOLS: MODELLING AND
OPTIMIZATION OF MULTIPLE PERFORMANCE
CHARACTERISTICS

Summary

The present paper investigates the cutting parame-
ters pertaining to the turning of X2CrNil8-09 austenitic
stainless steel that are studied and optimized using both
RSM and desirability approaches. The cutting tool inserts
used are the CVD coated carbide. The cutting speed, the
feed rate and the depth of cut represent the main machining
parameters considered. Their influence on the surface
roughness and the cutting force are further investigated us-
ing the ANOVA method. The results obtained lead to con-
clude that the feed rate is the surface roughness highest in-
fluencing parameter with a contribution of 89.69%. The
depth of cut and the feed rate are further identified as the
most important parameters affecting the cutting force with
contributions of 46.46% and 39.04% respectively.

The quadratic mathematical models presenting the
progression of the surface roughness and the cutting force
and based on the machining parameters considered (cutting
speed, feed rate and depth of cut) were obtained through the
application of the RSM method. They are presented and
compared to the experimental results. Good agreement is
found between the two sections of the investigation.

Furthermore, the flank wear of the CVD-coated
carbide tool (GC2015) is found to increase with both cutting
speed and cutting time. A higher tool life represented by
t=44 min is observed at cutting speed, feed rate and depth of
cut of 280 m/min, 0.08 mm/rev and 0.2 mm respectively.
Moreover, and at low cutting speeds, the formation of micro
weld is noticed and leads to an alteration of the surface
roughness of the work piece.

Finally, optimizing the machining parameters with
the objective of achieving an improved surface roughness
was accomplished through the application of the Desirabil-
ity Function approach. This enabled to finding out the opti-
mal parameters for maximal material removal rate and best
surface quality for a cutting speed of 350 m/min, a feed rate
of 0.088 mm/rev and a depth of cut of 0.9 mm.

Keywords: machinability; austenitic stainless steel; CVD
coated carbide tool; ANOVA,; RSM; desirability approach.
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