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Nomenclature

Ve is a cutting speed (m/min); 7 is a tool tip radii
(mm); ap is a cutting depth (mm); f'is a feed rate (mm/rev);
ANN is an artificial neural network; RSM is a response sur-
face methodology; HRC is rockwell hardness; ANOVA is
analysis of variance; DF is a desirability function; F value
is a ratio of mean square of regression model; SC is a sum
of squares; SS is a sequential sum of squares; MS is a mean
squares; p value is a probability value; « is a clearance angle
(degree); yis a rake angle (degree); A is an inclination angle
(degree); z, is a cutting edge angle (degree); Ra is an arith-
metic mean roughness (um); VB is a tool flank wear (mm);
R?is a determination coefficient (%); Co-Cr-W alloy is Stel-
lite 6.

1. Introduction

Applications in the aviation field have evolved sig-
nificantly due to the increasing passenger capacity and flight
range. One of the key factors in this evolution has been the
development of materials science for aeroengines. Typi-
cally, components of aeroengine systems are made of
nickel-, titanium-, cobalt-, and iron-based alloys, depending
on their mechanical and thermal requirements.

Cobalt alloys are widely used in the aerospace in-
dustry for applications requiring excellent mechanical
strength at high temperatures. However, these alloys are
also known to be difficult to machine. The main problems
in relationship with dry machining of cobalt alloys are low
material removal rates and limited tool life. The low thermal
conductivity (about 15 W/m K) and the high chemical affin-
ity for many materials often lead to the formation of a layer
of adhesion on the surface of the tool, which causes prema-
ture wear of the tool [1].

Cobalt-based alloys are extensively used in the aer-
ospace industry, accounting for approximately 75% of the
weight in aerospace applications and 50% in modern jet en-
gines. Co-Cr-Mo alloy Stellite 6 has a high strength-to-
weight ratio, excellent resistance to elevated temperatures
and creep, and outstanding corrosion resistance.

Furthermore, properties like high mechanical
strength, fracture toughness, ductility, hardenability and low
thermal conductivity may have a negative impact on ma-
chinability. To overcome the problems of poor machinabil-
ity and reduced tool life, it is essential to find the optimum

combination of cutting strategies using the most appropriate
insert.

Cobalt alloys are known for their hardness and
toughness causing a bad machinability and an increasing in
the production cost of fabricated parts.

Bagci and Aykut [2] improved the surface rough-
ness by varying the cutting speed, feed rate, and depth of cut
using the Taguchi optimization method. The tool used in all
tests had a TiN coating, coated with PVD. The experiments
were optimized with the parameters calculated for a reliabil-
ity 0of 95%, and the measured roughness (Ra) was 0.143 um.

Bagci and Aykut [2] conducted an analysis of tool
wear, cutting forces, and chip morphology resulting from
optimizations in cutting parameters. They performed ninety
experiments with different cutting parameters, using both
uncoated and PVD-coated carbide tools. Aykut et al. [3] op-
timized the values of cutting forces and workpiece rough-
ness using different combinations of cutting speed, feed, and
depth of cut, with uncoated carbide tools, aided by mathe-
matical models. They found that the main factor influencing
roughness was the feed.

Folea et al. [4] investigated the impact of cutting
speed, feed, and depth of cut on the roughness of alloy FSX
414. Coated carbide tools (Ti PVD) were used with various
combinations of cutting parameters, and the surface finish
quality was measured after each pass. A statistical analysis
was conducted to determine the effect of the parameters on
the surface finish quality.

Shao et al. [5] investigated cobalt alloy Stellite12
using coated and non-coated cutting tools with different cut-
ting parameters. The inserts used were uncoated tungsten
carbide inserts (YT726 and YG610) and a TiAlN-coated
carbide insert (SNMG150612-SM1105). The study meas-
ured tool flank wear using an optical microscope. Inserts
referenced YG610 showed less wear than those of YT726
for all cutting conditions tested. In uncoated tools, tool
breakage was caused by the progression of flank wear. At
high cutting speeds, diffusion and chemical wear were the
dominant factors.

Chavoshi [6] utilised mathematical models to pre-
dict the roughness of a part by varying cutting parameters,
using inserts coated with TiN by PVD. Experimental con-
firmation was then carried out to verify the consistency of
the mathematical models. The results showed that the cut-
ting speed and cutting depth were the parameters that most
influenced tool wear.



Ozturk [7] investigated the influence of cutting pa-
rameters on roughness when machining the cobalt alloy
Stellite 6 using two different cutting tools: ceramic rein-
forced with whisker and tungsten carbide. The cutting speed
and feed were varied, and roughness was measured for each
test. Theoretical values were calculated using the Taguchi
methodology. Results showed that ceramic tools outper-
formed tungsten carbide tools for the same cutting parame-
ters, with feed having the greatest influence on roughness.

Bordin et al. [8] conducted a study on the influence
of cutting speed and feed on surface integrity during the cut-
ting of ASTM F1537 alloy. They analyzed surface finish,
subsurface microhardness, and residual stresses while vary-
ing process parameters. The cutting time was established as
three minutes. The study revealed that the feed rate was the
primary factor affecting the roughness of the surface. It was
observed that the smoothest surface was achieved with the
lowest feed rate. Additionally, the lowest roughness was ob-
served with the highest cutting speed.

Sarikaya and Giillii [9] investigated the influence
of cutting speed and coolant flow on mean roughness (Ra)
using minimum quantity lubrication (MQL) coolant and an
uncoated carbide tool. Three different types of lubricants
were tested: mineral oil, mineral oil with synthetic ester, and
vegetable oil. Cutting speed and fluid flow were varied
while maintaining a constant feed and depth of cut. The op-
timal combination for reducing tool wear and surface rough-
ness was achieved by using vegetable-based cutting fluid at
maximum flow rate and minimum cutting speed.

Sarikaya and Giillii [10] investigated the effect of
cutting parameters on surface roughness using uncoated car-
bide inserts (SNMG 120408-QM). The Ra roughness anal-
ysis was performed under both dry and flood cooling condi-
tions. The results showed that the lowest roughness values
were achieved with medium cutting speed and minimum
feed, while the use of coolant further improved the surface
quality. However, at high cutting speeds, the roughness in-
creased due to tool wear progression.

Sarikaya et al. [11] conducted an analysis of wear
and roughness using three different lubrication-cooling
methods: dry, flood cooling, and MQL. They varied cutting
speed and feed while using the same insert class as in previ-
ous research. The MQL lubrication-cooling method yielded
better results than the other methods. However, at very high
or very low cutting speeds, there was an increase in rough-
ness and tool wear. In general, the lowest roughness values
were observed with the lowest feeds. After applying the
Taguchi method for optimization, the ideal combination for
achieving the lowest roughness was found to be the use of
the MQL method, medium cutting speed, and low feed. To
minimize tool wear, it is recommended to use the MQL
method with minimum cutting speed and the highest feed.

Other authors, Yingfei et al. [12] investigated the
impact of cutting parameters on tool wear, surface finish,
residual stresses, and chip formation. The authors varied the
cutting speed, feed rate, and depth of cut using carbide tools
coated with TiAIN. To ensure consistency, they used a spe-
cific cutting length of 400 mm for each evaluation of tool
wear and roughness values. The results showed that feed
speed had the greatest influence on tool wear, accounting
for 83% of the total. The primary wear mechanism observed
was abrasion at low cutting speeds. For cutting speeds above
30 m/min, the most influential mechanisms were chipping,
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diffusion, and breakage. The parameters that had the great-
est impact on roughness were feed rate and cutting speed,
accounting for 57% and 38% of the influence, respectively.

Saidi et al. [13], [14] investigated the impact of cut-
ting parameters on the roughness of the part, cutting forces,
and material removal rate (MRR). They utilized a carbide
tool coated with physical vapor deposition (PVD) and tool
tip radii of 0.2 mm, 0.4 mm, and 0.8 mm for various combi-
nations of cutting parameters. To correlate the cutting pa-
rameters with the output variables, mathematical functions
were defined based on initial measurements and numerical
methods.

Rodriguez and Arrazola, [15] measured roughness
and cutting forces using cryogenics. The cooling system was
designed based on thermal analysis of the heat flow in the
machining process. The project aimed to optimize the tool's
geometry, which included a cavity to receive the cryogenic
fluid (N2). The results showed a 12% reduction in cutting
forces compared to other cryogenic cooling methods and a
15% reduction compared to dry cutting. Roughness values
were reduced by 12% compared to tests using the unmodi-
fied insert. At average cutting speeds, there was a 25% re-
duction in roughness values.

Valicek et al. [16] conducted an analysis on the im-
pact of cutting speed, feed, and depth of cut on the rough-
ness of a part coated using the HVOF (high-velocity oxygen
fuel) spray method. They used computational methods to
define a mathematical equation that predicts roughness from
various combinations of cutting parameters. The mathemat-
ical model indicates that feed has the greatest influence on
roughness, followed by depth of cut and cutting speed. Stud-
ies have been conducted on the milling of cobalt alloys, spe-
cifically in the Stellite 6 alloy.

Andhare et al. [17] aimed to reduce output varia-
bles by adjusting input parameters using method MQL and
tungsten carbide inserts with zirconium coating
(TNMG160406UF). They tested twenty combinations of
cutting speed, feed, and depth of cut. Statistical analysis of
variance (ANOVA) was performed using Minitab 19 soft-
ware to determine the significance of each input parameter
on the measured variables. The optimal values of the cutoff
parameters for a multivariate analysis were defined with the
assistance of software.

Benghersallah et al. [18] conducted experimental
tests with high cutting speeds using carbide inserts. They
varied cutting speed, feed, and depth of cut to compare the
values of cutting force and tool wear for multiple combina-
tions of input parameters. The progressive flank wear was
dominant in the tool, while in some tests with higher speeds,
the presence of notch and chipping was observed.

For basic machining, the sustainability index and
the quality of the operation depend on several parameters
relating to the tooling, the workpiece and the cutting tool.
These factors and parameters must be taken into account for
a better cutting performance.

In the past, researchers have focused on fundamental
approaches for machining improvement which can be sum-
marized as following:

v'  the selection of optimal machining parameters [19],

v the use of advanced cooling and lubrication environ-
ments [20],

v

the use of various types of coating technologies to ex-
tend tool life [21],



v' the use of textured cutting tools to improve machining
[22]
v and the modelling of the cutting environment to pro-

ductively replicate experiments [23].

During modelling, software is used to observe the
relationship between input and output parameters. This ap-
proach has several benefits, including reduced cost and time
for the manager, operator and researcher. The best combi-
nations of parameters to obtain responses within a desired
range can be selected at the optimization stage. Thus, the
consolidation of two basic methods is an effective approach
in many ways.

This work highlights the effect of cutting parame-
ters on surface roughness of workpieces and the evolution
of tool wear. The aim of this study is to propose appropriate
tools for turning operations on Stellite 6. To achieve this, a
full factorial experimental design was employed. Main ef-
fect plots, iso-contours, and 3D plots were utilized to evalu-
ate and discuss the obtained results. Additionally, the anal-
ysis of variance (ANOVA) method and Response Surface
Methodology (RSM) were adopted to identify both reactive
and non-reactive effects of experimental parameter re-
sponses.

2. Experimental Procedure

2.1. Workpiece material, cutting tool and experimental
method

The material chosen for the workpiece in the cur-
rent experiments was Co-Cr-Mo alloy Stellite 6, a high-
strength alloy with a hardness of 41 HRC. The length and
outer diameter of the work piece are 70 mm and 80 mm,
respectively (Fig. 1). A cobalt alloy part specified Co-Cr-
Mo alloy Stellite 6 was selected, which is preferable for bi-
omedical and aerospace applications. The machining oper-
ations was carried out using lathe of the type SN 40C (with
6.6 kW spindle power of the Czech company "TOS
TRENCIN"). The chemical composition of Co-Cr-Mo alloy
Stellite 6 with all the percentages of elements is presented
in Table 1.

To investigate the effect of cutting parameters on
machined surface roughness and tool flank wear, we used
carbide inserts with varying nose radii. In particular, the in-
sert nose radii () have been modified in three steps, 0.2 mm,
0.4 mm and 0.8 mm, optimal for turning the Co-Cr-Mo al-
loy Stellite 6. A PVD coated (Ti,AI)N insert was used. This
has high hardness and oxidation resistance.

The turning process was based on the geometry of
SANDVIK ISO Type CNGG and SGF 1105, which resulted
in a better overall wear resistance. The tool holder is
PCLNR 2020 K. Their geometry of the active part, as shown
in Fig. 2, is the same for the following angles: cutting edge
angle (yr =+ 95°), inclination angle (4 =-6°), rake angle
(y =—6°), and clearance angle (o = 0°), respectively.

The tests were conducted using three different feed
rates (f) of 0.08, 0.11, and 0.14 mm/rev, two cutting depths
of 0.1 and 0.2 mm, and three cutting speeds of 85, 105, and
125 mm/mn. These values were selected based on the data
sheets and recommendations of the tool manufacturers
(SANDVIK Coromont).
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2.2. Surface roughness (Ra) measurement

By measuring Surftest SJ 201 along the feed direc-
tion, the surface finish (Ra) of the machined surfaces at the
end of each cut can be determined.

The instrument was equipped with a 2 pm radius
diamond stylus. A cut-off length (Ac) of 0.8 mm and an eval-
uation length of 4 mm were employed. The traverse speed
was set at 0.5 mm/s, and a Gaussian filter according to ISO
4287 was applied. Measurements were performed along the
feed direction. For each machined surface, three traces were
acquired at uniformly distributed positions (at 120 degrees)
along the machined track (Fig. 3). The reported Ra value
corresponds to the mean of the three measurements. Cali-
bration was performed prior to each test using a certified
reference standard. The method ensured a repeatability of
+0.02 um and an overall measurement uncertainty of +5%.

2.3. Tool flank wear (VB) measurement

A visual Gage 250 optical gauge microscope was
utilized to observe the maximum cutting tool flank wear
(VB).

Flank wear was assessed using a Visual Gage 250
optical microscope. Measurements were performed at
63,6x3 magnification, with an effective pixel size of 1.5
um/pixel. The system was calibrated with a certified cali-
bration grid prior to measurements. Flank wear was de-fined
and measured according to ISO 3685 as the average flank
wear land width. The procedure consisted of image acquisi-
tion, edge detection, and digital measurement. For each tool,
three measurements were taken at different locations along
the cutting edge, and the reported VB val-ue corresponds to
the mean of these measurements. The methodology ensured
a repeatability of £2 um and an overall measurement uncer-
tainty of £5%.

2.4. Process modeling through RSM

Response Surface Methodology (RSM) is a statis-
tical and mathematical technique used to develop, improve
and optimise processes and is commonly used in industry
where multiple input variables affect output variables.

The response surface methodology, also referred to
as the polynomial regression model or the polynomial
model, involves the construction and validation of the re-
sponse function models. the response function models. Re-
sponse surface methodology, also known as polynomial re-
gression or polynomial model, involves constructing and
validating response function models that can be used to
search for optimal conditions.

This is known as indirect optimization. This is the
process of defining a factor setting that best meets the stated
response requirements when optimizing a response or find-
ing a compromise among several responses. The modelling
of aresponse surface is based on the analysis of the variation
of the test results that are obtained according to a design of
experiments.

RSM has been used to establish the mathematical
models that combine the process results (surface roughness
Ra and flank wear VB) with the four input parameters stud-
ied, such as cutting depth (ap), cutting speed (Vc), feed rate
(f) and tool noise radii (). The wear tests were carried out
on 'Stellite 6' logs with a coated carbide tool (PVD,



GC1105) over a cutting length of 228 mm (in three passes).
The experimental design is shown in Table 2, which also
gives the values of (VB) and (Ra) obtained from measure-
ments.

3. Results and Analysis
3.1. Response Surface Methodology (RSM)

The first step in the determination of appropriate
process parameters is the construction of mathematical
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models of the process in order to establish a relationship be-
tween the inputs and outputs of the process. RSM is a pop-
ular statistical approach to establishing a specific relation-
ship between a set of influencing input factors and a set of
output measures [24].

In this work, BBD-based RSM models were used
to show the mathematical relationships between the speci-
fied responses (cutting force, specific cutting energy and
surface roughness) and a set of independent factors (speed,
feed, depth of cut and cooling approaches), based on previ-
ous research by Zaman et Dhar [25].

Table 1
Chemical composition of the cobalt alloy stellite6, expressed in %, [12].
C Mn Si P S Cr W Ni Mo Fe Co
1.11 0.57 1.20 0.004 0.001 28.25 3.74 2.32 1.17 1.89 Balance

Insert flank wear and surface roughness assessment when turning Co-Cr-Mo alloy Stellite 6

Cutting parameters (ap, Vc, fand r)

Tool insert CNGG, coated
carbide (PVD, GC1105)

Testing piece

Tool holder
PCLNR 2020K

Tool wear and surface roughness

V

Surface roughness measurement

00 08 10 18 20

Surftest Mitutoyo

Tool flank wear measurement

-10.108

Optical Measurements Machine Visual Gage 250

Prediction and analysis (RSM and Desirability Function)

N4

Modeling

.10
f(mm/trs)  0.09

Residual
Cor Total

02663 13
935 26

0.08 125

1
115

Optimization

5
Ve(m/min) Desirability = 0.924

2= 25,289

Fig. 1 The framework for research methodology



Tool holder PCLNR 2020K insert tool CNGG
[—WF | HF]
onx KAPR o |
LF v
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Bl FH—
= u.. D‘
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L kaer
- = LAMS [z LH LF .
GAMO 67,
6° =
g
! Iy I

Parameter Designation Value
KAPR tool orthogonal edge angle 95 degrees
PSIR lead angle -5 degrees
GAMO orthogonal rake angle -6 degrees
LAMS inclination angle -6 degrees
WF Functional width 25mm
HF Functional height 20mm
H shank height 20mm
LH maximum over hang 28mm
LF functional length 125mm
B shank width 20mm
S insert thikcness 4.763 mm
IC inscribed circle diameter 12.7 mm
LE cutting edge effective length 8.5 mm
RE corner radius

Fig. 2 Illustration of cutting tool geometry (SANDVIK Coromont)

surface roughness
/meosuremenf

Fig. 3 Illustration of surface roughness measurement, per-
formed three times along generatrices of the ma-
chined workpiece

Typically, a first-order polynomial is suitable for
determining the main effects of individual input variables
and for a relatively small region of independent variable
space (low response curvature), whereas a second-order
model can be used to determine the interaction effects of
variables on output quality [26].

The mathematics of both first- and second-order
models can be written symbolically as in Eq. (1)

Y=by+) bX +
) XX " b X! +e, (1)

L]

where the term b, is a constant, the regression coefficients;
bi, bi; and b;; correspond to the linear, quadratic and interac-
tion terms respectively. The coded variables X; and X; are
associated with the process parameters (7, Vc, fand a,), pa-
rameter # is the number of factors and ¢is a random error.

Table 2
Experimental design
Input variables Ol{tp ut
Run variables

ap, V., m/mn f r, VB, Ra,

mm mm/rev | mm mm pm
1 0.1 85 0.08 0.2 0.076 0.65
2 0.1 85 0.11 0.4 0.063 0.74
3 0.1 85 0.14 0.8 0.094 0.97
4 0.1 105 0.08 0.4 0.081 0.6
5 0.1 105 0.11 0.8 0.075 0.46
6 0.1 105 0.14 0.2 0.047 1.58
7 0.1 125 0.08 0.2 0.08 0.48
8 0.1 125 0.11 0.4 0.082 0.61
9 0.1 125 0.14 0.8 0.111 0.93
10 0.2 85 0.08 0.8 0.105 0.8
11 0.2 85 0.11 0.2 0.09 0.88
12 0.2 85 0.14 0.4 0.111 1.23
13 0.2 105 0.08 0.8 0.063 0.56
14 0.2 105 0.11 0.2 0.106 0.85
15 0.2 105 0.14 0.4 0.102 1.15
16 0.2 125 0.08 0.4 0.100 0.4
17 0.2 125 0.11 0.8 0.148 0.62
18 0.2 125 0.14 0.2 0.349 0.74

The percentage contribution shown in the table
(ANOVA) is expressed by Eq. (2):
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Contribution(%) =SCM/SCT %100 . (2) On the basis of the results presented in Table 4, it
can be concluded that the cutting speed (¥¢) is the most in-
fluential parameter with a contribution of 16.28% compared
to the other parameters. This is followed by the depth of cut
(ap) (11.03%) and the tool tip radii (5.93%). Furthermore,

The regression models are obtained using Design
Expert software.

3.2. Statistical analysis with contributions of 12.00%, 8.55% and 12.28% respec-
tively, the interactions (VexVe), (apxVe) and (a,%f) have a
An ANOVA analysis was carried out at a signifi-  significant influence on the evolution of the VB flank wear

cance level of a = 0.05, corresponding to a 95% confidence ~ (Table 4)

level, to investigate the effect of cutting conditions on the

evolution of insert wear (VB). 3.2.1. Regression equations
The main objective is to study the effect of the cut-

ting conditions (r, Ve, f'and ap) on the total variance of the

results.

The correlation between the cutting conditions and
the roughness (Ra) and tool wear (VB) measurements was
Table 3 shows the ANOVA results for surface  translated into a quadratic regression using the Response
roughness Ra. The analysis of variance shows that tool feed ~ Surface Methodology (RSM) approach. The regression

is the most significant parameter, followed by cutting speed ~ €quations in terms of real factors can be used to make pre-
and tool tip radii. Table 3 indicates that the contribution of ~ dictions about the response for given levels of each factor.
feed rate, cutting speed and interaction (a,xr) is 36.76%, The correlation coefficient of the surface roughness (Ra)

6.61% and 10.52% respectively. model is 92.43% (Eq. (4)).

Ra=-2.85+10.2a, +0.0768V, ~12.5 f ~2.937 ~0.000387V, x V, +82 f x f —
~0.587x7~0.0694a, xV, —63.1a, x f +11.21a, xr +0.082V, x f —0.0016¥, xr +14.6 f xr . 4)

The correlation of the VB wear criterion model is
96.26% (Eq. (5)).

VB =2.444-3.88a,—0.03586V_ —9.64 f +0.772r +0.000149V,_ xV_+22.8 f x f '+

+0.341rxr+0.02305a, xV, +24.28a, x f —=2.162a,xr+0.0332V_ x f —0.00236V, xr —4.76 f xr. 5)
3.2.2. Effects of cutting parameters on surface response In fact, the correlation coefficient between the pre-
factors dicted and experimental surface roughness (Ra) is 92.43%,

. . while for flank wear (VB) it reaches 96.26%, thus confirm-
A comparison of the Ra values obtained from  ing a strong predictive accuracy of the developed models.

measurements and those predicted by the mathematical Table 5 displays the error values between the de-
model Eq. (4) is shown in Fig. 4, a. The results show a good  veloped models and the experimental results for surface
correlation. roughness and flank wear.

The results of the VB values obtained from meas- The response surface methodology can be used to

urements and those predicted by the mathematical model  provide a graphical representation of the effects of cutting
(Egs. (5)) are compared in Fig. 4, b.

Table 4
Table 3 ANOVA results for flank wear VB
ANOVA results for surface roughness Ra Contri
Soure D | Contri- F - Source | SS | DOF | bution, | MS v:ﬁ:le p-value
e SS O | bution, MS value | value %
F % Model 0.07 13 96.28 0.005 7.91 0.0297
Model 1.37 12 92.57 0.114 5.07 0.0425 A-ap 0.008 1 11.03 0.008 | 11.82| 0.0263
A-ap 0.0064 1 0.43 0.006 | 0.2849 | 0.6164 B-Ve 0.012 1 16.28 0.012 | 17.37 | 0.0141
B-Ve | 0.0978 1 6.61 0.098 4.35 0.0913 Cf 0.004 1 5.66 0.004 6 0.0704
Cf 0.544 1 36.76 0.544 2423 | 0.0044 D-r 0.004 1 5.93 0.004 | 6.37 | 0.0651
D-r 0.0168 1 1.14 0.017 0.746 | 0.4272 AB 0.006 1 8.55 0.006 9.18 0.0388
AB 0.0562 1 3.80 0.056 2.5 0.1746 AC 0.009 1 12.28 0.009 | 13.17 | 0.0222
AC 0.0613 1 4.14 0.061 2.73 0.1593 AD 0.005 1 6.34 0.005 6.71 0.0607
AD 0.1557 1 10.52 0.156 6.93 0.0464 BC 0.002 1 2.21 0.002 2.3 0.2043
BC 0.0113 1 0.76 0.011 0.5019 | 0.5103 8E-0
CD | 00407 | 1 | 275 | 0.041 | 181 |0.236 BD 4 1| 110 | 8E-04 | 1.14 | 0.3465
B? 0.066 1 4.46 0.066 2.94 0.1471 CD 0.003 1 4.00 0.003 4.28 0.1074
C? 0.0237 1 1.60 0.024 1.06 0.3513 B? 0.009 1 12.00 0.009 12.9 0.0229
D? 0.0057 1 0.39 0.006 | 0.2555 | 0.6347 C? 0.001 1 1.52 0.001 1.63 0.271
Resi- 01123 5 759 0.023 D? 0.002 1 2.90 0.002 | 3.06 | 0.1554
dual Resi-
Cor dual 0.003 4 3.72 TE-4
1.48 17 100
Total Cor
Total 0.073 17 100




conditions on the response curves recorded during the cut-
ting process of 'Stellite 6' over a cutting length of
(Lc =228 mm).

In this way it is possible to visualise the importance
of certain interaction effects on surface roughness (Ra).
Fig. 5, a shows that for the (a,%Vc) interaction, increasing
the depth of cut leads to the lowest roughness (Ra).

The effect of the cutting speed is negligible. The
surface and iso-contour plots in Fig. 5, b illustrate the effect

Predicted vs. Actual - Ralpm)
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1.4

12

0.8

Predicted

0.6
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0.2

02 04 06 08 1 12 14 16

Actual

a
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of the (fxa,) interaction on the roughness Ra for
Ve =105 m/min and » = 0.2 mm. The results indicate that
achieving minimum roughness Ra requires a simultaneous
decrease in f'and ap. The effect of the cutting parameters Vc
and f'on the evolution of the roughness Ra for ap = 0.2 mm
and 7= 0.8 mm is shown in Fig. 5, c. It can be seen that at
low values of fthe minimum roughness Ra is achieved.

Predicted vs. Actual - VB{mm)

048

03

0.2

Predicted

03 Qs

Actual
b

Fig. 4 Comparison between measured and predicted values a — surface roughness Ra, b — tool wear VB

Table 5
Error (%) between prediction and measurement of surface
roughness and flank wear

Measured Predicted Error, %
Run | Ra, VB, Ra, VB, Ra VB
pm mm pm mm
1 0.65 | 0.076 | 0.71 | 0.087 9.88 13.82
2 0.74 | 0.063 | 0.78 | 0.064 5.42 0.79
3 0.97 | 0.094 | 0.98 | 0.085 1.07 9.36
4 0.6 0.081 | 0.53 | 0.073 10.90 9.75
5 0.46 | 0.075 | 0.45 | 0.079 2.39 5.33
6 1.58 | 0.047 | 142 | 0.047 10.13 0.43
7 0.48 0.08 0.51 | 0.086 5.42 7.88
8 0.61 | 0.082 | 0.66 | 0.084 7.97 2.56
9 0.93 | 0.111 | 0.93 | 0.108 0.33 2.88
10 0.8 0.105 | 0.72 | 0.106 9.50 0.48
11 0.88 0.09 0.88 | 0.088 0.35 2.11
12 1.23 | 0.111 1.21 | 0.107 1.63 342
13 | 0.56 | 0.063 | 0.62 | 0.063 10.23 0.63
14 | 0.85 | 0.106 | 0.84 | 0.094 1.35 11.13
15 1.15 | 0.102 | 1.22 | 0.114 6.09 11.57
16 0.4 0.1 0.37 | 0.111 8.53 11.30
17 | 0.62 | 0.148 | 0.58 | 0.137 7.10 7.23
18 | 0.74 | 0.349 | 0.75 | 0.343 1.27 1.66

The effect of V¢ is negligible in this interaction.

The surface and iso-contour graphs (Fig. 5, d)
demonstrate the effect of the (f*r) interaction on roughness
Ra for a,= 0.2 mm and Vc = 85 mm/min. The roughness Ra
is minimal for small values of f'and tool nose radii r.

Fig. 6, a shows that significant draft wear (VB) is
obtained for a simultaneous increase in cutting depth and
cutting speed, for constant cutting conditions /=0.14 mm/rev
and » = 0.2 mm. This confirms the importance of the inter-
action (a, xVc) on wear evolution.

The surface and iso-contour plots (Fig. 6, b) show
the effect of interaction (fxa,) on wear (VB) for
Ve =125 m/min and » = 0.2 mm. The results show that the
increase in draft wear VB is associated with a simultaneous
increase in f'and a,.

The graph in Fig. 6, ¢ shows the effects of cutting
parameters Ve and f on the evolution of wear VB for
ap=0.2 mm and » = 0.2 mm. Here too, we can see that wear
VB is significant, especially with a simultaneous increase in
Ve and f. This shows the importance of the interaction effect
(Vexp).

Fig. 6, d shows the effects of cutting parameters Vec
and r on the evolution of wear VB for a,=0.2 mm and
f=0.14 mm/rev. Here, we emphasize that minimum wear
VB is only achieved when using low cutting speeds and high
nose radii values simultaneously.

4. Multi-Optimization of Machining Parameters with
Desirability Function

Desirability Function (DF) is not a direct method
used to optimize [12]. It has been used to optimize several
response factors (Ra and Fz). Desirability function is a de-
cision support tool used to identify process parameters that
lead to close to optimum process response settings.

During the optimization process, the aim is to find
the optimum values of the machining parameters in order to
produce the lowest possible tool wear and to minimize the
surface roughness (VB and Ra).

Table 6 lists the objectives and parameter ranges
for the optimization process. The RSM optimization results
for VB and Ra are defined in Table 6 in order of decreasing
desirability.
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Table 6
Goals and parameter ranges for optimization of cutting conditions
Name Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance
A:ap is in range 0.1 0.2 1 1 3
B:Ve is in range 85 125 1 1 3
Cf is in range 11 0.14 1 1 3
D:r is in range 0.2 0.8 1 1 3
VB minimize 0.047 0.349 1 1 5
Ra minimize 0.401 1.497 1 1 5
Table 7
Response optimizations for tool wear and surface roughness parameters
Number ap Ve f r VB Ra Desirability
1 0.100 114.950 0.110 0.779 0.096 0.402 0.915 Selected
2 0.100 114.600 0.110 0.782 0.096 0.401 0.915
3 0.100 115.156 0.110 0.776 0.096 0.403 0.915
4 0.100 114.958 0.110 0.774 0.094 0.408 0.915
5 0.100 114.343 0.110 0.777 0.094 0.410 0.915
6 0.100 115.836 0.110 0.771 0.096 0.401 0915
7 0.100 115.394 0.110 0.766 0.094 0413 0915
[ 0,2 85 125 an 0,14
Aap =01 B:Vic = 114,95 Cf = 0,11
02 08 0,047 0,349 0,401 1497
Dir = 0778736 VB = 00958982 Ra = 0401854
Desirability = 0,915
Solution 1 out of 100
a
Desirability
Aap 1
B:Vc 1
cf 1
Dir 1
Ve 0,838085
Ra 0,999221
Combined 0,915113
| | |
0,000 0,250 0,500 0,750 1,000
b

Fig. 7 Combined optimization of desirability for Ra and VB: a — ramp function graph, b — bar graph
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The Optimal results for tool wear VB and surface
roughness Ra are 0.092 mm and 0.402 pum, respectively.

The result of the combined desirability for these
cutting conditions and responses is D = 0.915 (Fig. 7, a and
Fig. 7, b). Fig. 8 shows two-dimensional contour plots that
explain the optimization results in terms of composite desir-
ability (a), tool wear (b) and surface roughness (c).

5. Conclusions

This paper presents an investigation of the effect of
cutting parameters on tool wear and surface roughness in the
machining of a cobalt-based alloy, Stellite 6.

Using Response Surface Methodology (RSM),
mathematical models were developed to define a relation-
ship between input parameters (cutting speed, cutting time
and tool hardness) and output variables. The analysis of var-
iance (ANOVA) was used to check the adequacy of the
model and of the variables associated with it.

3D surface and iso-contours plots were used to
evaluate the combined effects of machining parameters on
tool wear and surface roughness.

Finally, the multi-objective optimization of tool
wear (VB) and surface roughness (Ra) was performed using
the desirability function (DF) approach. The following con-
clusions can be drawn from this study:

v" The influence of each factor on the response results,
such as tool wear and surface roughness, can be inves-
tigated by analysing the machining parameters using
the RSM approach.

The ANOVA table for tool flank wear showed that the
cutting speed (V¢) is the most influential parameter with
a contribution of 16.28% compared to the other param-
eters. In addition, with contributions of 12.00%, 8.55%
and 12.28% respectively, the interactions (VexVc),
(apxVc) and (a,*f) have a significant influence on the
evolution of the VB flank wear.

The ANOVA table for surface roughness showed that
tool feed is the most significant parameter, followed by
cutting speed and tool tip radii. In addition, feed rate
had the greatest effect on tool flank wear (36.76%), fol-
lowed by cutting speed and interaction (a,xr), their
contribution is 10.52% and 6.61% respectively.

On the basis of the multi-response optimization
process, the optimum cutting variables for minimum tool
flank wear with minimum surface roughness were a cutting
depth of 0.1 mm, a cutting speed of 114.95 m/min, a feed
rate of 0.11 mm/rev and a tool radius of 0.779 mm. The op-
timum values for tool flank wear and surface roughness are
0.096 mm and 0.402 um, respectively. The desired value is
0.915.
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R. Saidi, T. Mabrouki, B. Ben Fathallah, S. Belhadi, M. A.
Yallese

STUDY OF INSERT FLANK WEAR AND SURFACE
ROUGHNESS EVOLUTIONS DURING TURNING OF
STELLITE 6 BASED ON RSM AND DESIRABILITY
APPROACHES

Summary

In this research, turning experiments on Co-Cr-
Mo, cobalt-based alloy Stellite 6) were carried out to exam-
ine the effect of four machining factors (tool tip radii, feed
rate, cutting depth and cutting speed) on insert flank wear
and surface roughness. On the basis of a design Taguchi
plan (L'®), the experiments were conducted. The response
surface methodology (RSM) was employed to develop
mathematical modelling of flank wear and surface rough-
ness evolutions. The contribution of each individual param-
eter to process responses was assessed using ANOVA anal-
ysis. Predicted models in relationship with flank wear and
surface roughness evolutions were obtained from the regres-
sion equation. These models show good correlations with
experimental results. A maximum error of 13.82% and
10.90% of flank wear and surface roughness was observed
between simulated and experimental results, respectively.
The optimization of processing parameters was investigated
in order to achieve both the minimum values of flank wear
band and surface roughness.

Keywords: machining, ANOVA: RSM, Stellite 6, flank
wear, surface roughness.
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