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Abstract This paper describes a comparison of machining
forces and flank wear between wiper ceramic (multi radii)
and conventional ceramic cutting tools in dry hard turning of
cold work tool steel AISI 4140 (60 Hardness Rockwell Cone
(HRCQ)) using the Response Surface Methodology (RSM). For
this purpose, a number of machining experiments based on
statistical three-factor (cutting speed, feed rate, and depth of
cut) and three-level factorial experiment designs completed
with a statistical analysis of variance (ANOVA) were per-
formed. From the parametric analysis, it is revealed that the
uncoated ceramics (CC650WG wiper and CC650 convention-
al) performs better than the coated ceramics (CC6050WH
wiper and CC650 conventional) with reference to machining
forces. On the contrary, wiper ceramic cutting tools
(CC6050WH and CC650WG) have the better performance
compared with conventional ceramic cutting tools (CC6050
and CC650), in particular, the flank wear.
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1 Introduction

The term “ceramics” is applied to a range of inorganic mate-
rials of widely varying uses. Generally, these materials are
non-metallic, and in most cases, have been treated at a high-
temperature at some stage during manufacture. Ceramics are
far less ductile than metals and tend to fracture immediately
when any attempt is made to deform them by mechanical
work [1, 2]. They are often of complex chemical composition
and their structures may also be relatively complex. Ceramic
tools have high resistance to heat and wear and can therefore
be used to machine metals that are extremely hard; they are
also chemically stable. These attributes allow them to be used
to machine metals at high cutting speeds and in dry machining
conditions because it is not necessary to reduce the tempera-
ture on the cutting edges of these tools. However, in machin-
ing, these favorable properties are exchanged for reduced
toughness when these tools are compared with carbide tools.
This deficiency can be offset by selecting an appropriate ce-
ramic cutting grade and type of tool. Ceramic tools are based
primarily on alumina (Al,0O5) and silicon nitride (SizN4) com-
pounds and are available in a variety of grades that include
ceramics mixed with other materials and reinforcing whisker
materials that make them harder [3, 4].

A comprehensive review shows several studies related to
cutting forces and flank wear in finish turning process with
ceramic cutting tools. Recently, Fnides et al. [5] performed
turning of hardened steel AISI 4140 using mixed ceramic
and reinforced ceramic tools, respectively. The results con-
cluded that the machining with the mixed ceramic insert gen-
erates lower values of cutting force components than rein-
forced ceramic insert. In another study, Aouici et al. [6] stud-
ied the effects of cutting speed, feed rate, and depth of cut on
cutting force, specific cutting force, and power in machining
AISI D3 cold work steel with TiN-coated mixed ceramic
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insert CC6050 in the turning operation. They analyzed the
process constraints on performance characteristics using anal-
ysis of variance (ANOVA). They concluded that feed rate and
depth of cut strongly control the cutting force, specific cutting
force, and power. Besides, Hessainia et al. [7] experimentally
investigated the influences of machining conditions, including
cutting parameters (Vc, f, and ap) and cutting tool vibrations
on surface roughness criteria in hard machining of 42CrMo4
steel (56 Hardness Rockwell Cone (HRC)) using Al,Oz+ TiC
mixed ceramic tool and established a correlation between tool
vibrations and surface roughness by approaching Response
Surface Methodology (RSM). Their experimental results stat-
ed that feed rate is the prominent parameter in determining the
surface roughness, while tool vibrations have less influence on
surface roughness. Moreover, Fnides et al. [8] have
established statistical models of the cutting forces in hard
turning of AISIH11 hot work tool steel and analyzed the effect
of the main cutting variables, such as cutting speed, feed, and
depth of cut on cutting force components using Al,O5+ TiC
mixed ceramic tool. Luo et al. [9] have investigated the rela-
tionship between hardness and cutting forces during turning
AISI4340 steel hardened from 29 to 57 HRC using mixed
alumina tools. The results suggest that an increase of 48 %
in hardness leads to an increase in cutting forces from 30 to
80 %. In finish hard machining with coated ceramics, Lalwani
et al. [10] applied chamfered and honed edges to identify the
effect of cutting parameters on cutting forces and surface
roughness. They found that cutting speed has no significant
effect on cutting forces and surface roughness in the range of
55-93 m/min. Also, the thrust and cutting forces were signif-
icantly affected by both the feed rate and depth of cut. Besides,
Kumar et al. [11] found that flank wear increased with increas-
ing cutting speed in both types of ceramic cutting tools. The
flank wear, crater wear in Ti (C, N) mixed alumina ceramic
tool was lower than that of SiCW reinforced alumina cutting
tool on machining martensitic stainless steel-grade 410 (60
HRC) and EN24 steel (45 HRC).

To improve the performance of the cutting tools, develop-
ments in tool geometry were done. For instance, multi radii
(wiper) technology has been analyzed in hard turning. This
technology is based on the use of multi radii tool nose. Thus,
the use of multi radii tools provides a higher contact area than
the one generated by conventional tools [12]. The use of multi
radii tools provides excellent surface roughness values, even
at high feed rates. The surface roughness obtained using con-
ventional and multi radii tools was compared by Grzesik [13],
who performed an extensive study characterizing the surface
roughness generated during hard turning with conventional
and wiper ceramic tools at a variable feed rate. A similar study
was also reported by Grzesik and Wanat [14]. In the same way,
a comparative study among these tools was also carried out by
Davim et al. [15]; it was revealed that, the wiper ceramic insert
performed better with reference to surface roughness and tool

@ Springer

wear, while the conventional insert was useful in reducing the
machining force and power. The experimental studies by
Elbah et al. [16] applied response surface methodology and
ANOVA to investigate the machinability of hardened AISI
4140 cold work tool steel using a range of cutting tools. The
results indicated that surface roughness of AISI 4140 steel was
improved as cutting speed was elevated and deteriorated with
feed rate. However, the surface quality obtained with the wip-
er ceramic insert allowed a surface finish as good when com-
pared with conventional ceramic insert is 2.5.

From the above-mentioned literature, the researchers main-
ly compared the machining forces of the turning process in
hardened steel metals when using various cutting tools. The
investigations executing the turning operations also found the
machining forces of steel-alloys were created by the predic-
tion models (using DOE). The aim of the study is to evaluate
and compare the performance of the fourth ceramic cutting
tools, namely, wiper and conventional ceramic tools
(CC6050WH, CC6050, CC650WG, and CC650) when in
hard turning of AISI 4140 (60 HRC). The following aspects
of'the process are addressed: machining forces and flank wear.

2 Experimental procedure

Turning experiments were performed in dry conditions using
a universal lathe type SN 40C with 6.6 kW spindle power,
equipped with a commercial tool holder having the following
geometry: rake angle y=—6 ° (negative), clearance angle
a=6 °, and side cutting edge angle =75 °. Type inserts
ceramic tools reference CC6050WH (wiper coated with
TiN), CNGA120408S01525WH; reference CC6050 (conven-
tional coated with TiN), CNGA120408S01525; reference
CC650WG (uncoated wiper), CNGA120408S01525WG;
and reference CC650 (uncoated conventional),
CNGA120408S01525 were used to machine the AISI 4140.
All ceramic tools have the same chemical composition with
Al,03 (70 %) and TiC (30 %). The tool holder
PCBNR2525M12 was used during hard turning. The wiper
tool nose radius geometry is shown in Fig. 1.

The material used for this investigation was AISI 4140
hardened steel with a hardness of 60 HRC in the form of a
round bar with an external diameter of 72 mm. This workpiece
material was selected based on its applications in automotive,
crank shafts, spindles, connecting rods, pump, gear shafts, tie
rods, and bolts, requiring high resistance. Also, the AISI 4140
steel is used for making jigs and frames, support tools, forging
dies, etc. [16]. The following chemical compositions (in
wt%): C 0.43, Mn 0.79, Si 0.24, S 0.024, Cu 0.025, Al
0.029, Ti 0.004, Nb 0.001, Ni 0.022, Cr 1.10, Mo 0.19, Va
0.005, Sn 0.002, and Fe in balance.

The setup used to measure the three components of the
cutting force (machining forces), axial force (Fa), radial force



Int J Adv Manuf Technol (2016) 87:2221-2244

2223

CC650WG

>
|

I T I vty Y |

Nominal nose
radius

CC6050 CC6050WH

Wiper nose

Fig. 1 Cutting inserts

(Fr), and tangential force (Ft). The tool holder is mounted on a
four-component piezoelectric dynamometer (Kistler 9257B),
schematically shown in Fig. 2. The measurement chain also
included a charge amplifier, data acquisition hardware
(A=D2855A3), and graphical programming environment
(DynoWare 2825A1-1) for data analysis and visualization.
The flank tool wear was evaluated by a “Visual machine 250
tool makers” microscope with x4.5 magnification and 1-um
resolution. The admissible wear was established according to
ISO 3685 standard (1993).

3 Results and discussion
3.1 Parametric influence on machining forces

The machining forces (cutting force components) acting on
tool is an important aspect in hard machining. The machining
forces directly influence on heat generation, tool wear, quality
of' machined surface, and accuracy. Thus, in the present work,
influence of cutting parameters on machining forces during

machining of AISI 4140 steel hardened to 60 HRC with four
ceramic cutting tools, namely, wiper and conventional ce-
ramics have been compared.

The results in Fig. 3 illustrate the evolution of machining
forces depending on the cutting speed for the following ce-
ramics: CC6050WH, CC6050, CC650WG, and CC650 at
constant feed rate of 0.08 mm/rev and depth of cut of
0.20 mm. Analysis of the results shows that increasing the
cutting speed generally leads to a reduction of machining
forces (Fa, Fr, and Ft). This trend is mainly due to increase
in temperature at shear plane region, resulting in the plastic
softening of this primary deformation zone and hence reduced
shear strength of the material. This will, in turn, reduce the
force required to deform the material to be machined [17].
Regarding the curve trends, the machining forces decreased
as Vc increased to 160 m/min; beyond this value, they stabi-
lized. The decrease in the machining forces is more expressed
at low speeds. In fact, an increase of V¢ from 45 to 160 m/min
cause a drop of the three components (Fa, Fr, and Ft) at 45.01,
50.84, 55.46, and 36.55 % of the axial force; 69.77, 43.36,
66.36, and 43.77 % of the radial force; and (22.52, 37.92,
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Fig. 2 Experimental
configuration for measuring the
components of cutting force

36.66, and 52 % of the tangential force to the different cutting
ceramics (CC6050WH, CC6050, CC650WG, and CC650),
respectively, while an increase of Ve from 160 to 350 m/min
caused a drop ratio of 21.90, 33.10, and 48 %, respectively.
The second zone from 160 to 350 m/min is characterized by
an interval where the machining forces are stabilized. In prac-
tice, this zone constitutes the optimal range of use of the cut-
ting edge. This minimizes the constraints which cause the
requests and abrupt rupture of the cutting edge.

The curve of Fig. 4 illustrate the evolution of the machining
forces according to the feed rate for the following ceramics:
CC6050WH, CC6050, CC650WG, and CC650 at constant
cutting speed of 160 m/min and depth of cut of 0.20 mm. It
is noticed that with the increase in feed rate, the machining
forces increase. The increased feed rate increases cutting
forces. As the feed rate is increased, the region of sheared chip
increases, since resistance to material rupture is higher and
hence requires larger efforts for chip removal [18, 19].
Similar results were reported by Aouici [6] when turning
AISI D3 steel (60 HRC) using CC6050 tool. It is noticed that
the radial force is dominating compared to both others and that
for all the feed rates and for all cutting tools tested. The effects

Fig. 3 Effect of cutting speed on
machining forces at constant
f=0.08 mm/rev and

ap=0.20 mm (CC6050WH,
CC6050, CC650WG, and
CC650)
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of the feed rate on the machining forces are as follows: the
increase in the feed rate from 0.08 to 0.28 mm/rev increases
the components of the machining forces 37.56, 2.36, 74.17,
and 26.79 % of the axial force to 103.53, 35.76, 131.30, and
48.07 % of the radial force and 92.38, 110.88, 145.67, and
175.85 % of the tangential force to different cutting ceramics
(CC6050WH, CC6050, CC650WG, and CC650), respective-
ly. It is noted that the tangential force is very affected by the
feed rate, follow-up of the radial force, and lastly, of the axial
force. As the feed rate is increased, the region of sheared chip
increases, since resistance to material rupture is higher and
hence requires larger efforts for chip removal [18]. Similar
results were observed by Aouici et al. [20] when turning
AISI H11 steel (50 HRC) using the CBN7020 tool.

The results obtained in Fig. 5 illustrate the evolution of
machining forces according to the depth of cut at constant
cutting speed of 160 m/min and feed rate of 0.08 mm/rev.
The analysis of the effect of depth of cut on machining forces
shows that this parameter has a very significant influence.
This is because increased depth of cut results in increased tool
work contact length [21]. Subsequently, chip thickness be-
comes significant that it causes the growth of the volume of
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deformed metal and requires greater cutting forces to cut the
chip. On a practical level, the increase in the depth of cut from
0.10 to 0.70 mm increases the cutting force components (Fa,
Fr, and Ft) from 628.96, 270.49, and 82.30 % for TiN-coated
wiper ceramic CC6050WH and from 876.07, 116.23, and
356.24 % for TiN-coated conventional ceramic CC6050 and
828.19, 47.75, and 278 15 % for the uncoated wiper ceramic
CC650WG and 644.09, 144.18, and 495.60 % for uncoated
conventional ceramic CC650.

3.2 Flank wear

Tool wear is one of the most important criteria in machining
processes; it directly affects the tool life, surface quality, and
production cost. Tool wear in machining AISI 4140 material
occurs due to the rubbing of the cutting tool edge with the

Fig. 5 Effect of depth of cut on
machining forces at constant
f=0.08 mm/rev and Ve =150 m/
min (CC6050WH, CC6050,
CC650WG, and CC650)

Cutting forces, N

work piece. While machining AISI 4140 steel, flank wear is
the main form of wear, as other forms of tool wear are negli-
gible for all cutting materials. The long duration tests of
straight turning on AISI 4140 steel treated at 60 HRC are
carried out. The purpose of these operations is to determine
the wear curves as a function of cutting time and therefore the
tool life of fourth cutting materials (CC6050WH, CC6050,
CC650WG, and CC650).

Figure 6 shows the flank wear variation with cutting time at
150 m/min and feed rate at 0.08 mm/rev for the following
ceramics: CC6050WH, CC6050, CC650WG, and CC650, re-
spectively. Figure 6 clearly shows that the best results were
attained when machining with CC6050WH and CC650WG
tools, followed by CC6050 and CC650 tools, respectively.
According to the curve of TiN-coated wiper ceramic inserts
CC6050WH and for a machining time of 5 min, the flank wear

07

08
CC6050WH CC6050 CC650WG CC650
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VB of this insert reaches a value of 0.05 mm. At the end of
machining #=95 min, the flank wear is 0.30 mm. This change
represents an increase of 500 %. The first machining test done
with the uncoated ceramic inserts CC650WG generates a flank
wear of 0.071 mm. For a machining time of 5 min, its wear VB
is 0.30 mm, which defines the lifespan of this tool 95 min.
The micrographs of flank wear at Vc=150 m/min,
ap=0.20 mm, and f=0.08 mm/rev of CC6050WH, CC6050,
CC650WG, and CC650 are presented in Fig. 7. We can see
that the flank wear evolution is regular. In addition, Fig.7a—d
show the micrographs of the worn mixed ceramic cutting
tools. The main wear mechanism observed is abrasive wear,
with deeper grooves when compared with the parallel marks
on the flank face of the ceramic cutting tools. This could be a
result of fragments of the carbide grains that are pulled out
from the tool surface, dragged across the flank face, thus re-
moving the tool material. Also, the cutting edge does not
present chipping, demonstrating a good stability during the
cutting process. The flank wear in this stage was 0.3 mm.

4 RSM experimental design

Response surface methodology is a collection of mathematical
and statistical techniques that are useful for the modeling and
analysis of problems in which a response of interest is influ-
enced by several variables and the purpose is to optimize this
response [22]. RSM comprises the following six major com-
ponents: (1) defining the independent input variables and the
desired output responses, (2) adopting an experimental design
plan, (3) performing regression analysis with the quadratic
regression models of RSM, (4) calculating the ANOVA for
the independent input variables in order to find parameters
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which significantly affect the response, (5) determining the
situation of quadratic regression models of RSM, and finally,
(6) optimizing and conducting confirmation experiment and
verifying the predicted performance characteristics.

In the current study, the relationship between the input,
called the cutting conditions (cutting speed (Vc), feed rate
(f), and depth of cut (ap) and the output Y define as a machin-
ability aspect (cutting force components (Fa, Fr, and Ft)) is
given as:

Y = p(Ve, f,ap) (1)

A mathematical relationship between the three independent
factors can be approximated by the second-order polynomial
model according to Eq. (2) as follows:

k k k
Y:ao—|—Zi:1biXi+Ziibinin—FZl_:lbiiX? (2)

In addition, in order to assess the appropriateness of the
proposed model, analysis of variance (ANOVA) was per-
formed. The coefficients of determination (R> and Rzadj) ex-
press the wellness of the fit to suggested model. These values
can be determined using the following equations [23]:

Rz —1- Ssrcsidual (3)
SSmodel + SSresidual
SSr idual DFr idual
Rgdj - 1- esid 1/ esidual (4)

(Ssmodel + Ssresidual)/ (D Fmodel + DFresidual)

In this equation, SS is the sum of squares and DF is the
degrees of freedom. Equations (5) and (6) and an F test in
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Fig. 7 Micrographs for VB of
CC6050WH, CC6050,
CC650WG, and CC650 at
ap=0.15 mm; f=0.08 mm/rev,
and Ve =120 m/min. a
CC6050WH. b CC6050. ¢
CC650WG. d CC650

the program were used to check the model’s adequate precision
ratio (AP) to determine the statistical importance of the model :

~ max(Y)-min(Y)

ap = mXU) (5)
V(Y)
V(Y) = %Z (7) :’% (6)

Where Yis the predicted response, p represents the number
of model parameters, residual mean square is described as o,
and » is the number of experiments. After the /" test had been
performed, the insignificant terms were found and eliminated
from the model. Thereafter, the finalized model was intro-
duced based on the significant variables. Eventually, optimum
values were determined.

The Design-Expert software is used for the analysis of re-
sponses and determining the empirical models with best fits.

d) CC650

Using Design-Expert, we have the facility to check the ade-
quacy of the models using the sequential F test and the anal-
ysis of variance (ANOVA) technique.

4.1 Statistical analysis

A variance analysis of the machining forces (Fa, Fr, and Ft),
was made with the objective of analyzing the influence of
cutting speed, feed rate, and depth of cut on the results. In this
analysis, three input parameters such as cutting speed, feed
rate, and the depth of cut are being studied, and Table 1 shows
the low- and high-level values of these parameters chosen.
The orthogonal arrays to obtain Fa, Fr, and Ft for all cutting
inserts may be observed in Table 2.

The table of ANOVA shows the degrees of freedom (DF),
sum of squares (SS), mean square (MS), F values (F value),
and probability (Prob.) in addition to the percentage contribu-
tion (Contr.%) of each factor and different interactions. The
MS is the ratio of SS to DF, and F value is the ratio of mean
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Table 1 Machining parameters

S.N °  Parameter (unit) Level -1 Level 0 Level +1
Cutting speed, Ve (m/min) 80 115 150

2 Feed rate, /' (mm/rev) 0.08 0.11 0.14

3 Depth of cut, ap (mm) 0.10 0.20 0.30

square to the mean square of the experimental error. In robust
design, F value can be used for qualitative understanding of
the relative factor effects. A large value of /" means that the
effect of a given factor is large compared to the error variance.
So, the larger the value of F, the more important the given
factor influencing the process response. In the same way, a
low P value (Prob.) indicates statistical significance for the
source on the corresponding response.

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.

o If Pvalue 0.05, the parameter is significant;
o If Pvalue 0.05, the parameter is insignificant.

The other important coefficient, Rz, which is called coeffi-
cient of determination in the resulting ANOVA tables, is de-
fined as the ratio of the explained variation to the total varia-
tion and is a measure of the fit degree. When R* approaches to
unity, it indicates a good correlation between the experimental
and the predicted values.

Tables 3, 4, 5, 6, 7, and 8 show the results of analysis
of variance for cutting force components of CC6050WH,
CC6050, CC650WG, and CC650 tools. This analysis was

Table 2 Experimental results for AISI 4140 machining with CC6050WH, CC6050, CC650WG, and CC650 ceramic inserts

Run N °© Machining parameters

Machining forces

CC6050WH CC6050 CC650WG CC650

Ve (m/min) f(mm/rev) ap (mm) Fa(N) Fr(N) Ft(N) Fa(N) Fr(N) Ft(N) Fa(N) Fr(N) Ft(N) Fa(N) Fr(N) Ft(N)
1 80 0.08 0.10 18.63 104.54 46.47 3335 106.53 52.75 12.10 4797 38.01 13.85 38.62 43.61
2 115 0.08 0.10 19.39  90.47 5223 2347 95.00 3945 06.61 6622 27.62 12.72 49.11 44.55
3 150 0.08 0.10 16.85 75.66 41.99 23.02 10146 3575 14.07 41.70 36.25 1348 5836 46.75
4 80 0.11 0.10 36.70 161.70 69.54 30.82 118.79 56.87 1448 60.17 4573 12.07 5638 49.97
5 115 0.11 0.10 31.59 147.83 68.01 2639 11090 64.73 0830 7520 4575 1851 7749 45.00
6 150 0.11 0.10 17.72  123.83 5435 36.05 128.35 4583 0945 7627 4831 1833 6943 58.09
7 80 0.14 0.10 3193 177.63 78.80 29.04 137.39 6320 20.11 92.78 69.02 1838 6558 65.02
8 115 0.14 0.10 37.81 228.82 88.37 25.55 13724 50.61 15.16 80.23 7271 16.74 77.56 56.70
9 150 0.14 0.10 29.70  220.19 85.45 3298 149.23 68.60 16.79 124.39 68.57 2549 9723 67.92
10 80 0.08 0.20 4940 192.14 84.05 72.60 187.82 86.25 33.69 112.67 80.21 33.13 8645 70.05
11 115 0.08 0.20 53.75 193.68 81.53 67.18 177.71 8730 39.82 140.21 85.84 3337 101.37 81.49
12 150 0.08 0.20 61.02 201.27 89.16 68.81 187.37 8430 3641 134.67 79.06 47.65 117.38 84.35
13 80 0.11 0.20 53.12  212.57 100.93 66.15 196.63 107.48 3544 117.42 9479 4395 100.85 107.99
14 115 0.11 0.20 62.14 21322 111.05 7332 204.85 11896 36.92 167.03 97.05 4490 134.83 97.18
15 150 0.11 0.20 63.24 238.32 104.00 7521 216.23 108.90 38.04 168.97 105.00 49.77 14331 108.48
16 80 0.14 0.20 70.57 253.01 135.52 80.92 24591 132.34 38.05 162.72 109.81 42.05 120.59 122.94
17 115 0.14 0.20 62.96 225.09 126.84 75.71 227.31 12190 44.09 179.38 12222 61.83 151.87 129.00
18 150 0.14 0.20 7190 268.47 121.06 77.04 244.12 12441 48.74 211.23 119.79 6536 182.02 119.41
19 80 0.08 0.30 105.50 276.14 137.83 114.11 251.01 125.07 67.55 191.15 137.37 63.84 137.30 114.48
20 115 0.08 0.30 101.84 261.78 12440 11841 24431 12529 67.32 231.08 123.08 7420 177.77 117.60
21 150 0.08 0.30 100.59 27349 117.34 116.61 25836 116.09 71.95 236.08 133.72 7546 193.10 116.86
22 80 0.11 0.30 115.85 306.97 165.70 126.57 281.62 152.05 65.94 221.62 160.95 75.55 175.53 152.68
23 115 0.11 0.30 111.56 291.07 158.37 134.03 287.85 150.50 82.68 253.81 157.73 86.64 202.27 146.04
24 150 0.11 0.30 112.72 312.00 152.41 125.47 28142 15245 75.02 258.15 143.43 8522 203.28 151.86
25 80 0.14 0.30 125.04 34550 188.71 144.01 319.02 200.21 75.54 253.53 190.78 77.96 19226 191.43
26 115 0.14 0.30 11597 326.06 170.57 133.55 297.55 179.92 81.64 265.58 188.61 92.80 220.53 182.51
27 150 0.14 0.30 137.23 357.32 19541 140.15 32296 176.13 96.43 305.70 182.34 108.79 24597 167.57
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Table 3 ANOVA for axial force

using TiN-coated ceramics Coated ceramic

(CC6050WH and CC6050)
Source DF SS MS F value Prob. Cont. % Remarks
Wiper CC6050WH
Model 36,343.88 4038.21 107.24 0.0001 Significant
Ve 1 0.99 0.99 0.026 0.8728 0.003 Insignificant
f 1 1354.43 1354.43 35.97 0.0001 3.727 Significant
ap 1 34,320.25 34,320.25 911.41 0.0001 94.432 Significant
Vexf 1 3.37 3.37 0.090 0.7684 0.009 Insignificant
Ve xap 1 61.38 61.38 1.63 0.2189 0.169 Insignificant
fxap 1 55.21 55.21 1.47 0.2425 0.152 Insignificant
Vex Ve 1 10.39 10.39 0.28 0.6061 0.029 Insignificant
><f 1 0.012 0.012 3.147E-4 0.9861 0.00001 Insignificant
ap X ap 1 537.83 537.83 14.28 0.0015 1.480 Significant
Résiduel 17 640.15 37.66
Total 26 36,984.03 100
SD=6.14 R*=0.9827
Mean=67.21 R? adjusted =0.9735
Coefficient of variation=9.13 R? predicted = 0.9536
Predicted residual error of sum of squares (PRESS)=1714.22 Adequate precision=29.525
Conventional CC6050
Model 45,3253614  5036.15127 249.703996  <0.0001 Significant
Ve 1 027627222 0.27627222 0.01369821  0.9082 0.001 Insignificant
f 1 571.107339 571.107339 283168191  <0.0001  1.260 Significant
ap 1 442273454  44,227.3454  2192.8938 <0.0001  97.577 Significant
Vexf 1 5.09603333 5.09603333 025267309  0.6216 0.011 Insignificant
Ve xap 1 0.14083333 0.14083333 0.00698284  0.9344 0.000 Insignificant
fxap 1 308.560208 308.560208 152991268  0.0011 0.681 Significant
Vex Ve 1 26.3062241 26.3062241 130432326  0.2693 0.058 Insignificant
~f 1 245333519 2.45333519 0.12164202  0.7315 0.005 Insignificant
ap X ap 1 184.075741 184.075741 9.12689979  0.0077 0.406 Significant
Résiduel 17 342.864244  20.1684849
Total 26 45,668.2257 100
SD=4.49 R*=0.9925
Mean = 76.69 R? adjusted = 0.9885

Coefficient of variation =5.86

Predicted residual error of sum of squares (PRESS) =908.60

R? predicted =0.9801
Adequate precision=41.315

carried out for a 5 % significance level, i.c., for a 95 %
confidence level. In the same manner, the value of “Prob.”
in Tables 3, 4, 5, 6, 7, and 8 for the model is less than
0.05 which indicates that the model is significant, which
is desirable as it indicates that the terms in the model have
a significant effect on the response. F table corresponding
95 % confidence level in calculation of process parame-
ters accurately is F, 17, 0.05=4.45.

Tables 3 and 4 show that the depth of cut has the highest
statistical significance (Cont.=94.432 %, Cont.=97.577 %,
Cont.=94.726 %, and Cont.=89.783 %) followed by feed rate
(Cont.=3.727 %, Cont.=1.260 %, Cont.=2.232 %, and

Cont.=5.097 %), whereas cutting speed (Cont.=0.003 %,
Cont.=0.001 %, Cont.=0.570 %, and Cont.=3.035 %) was
found to be less significant on the axial force (Fa) of
CC6050WH, CC6050, CC650WG, and CC650, respectively.
Similarly, from Tables 5 and 6, it can be seen that the depth of
cut (Cont.=77.271 %, Cont.=89.09 %, Cont.=87.547 %, and
Cont.=82.301 %) and feed rate (Cont.=20.589 %,
Cont.=9.29 %, Cont.=8.161 %, and Cont.=9.531 %) have
the major statistical significance as regards to radial force (Fr)
of CC6050WH, CC6050, CC650WG, and CC650, respectively.
This is because increased depth of cut results in increased tool
work contact length [21]. Subsequently, chip thickness becomes

@ Springer



2230

Int J Adv Manuf Technol (2016) 87:2221-2244

Table 4 ANOVA for axial force

using uncoated ceramics Uncoated ceramic

(CC650WG and CC650)
Source DF SS MS F value Prob. Cont. % Remarks
Wiper CC650WG
Model 9 18,854.9411  2094.99346 131.970904  <0.0001 Significant
Ve 1 107.555556 107.555556 6.77529748  0.0186 0.570 Significant
f 1 420.79005 420.79005 26.5070247  <0.0001  2.232 Significant
ap 1 17,860.5 17.860.5 1125.09484  <0.0001  94.726 Significant
Vexf 1 30.624075 30.624075 1.9291167 0.1828 0.162 Insignificant
Ve xap 1 138.380208 138.380208 8.71704927  0.0089 0.734 Significant
fxap 1 63.066675 63.066675 3.9727886 0.0625 0.334 Insignificant
Vex Ve 1 0.41256296 0.41256296 0.02598877  0.8738 0.002 Insignificant
<f 1 53.0640907 53.0640907 3.34269112  0.0851 0.281 Insignificant
ap x ap 1 180.547919 180.547919 11.3733396  0.0036 0.958 Significant
Résiduel 17 269.869249 15.8746617
Total 26 19,124.8104
SD=3.984 R*=0.9859
Mean=42.679 R? adjusted = 0.9780
Coefficient of variation = 9.335 R? predicted = 0.9630
Predicted residual error of sum of squares (PRESS)=716.623 Adequate precision=34.088
Conventional CC650
Model 9 21,658.7983  2406.53315 133.981991  <0.0001 Significant
Ve 1 657.272939 657.272939 36.5931952  <0.0001  3.035 Significant
f 1 1103.87342 1103.87342 61.4573539  <0.0001  5.097 Significant
ap 1 19,445.8921  19,445.8921  1082.63597  <0.0001  89.783 Significant
Vexf 1 104.902533 104.902533 5.84037263  0.0272 0.484 Significant
Ve xap 1 127.5312 127.5312 7.10020727  0.0163 0.589 Significant
fxap 1 178.101075 178.101075 9.91564846  0.0059 0.822 Significant
Vex Ve 1 2.49615 2.49615 0.13897134  0.7139 0.012 Insignificant
<f 1 0.7776 0.7776 0.04329232  0.8376 0.004 Insignificant
ap x ap 1 37.95135 37.95135 2.11291395  0.1643 0.175 Insignificant
Résiduel 17 305.347481 17.9616165
Total 26 21,964.1458 100
SD=4.2381 R*=0.9861

Mean=48.5667
Coefficient of variation = 8.7264

Predicted residual error of sum of squares (PRESS)=716.4332

R? adjusted =0.9787
R? predicted = 0.9674
Adequate precision=36.379

significant that causes the growth of the volume of deformed
metal; requires greater cutting forces to cut the chip. On the other
hand, as the feed rate is increased, the region of sheared chip
increases, since resistance to material rupture is higher and hence
requires larger efforts for chip removal [18, 19].

Finality, from Tables 7 and 8, it can be apparently seen that
the depth of cut is the most important factor affecting Ft. Its
contribution is Cont.=78.707 %, Cont.=81.478 %,
Cont.=85.597 %, and Cont.=80.490 % for CC6050WH,
CC6050, CC650WG, and CC650, respectively. The next factor
influencing Ft is the depth of cut with Cont.=19.960 %,

@ Springer

Cont.=13.41 %, Cont.=13.433 %, and Cont.=15.818 % con-
tribution for CC6050WH, CC6050, CC650WG, and CC650,
respectively. The cutting speed with (Cont.=0.248 %,
Cont.=0.409 %, Cont.=0.010 %, and Cont.=0.001 % contri-
butions, has a very weak significance effect.

4.2 Regression equations
The relationship between the factors and the performance

measures were modeled by quadratic regression. The regres-
sion equations obtained were as follows.
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Table 5 ANOVA for radial force

using TiN-coated ceramics Coated ceramic

(CC6050WH and CC6050)
Source DF SS MS F value Prob. Cont. % Remarks
Wiper CC6050WH
Model 9 1.449E+5 16,101.54 50.14 0.0001 Significant
Ve 1 90.45 90.45 0.28 0.6025 0.062 Insignificant
f 1 29,842.87 29,842.87 92.93 0.0001 20.589 Significant
ap 1 1.120E+5 1.120E+5 348.66 0.0001 77.271 Significant
Vexf 1 709.02 709.02 221 0.1556 0.489 Insignificant
Ve xap 1 122.82 122.82 0.38 0.5445 0.085 Insignificant
fxap 1 1598.52 1598.52 4.98 0.0394 1.103 Significant
Vex Ve 1 387.80 387.80 1.21 0.2871 0.268 Insignificant
~f 1 58.57 58.57 0.18 0.6747 0.040 Insignificant
ap x ap 1 135.25 135.25 0.42 0.5250 0.093 Insignificant
Résiduel 17 5459.44 321.14
Total 26 1.504E+5 16,101.54 100
SD=17.92 R*=0.9637
Mean=225.14 R? adjusted = 0.9445
Coefficient of variation="7.96 R? predicted = 0.9069
Predicted residual error of sum of squares (PRESS)=13,994.47 Adequate precision=23.927
Conventional CC6050
Model 9 1.321E+5 14,673.05 358.45 <0.0001 Significant
Ve 1 111.40 111.40 2.72 0.1174 0.085 Insignificant
f 1 12,332.87 12,332.87 301.28 <0.0001 9.29 Significant
ap 1 1.183E+5 1.183E+5 2889.84 <0.0001 89.09 Significant
Vexf 1 12.32 12.32 0.30 0.5904 0.009 Insignificant
Ve xap 1 2.29 2.29 0.056 0.8159 0.002 Insignificant
fxap 1 351.87 351.87 8.60 0.0093 0.265 Significant
Vex Ve 1 527.53 527.53 12.89 0.0023 0.387 Significant
~f 1 25.38 25.38 0.62 0.4419 0.02 Insignificant
ap X ap 1 399.68 399.68 9.76 0.0062 0.301 Significant
Résiduel 17 695.89 40.93
Total 26 1.328E+5 14,673.05 100
SD=6.40 R*=0.9948
Mean =204.33 R? adjusted = 0.9920

Coefficient of variation=3.13

Predicted residual error of sum of squares (PRESS) =1602.39

R? predicted = 0.9879
Adequate precision=58.280

The empirical models developed for the axial force are
given below in Egs. (7)—(10). Its coefficient of correlation R?
is 98.27, 99.25, 98.59, and 98.61 % for CC6050WH,
CC6050, CC650WG, and CC650, respectively.

Facceosown = 29.738—0.245V¢ + 77.236/-95.017ap (7)
+0.505Ve x f + 0.6464Vc x ap + 7151
xap + 1.074 x 107°Ve? + 49.383 2
+946.778ap>

Faccgoso = 33.129-0.459Vc—65.361f + 91.762ap + 0.621Vc (8)
X f—0.031Ve x ap + 1690.278f x ap + 1.709
x1073Vc2=710.494 1% + 533.889ap?

Faccesowa = 71.233-0.341Vc—893.581 £—100.057ap 9)
+1.521Ve x £+ 0.970Vc x ap + 764.166f
xap + 2.14 x 107*Ve? + 3304.32/% + 548.555ap>
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Table 6 ANOVA for radial force

using uncoated ceramics Uncoated ceramic

(CC650WG and CC650)
Source DF SS MS F value Prob. Cont. % Remarks
Wiper CC650WG
Model 9 152,805.905  16,978.4339  133.070922  <0.0001 Significant
Ve 1 4904.79094  4904.79094 38.4420058  <0.0001  3.210 Significant
f 1 12,470.9425  12,470.9425  97.7428086  <0.0001  8.161 Significant
ap 1 133,777.23 133,777.23 1048.49831  <0.0001  87.547 Significant
Vexf 1 427.571408  427.571408 3.35115253  0.0847 0.280 Insignificant
Ve xap 1 708.249675 708.249675 5.55100889  0.0307 0.463 Significant
fxap 1 52.041675 52.041675 0.40788413  0.5316 0.034 Insignificant
Vex Ve 1 186.260817 186.260817 1.45984599  0.2435 0.122 Insignificant
<f 1 118.54815 118.54815 0.92913821  0.3486 0.078 Insignificant
ap x ap 1 160.270017 160.270017 1.25613935  0.2780 0.105 Insignificant
Résiduel 17 2169.01913 127.589361
Total 26 154,974.924 100
SD=11.295 R*=0.9860
Mean=158.367 R? adjusted = 0.9786
Coefficient of variation=7.132 R? predicted = 0.9633
Predicted residual error of sum of squares (PRESS)=5682.9231 Adequate precision=37.542
Conventional CC650
Model 9 90,557.5963  10,061.9551  180.314277  <0.0001 Significant
Ve 1 6291.42836 6291.42836 112.744923  <0.0001  6.947 Significant
f 1 8630.79014 8630.79014 154.667225  <0.0001  9.531 Significant
ap 1 74,530.1701  74,530.1701  1335.61058  <0.0001  82.301 Significant
Vexf 1 135.4752 135.4752 242776999  0.1376 0.150 Insignificant
Ve xap 1 441.896033 441.896033 7.91895438  0.0119 0.488 Significant
fxap 1 264.234675 264.234675 473519149  0.0439 0.292 Significant
Vex Ve 1 192.515585 192.515585 3.4499566 0.0807 0.213 Insignificant
<f 1 346053519  3.46053519  0.06201418  0.8063 0.004 Insignificant
ap x ap 1 67.6256463 67.6256463 121187874  0.2863 0.075 Insignificant
Résiduel 17 948.639455 55.8023209
Total 26 91,506.2358 100
SD=7.4701 R*=0.9896

Mean=128.7570

Coefficient of variation=15.8017

Predicted residual error of sum of squares (PRESS) =2298.5969

R? adjusted = 0.9841
R? predicted = 0.9749
Adequate precision =46.166

Facceso = 26.006-0.202Vc—407.621/-20.289ap + 2.815Ve  (10)
xf 4+ 0.931Vc x ap + 1284.166f x ap—5.265
x1074Ve? + 400/2 + 251.5ap”

The empirical models developed for the radial force are
given in Eqgs. (11)—(14). Its coefficient of correlation R? is
96.37, 99.48, 98.60, and 98.96 % for CC6050WH, CC6050,
CC650WG, and CC650, respectively.
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Frecsosown = 76.909-2.433Ve + 521978f + 916.868ap (1 1)
+7.321Ve x £+ 0.914Ve x ap—3847.222f x ap
+6.563 x 107°Ve? + 3471.605/% + 474.778ap>

Freceoso = 81.147-1.771Ve—102.206f + 952.936ap (12)

+0.965Vce x f—0.125Vc x ap—1805f x ap
+7.654 x 107°Vc? + 2285.185/7-816.167ap”
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Table 7 ANOVA for tangential

force using TiN-coated ceramics Coated ceramic

(CC6050WH and CC6050)
Source DF SS MS F value Prob. Cont. % Remarks
Wiper CC6050WH
Model 48,104.03 5344.89 95.51 0.0001 Significant
Ve 1 119.51 119.51 2.14 0.1622 0.248 Insignificant
I 1 9601.75 9601.75 171.58 0.0001 19.960 Significant
ap 1 37,861.10 37.861.10 676.57 0.0001 78.707 Significant
Vexf 1 29.30 29.30 0.52 0.4792 0.061 Insignificant
Ve xap 1 16.47 16.47 0.29 0.5945 0.034 Insignificant
fxap 1 332.75 332.75 5.95 0.0260 0.692 Significant
Vex Ve 1 0.66 0.66 0.012 0.9146 0.001 Insignificant
~f 1 0.17 0.17 2.958E-3 0.9573 0.0001 Insignificant
ap x ap 1 142.33 142.33 2.54 0.1292 0.296 Insignificant
Résiduel 17 951.33 55.96
Total 26 49,055.36 5344.89 100
SD=748 R*=0.9806
Mean=109.26 R? adjusted =0.9703
Coefficient of variation = 6.85 R? predicted = 0.9469
Predicted residual error of sum of squares (PRESS)=2603.12 Adequate precision=31.426
Conventional CC6050
Model 54,342.75 6038.08 117.04 <0.0001 Significant
Ve 1 225.85 225.85 4.38 0.0517 0.409 Insignificant
f 1 7404.23 7404.23 143.52 <0.0001 13.41 Significant
ap 1 44,992 44,992 872.12 <0.0001 81.478 Significant
Vex f 1 0.15 0.15 2.815E-3 0.9583 9.05E-5 Insignificant
Ve xap 1 8.37 8.37 0.16 0.6922 1.5E-4 Insignificant
fxap 1 1526.64 1526.64 29.59 <0.0001 2.764 Significant
Vex Ve 1 2.39 2.39 0.046 0.8321 0.004 Insignificant
~f 1 39.13 39.13 0.76 0.3959 0.071 Insignificant
ap x ap 1 143.99 143.99 2.79 0.1131 0.261 Insignificant
Résiduel 17 877.02 51.59
Total 26 55,219.76 6038.08 100
SD=7.18 R*=0.9841
Mean=104.72 R? adjusted = 0.9757

Coefticient of variation = 6.86
Predicted residual error of sum of squares (PRESS)=2472.89 Adequate precision=33.776

R? predicted = 0.9552

Frocssowg = —9.542 4+ 0.453Vc—1001.765f + 326.577ap (13)

+5.685Ve x f + 2.195Vc x ap + 694.167f
xap—4.548 x 10°Vc? + 4938.88972
+516.833ap?

Frcceso = —82.776 + 0.899Ve + 234.716f + 137.737ap
+3.20Ve X f 4 1.734Vc x ap + 1564.167f
xap—4.624 x 107°Vc?—843.827f2 + 335.722ap”

(14)

The empirical models developed for the tangential force
are given in Egs. (15)—(18). Its coefficient of correlation R?
is 98.06, 98.41, 98.98, and 99.07 % for CC6050WH,
CC6050, CC650WG and CC650, respectively.

Ftcesosown = 8.536-0.233Vc + 288.289f + 109.222ap (15)
+1.488Ve x f—0.335Vce x ap + 1755.278f
xap +2.712 x 107#Vc?—184.568 /2
+487.056ap>
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Table 8 ANOVA for tangential

force using uncoated ceramics
(CC650WG and CC650)

Fteceoso = —22.021-0.183Ve + 536.347/ + 309.778ap

Uncoated ceramic

Source DF SS MS F value Prob. Cont. % Remarks
Wiper CC650WG
Model 9 60,569.8907  6729.98785 183.483402  <0.0001 Significant
Ve 1 5.78 5.78 0.15758335  0.6963 0.010 Insignificant
f 1 8136.20201 8136.20201 221.821801  <0.0001  13.433 Significant
ap 1 51,846.2934  51,846.2934  1413.51433  <0.0001  85.597 Significant
Vexf 1 4.876875 4.876875 0.13296096  0.7199 0.008 Insignificant
Ve xap 1 74.9000333 74.9000333 2.04204127  0.1711 0.124 Insignificant
fxap 1 291.461633 291.461633 7.94628062  0.0118 0.481 Significant
Vex Ve 1 0.06826667 0.06826667 0.00186119  0.9661 0.000 Insignificant
<f 1 84.4500167 84.4500167 2.30240778  0.1475 0.139 Insignificant
ap x ap 1 125.8584 125.8584 343134756  0.0814 0.208 Insignificant
Résiduel 17 623.543014 36.6790008

Total 26 61,193.4337 100
SD=6.0563 R*=0.9898
Mean=102.3611 R? adjusted = 0.9844
Coefficient of variation=5.9166 R? predicted = 0.9754
Predicted residual error of sum of squares (PRESS) =1502.5340 Adequate precision=41.668
Conventional CC650
Model 9 51,455.1393  5717.2377 201.456419  <0.0001 Significant
Ve 1 0.5408 0.5408 0.01905599  0.8918 0.001 Insignificant
f 1 8139.17876 8139.17876 286.797557  <0.0001  15.818 Significant
ap 1 41,416.3387  41,416.3387  1459.37387  <0.0001  80.490 Significant
Vexf 1 163.614675 163.614675 5.76523634  0.0281 0.318 Significant
Ve xap 1 110.777633 110.777633 3.90343493  0.0646 0.215 Insignificant
fxap 1 1583.32213 1583.32213 55.7909998  <0.0001  3.077 Significant
Vex Ve 1 28.6307852 28.6307852 1.00885353  0.3293 0.056 Insignificant
<f 1 2.81991852 2.81991852 0.09936454  0.7564 0.005 Insignificant
ap x ap 1 9.91591852 9.91591852 0.34940395  0.5622 0.019 Insignificant
Résiduel 17 482451944  28.3795261
Total 26 51,937.5913 100
SD=5.3272 R*=0.9907

Mean=101.4641

Coefficient of variation =5.2504
Predicted residual error of sum of squares (PRESS)=1332.6512

R? adjusted = 0.9858
R? predicted = 0.9743
Adequate precision=46.861

+0.105Ve x f—0.238Ve X ap + 3759.722f
xap 4 5.152 x 107Vc2—2837.654 /2—489.889ap>

Ftcegsowg = 10.618 + 00397VC—606765f +254.871ap
£0.607Ve x f~0.714Ve x ap + 1642.777f

(16)

(17)

xap + 8.707 x 10°5Vc? + 4168.51f2 + 458ap”
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Ftceeso = —44.145 + 0.1552Vc + 515.034f 4 209.753ap

(18)

—3.516Ve x £—0.868Ve x ap + 3828.8897 x ap
+1.783 x 107Vc?=761.7282—128.55ap>

To view better the results of the analysis of variance,
Pareto graphs are built (Figs. 8, 9, and 10). These fig-
ures rank the cutting parameters and their interactions of
their growing influence on the axial force (Fa), radial
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Fig. 10 Graphs of Pareto, for effect cutting parameters on tangential force of CC6050WH, CC6050, CC650WG, and CC650

force (Fr)m and tangential force (Ft). The standardized
values in these figures are obtained by dividing the
effect of each factor by the error on the estimated value
of the corresponding factor.

The resulting Pareto graphs for the reduced quadratic
model for output responses (machining forces) are shown
in Figs. 8, 9, and 10. If the F table values are greater than
4.45, the effects are significant. If the values of F table are
less than 4.45, the effects are not significant. In this case,
the insignificant model terms can be removed. So the final
Egs. (19)—(30) of cutting force components can be written
in terms of actual factor.

For axial force Fa, the regression equations formed are
as follows:

Faccsosown = —21.138 + 0.0067Vc + 289.148f (19)
+57.944ap + 946.778ap’R*> = 97.92%
Facceoso = 12.95-0.0035Vc—105.2961 + 88.202ap (20)
+1690.278f x ap + 533.889ap’R? = 99.17%
Faccesows = —5.48-0.124Vc + 161.16f—15.99ap (21)

+0.97Vc x ap + 548.555ap’R* = 97.82%
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Facceso = 19.556-0.323Vc-319.621/-80.31ap + 2.81Vc
xf +0.931Vc x ap + 1284.166f x apR> = 98.42%

(22)

For radial force Fr, the regression equations formed are:

Frecgosows = —173.909 + 0.064Ve + 2126.70 (23)
+1211.89ap-3847.221f x apR* = 95.43%
Freceoso = 45.52-1.689Vc + 511.518/ + 938.588ap (24)

+1805/ x ap—0.0076Vc*—816.166ap’R> = 99.45%

Frecessowa = —114.317 +0.032Vc + 877.388f + 609.669ap  (25)
+2.195Vce x apR? = 97.99%

Freceso = —67.36 4 0.187Ve + 417.071 4 272.02ap
+1.73Ve x ap + 1564.167f x apR*> = 98.53%

(26)
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For tangential force Ft, the regression equations
formed are:

Ftccsosown = —20.006—0.073Ve 4 418.81f + 265.547ap
+1755.277f x apR> = 97.68%

(27)

Ftccooso = 24.71-0.101Vc—75.88 + 8.38ap + 3759.722f (28)
xER*> = 98.06%

Ftecssows = —44.92—0.016Ve 4 380.129f + 355.98ap (29)
+1642.777f x apR? = 98.51%
FtCC650 =11.22 + OOOSVC_5696f + 5853}) (30)

+3828.889/ x apR> = 98.46%

Figure 11 shows the comparison between the predict-
ed and measured values of machining forces (Fa, Fr, and
Ft). It is concluded that the results of the comparison
prove that predicted values of the cutting force compo-
nent and surface roughness are very close to those ex-
perimentally recorded.
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Figure 12 represents perturbation plot for the Fa, Fr,
and Ft, in which the line represented by the different fac-
tors, cutting speed (Fig. 12a), feed rate (Fig. 12b), and
depth of cut (Fig. 12c) revealed their individuals behav-
iors on Fa, Fr, and Ft, respectively, keeping other param-
eters constants. Figure 12 depicts an increasing trend of
machining forces by increasing the feed rate (Fig. 12b)
and depth of cut (Fig. 12¢), whereas a decreasing trend
with increase in cutting speed (Fig. 12a).

4.3 Influence of process parameters on three-component
cutting forces

In order to better understand the interaction effect of variables
on response factors, three-dimensional (3D) plots for the mea-
sured responses were created based on the model equations
(Egs. (7) to (18)). Since each model had three variables, one
variable was held constant at the center level for each plot;
therefore, a total of three response surface plots were produced
for the responses (Figs. 13, 14, and 15).

Figure 13 presents the influence of cutting speed, feed
rate, and depth of cut on axial force (Fa); the effects of the
cutting speed, feed rate, and depth of cut on radial force
(Fr) are shown in Fig. 14. Finally, the estimated surface
response for tangential force, Ft in relation to the cutting
speed, feed rate, and depth of cut are shown in Fig. 15.
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Fig. 11 Comparison between measured and predicted values for cutting force components of CC6050WH, CC6050, CC650WG, and CC650. a

CC6050WH. b CC6050. ¢ CC650WG. d CC650
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Fig. 12 Effect of machining parameters on Fa, Fr, and Ft of CC6050WH,
CC650

The axial force increased with the increasing feed rate and
depth of cut according to Fig. 13. On the other hand, the
axial force decreased with the increase of the cutting
speed. The lowest axial force was obtained when
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machining with CC6050WG tool, followed by CC650,
CC6050WH, and CC6050 tools, respectively.

Figure 14 shows that the influence of the feed and depth of
cut on the radial cutting force is very significant except that of
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Fig. 13 3D surface plots of feed force versus Ve, £, and ap of CC6050WH, CC6050, CC650WG, and CC650
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Fig. 14 3D surface plots of radial force versus Ve, £, and ap of CC6050WH, CC6050, CC650WG, and CC650
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Fig. 15 3D surface plots of tangential force versus Vc, f, and ap of CC6050WH, CC6050, CC650WG, and CC650
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Table 9  Goals and parameter ranges for optimization of cutting conditions

Conditions Goal Lower limit Upper limit

CC6050WH  CC6050 CC650WG  CC650  CCo050WH  CC6050 CC650WG  CC650
Cutting speed, Ve (m/min)  In range 80 150
Feed rate, f/ (mm/rev) In range 0.08 0.14
Depth of cut, ap (mm) In range 0.10 0.30
Axial force, Fa (N) Minimize  16.85 23.02 6.61 12.07 137.23 144.01 96.43 108.79
Radial force, Fr (N) Minimize  75.66 101.46 41.7 38.62 357.32 322.96 305.7 24597
Tangential force, Ft (N) Minimize  41.99 35.75 27.62 43.61 195.41 200.21 190.78 191.43

the cutting speed. It can be observed from the 3-day plots that
the radial cutting force slowly increases with the increase in
the cutting speed, while it nonlinearly gradually increases and
then sharply increases with the increments of depth of cut.
Similar results were also reported by the various researchers
in literature [22, 24].

Finality, three-dimensional mapping (i.e., surface response)
of Egs. (15-18) were represented in Fig. 15a—c. As seen from
Fig. 15a, b, at a constant cutting speed, tangential force in-
creases with increases in depth of cut and feed rate. It can be
seen that higher feed rate coupled with higher depth of cut
significantly affects the tangential force. This can be explained
as the feed rate is increased; the region of sheared chip in-
creases, since resistance to material rupture is higher and
hence requires larger efforts for chip removal [18, 19].

The analysis also shows that machining with TiN-
coated ceramic inserts (CC6050WH and CC6050) gener-
ates more effort (Fa, Fr, and Ft) than the other two tested
cutting ceramics (CC650WG and CC650). Besides, TiN
coating made the ceramic tool gain a certain degree of
toughness. This toughness caused a decrease in chipping
type damage in the cutting tool. The type of wear or
damage that occurs on the tool also changes the direction
of chip flow. Uncoated mixed ceramic tool having lower
thermal conductivity results in an increase in the temper-
ature at the tool chip interface. This causes a thermal bi-
metallic effect between the upper and lower sides of the
chip that forces the chip to curl a smaller radius. In addi-
tion, the radial force is found to be the larger component
of turning forces.

Table 10 Response optimization

for machining forces Test N °  Machining parameters Machining forces Desirability Remarks

Ve ya ap Fa (N) Fr (N) Ft(N)
(m/min)  (mm/rev)  (mm)

CC6050WH

1 144.70 0.08 0.10 18.0884 90 45 0974014597  Selected

2 146.01 0.08 0.10 18.0782 90 45 0.973994138

3 146.56 0.08 0.10 18.075 90 45 0.973974137

CC6050

1 122.15 0.08 0.10 26.7434 949993 422643  0.976391715  Selected

2 122.70 0.08 0.10 26.7469  95.0911 422246  0.976333728

3 121.78 0.08 0.10 26.7641  95.0014 423235  0.97621037

CC650WG

1 150.00 0.08 0.10 8.99509  52.1219  36.4669  0.959848829  Selected

2 149.56 0.08 0.10 9.02078  52.2264  36.4481  0.959662119

3 146.11 0.08 0.10 9.22342 529746  36.3007  0.958280354

CC650

1 80.00 0.08 0.10 12.6369 369156  36.8855  0.998042267  Selected

2 80.00 0.08 0.10 12.6453  37.2806  37.2456  0.998013372

3 80.26 0.08 0.10 12.6501  37.2976  37.1260  0.997996648
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5 Multiple response optimizations

In this present study, desirability function optimization of the
RSM has been employed for single and multiple objective
optimizations [25]. During the optimization process, the main
aim was to find out the optimal values of cutting parameters in
order to minimize the machining forces during hard turning
process. The machining forces are the main contributing factor
for power requirement, motor selection, and machine tool de-
sign in machining application. These forces also affect the sur-
face finish of the job so machinability will be good if the forces
are less. The constraints used during the optimization process
are summarized in Table 9. The best (optimum) cutting condi-
tion leading to the minimum machining forces are reported in
Table 10 in order to decrease the desirability level. Table 10
shows the optimization results. Values of optimal cutting pa-
rameters are found to be as follows: Vc=80 and 150 m/min,
f=0.08 mm/rev, and ap=0.10 mm when using uncoated mixed
ceramic inserts (CC650WG and CC650), respectively. The op-
timized machining forces are as follows: Faccesowg=8.99 N,
FaCC650 =12.63 N, FrCCGS()WG= 52.12 N, FrCC650= 3691 N,
and FtCCGSOWG= 3646, FtCC650= ,368855 N.

6 Conclusions

In the present investigation, the various machinability aspects
such as machining forces and tool wear were analyzed to
study the effects of cutting speed, feed rate, depth of cut, and
machining time in hard turning of AISI 4140 high-strength
low alloy steel with CC6050WH, CC6050, CC650WG, and
CC650 ceramic inserts. The experiments were planned as per
full factorial design and the response surface methodology has
been employed for the machinability study. Analysis of vari-
ance has been carried out to check the adequacy of the pro-
posed machinability models. Based on the experimental re-
sults and the subsequent parametric analysis the following
conclusions are drawn within the ranges of the process param-
eters selected:

* The machining forces is highly sensitive to depth of
cut and feed rate in case of hard turning with TiN-
coated ceramics (CC6050 and CC6050WH) as com-
pared to uncoated mixed ceramics (CC650WG and
CC650). On the other hand, cutting speed has the least
effect. In general, the inserts CC650WG and CC650
provides lower values than the CC6050WH- and
CC6050-coated ceramic tools.

* During machinability study in dry hard turning, it is ob-
served that the tool life for both wiper ceramic tools
(CC6050WG and CC650WH) are higher, i.e., about
19 min, 10 min for uncoated mixed ceramic (CC650)
and TiN-coated ceramic tools (CC6050), respectively,

under extreme cutting conditions of hard turning of AISI
4340 steel (60 HRC).

* The results of ANOVA and the validation experiments
confirm that the developed mathematical model shows
excellent fit and predicted values are very close to exper-
imental values.

* The optimum values of cutting conditions are achieved
with the overall desirability function. The optimum cut-
ting conditions for machining forces are in the region of
cutting speed=80 and 150 m/min, feed rate=0.08 mm/
rev, and depth of cut=0.10 mm when using uncoated
mixed ceramic inserts (CC650WG and CC650).

ap, Depth of cut (mm); £, Feed rate (mm/rev); Fa, Axial force
(N); Fr, Radial force (N); Ft, Tangential force (N); VB, Flank
wear (mm); Ve, Cutting speed (m/min); HRC, Rockwell hard-
ness; «, Clearance angle (degree); v, Rake angle (degree); A,
Inclination angle (degree); x,, Major cutting edge angle (degree)
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