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Hard turning with multilayer coated carbide tool has several benefits over grinding process
such as, reduction of processing costs, increased productivities and improved material
properties. The objective was to establish a correlation between cutting parameters such
as cutting speed, feed rate and depth of cut with machining force, power, specific cutting
force, tool wear and surface roughness on work piece. In the present study, performance
of multilayer hard coatings (TiC/TiCN/Al,03) on cemented carbide substrate using chemical
vapor deposition (CVD) for machining of hardened AISI 4340 steel was evaluated. An
Coated carbide attempt has been made to analyze the effects of process parameters on machinability
Taguchi technique aspects using Taguchi technique. Response surface plots are generated for the study of
ANOVA interaction effects of cutting conditions on machinability factors. The correlations were
established by multiple linear regression models. The linear regression models were vali-
dated using confirmation tests. The analysis of the result revealed that, the optimal com-
bination of low feed rate and low depth of cut with high cutting speed is beneficial for
reducing machining force. Higher values of feed rates are necessary to minimize the spe-
cific cutting force. The machining power and cutting tool wear increases almost linearly
with increase in cutting speed and feed rate. The combination of low feed rate and high
cutting speed is necessary for minimizing the surface roughness. Abrasion was the princi-
ple wear mechanism observed at all the cutting conditions.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Modern machine tools, with increased dynamic perfor-
mance, stiffness and power, require cutting tools with
highly improved properties, in particular on their surfaces.
The fact holds good even during machining of difficult to
cut alloy steels. Correlation between chemical, physical
and mechanical characteristics of cutting tools surface
and their performances in cutting operations is therefore
a key issue for both tool manufacturers and users [1].

Various studies have been conducted to investigate the
performance of coated carbide, ceramic and CBN tools in
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the machining of various hard materials. Cutting forces,
tool wear and surface roughness are the major factors con-
sidered while machining of ferrous alloys in their hardened
state. Cutting force is the important technological parame-
ter to control in machining process. It is the background for
evaluation of the necessary power for machining, dimen-
sioning of machine tool components and tool body. It influ-
ences machining system stability. In hard turning, cutting
forces have been found to be influenced by a number of
factors such as cutting conditions, cutting time and work
piece hardness [2,3].

Nakayama et al. [4] indicated that cutting forces in the
machining of hard materials are not necessarily high com-
pared with those of soft materials. A high shear angle and
the formation of saw-toothed chips due to poor ductility
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Nomenclature

Ve cutting speed (m/min)
f feed rate (mm/rev)

d depth of cut (mm)

F. cutting force (N)

Fr feed force (N)

F; thrust force (N).

Fn machining force (N)

P machining power (kW)

Ky specific cutting force (MPa)
VB nax tool flank wear (mm)

R, surface roughness (pum)

reduce the forces despite the high strength of hard materi-
als. In addition, tool wear due to abrasion in the machining
of hard materials increases the cutting forces, especially the
thrust force. Luo et al. [5] have investigated the relationship
between hardness and cutting forces during turning AISI
4340 steel hardened from 29 to 57 HRC using mixed alu-
mina tools. The results suggest that an increase of 48% in
hardness leads to an increase in cutting forces from 30%
to 80%. It is reported that for work material hardness values
between 30 and 50 HRC, continuous chips were formed and
the cutting force components were reduced. However,
when the workpiece hardness increased above 50 HRC, seg-
mented chips were observed and the cutting force showed
a sudden increase.

Tool geometry is another important factor affecting
machining process, especially the feed force and thrust
force components [6]. When cutting hardened steels, the
use of chamfered edges and negative rake angle and incli-
nation angles helps to increase the machining forces. In
addition to that the use of large nose radius together with
low depth of cut leads to low true side cutting edge angle
values (irrespective of tool holder geometry), thus result-
ing in high thrust forces. On the other hand, large nose ra-
dius and cutting edge angle values may improve the
surface finish of the machined part provided tool vibration
can be controlled [7].

Machining conditions greatly influences the machining
of hardened steels. Li and Hossan [8] numerical simula-
tions are compared to experimental results, Cutting forces
and feed forces were determined in the numerical simula-
tions technique. Among process parameters, cutter geome-
try and work piece hardness, the feed rate has the most
significant effect on cutting and feed forces. With same
cutting conditions, turning AISI 4340 gets the highest cut-
ting force while turning AISI 52100 has the highest feed
force and turning AISI D2 gets the lowest cutting force
and feed force. The feed force appears to be a larger force
component than the cutting force in the hard turning. Cut-
ting force and feed force increase with increasing feed, tool
edge radius, negative rake angle, and work piece hardness.

The majority of hard turning concerned with composi-
tion, thermal, wear characteristics of cutting tools, effect
of work material hardness, tool geometry and influence of
cutting conditions on surface integrity of the finish ma-
chined parts [9]. Since hard turning demands a strong and
prudent tool cutting edge, nose design with proper edge
preparation becomes crucial to provide high edge strength
as well as to attain favorable surface roughness and subsur-
face residual stresses. Performance of coated carbides,

ceramic and CBN cutting tools and the quality of the sur-
faces machined are highly dependent on the cutting condi-
tions, i.e. cutting speed, feed, depth of cut and tool
geometry [10].

Yang and Tarng [11] used the Taguchi method to find
the optimal cutting parameters for turning operation. An
orthogonal array (OA) and the analysis of variance (ANO-
VA) are employed to investigate the cutting characteristics
using cemented carbide tools. Davim and Figueira [12]
investigated the machinability of AISI D2 tool steel using
experimental and statistical techniques. Hard turning
operation was performed on material having hardness
60 HRC, the tests are conducted by using cutting speed,
feed rate and time as main parameters and analysis was
done based on the responses. The influence of cutting
parameters under flank wear, specific cutting force and
surface roughness on machinability evaluation in turning
with ceramic tools using ANOVA is presented. Ozel et al.
[13] conducted a set of ANOVA and performed a detailed
experimental investigation on the surface roughness and
cutting forces in the finish hard turning of AISI H13 steel.
Their results indicated that the effects of work piece hard-
ness, cutting edge geometry, feed rate and cutting speed on
surface roughness are statistically significant.

Advances in coating technology have resulted in a new
generation of high performance coated carbide tools exhib-
iting improved properties such as fracture strength, tough-
ness, thermal shock resistance, wear resistance and
hardness. Surfaces of cemented carbide cutting tools need
to be abrasion resistant, hard and chemically inert to pre-
vent the tool and the work material from interacting chem-
ically with each other during machining. Coated carbides
are basically a cemented carbide insert material coated
with one or more thin layers of wear resistant material such
as titanium carbide (TiC), Titanium nitride (TiN) and alumi-
num oxide (Al,03) [14]. It is well known that thin (0.1 to
30 wm), hard (>2500 VHN) coatings can reduce tool wear
and improve tool life and also productivity [15].

Yigit et al. [16] investigated that a multilayer TiCN/TiC/
Al,O3/TiN coating with an external TiN layer is the best-
suited tool for minimizing flank wear and surface rough-
ness in hard turning. Aneiro et al. [17] have studied the
turning of hardened steel using TiCN/AIl,O3/TiN coated car-
bide tool and PCBN tools during turning of hardened steel.
They observed that better tool life could be achieved using
PCBN tool, but cost of the PCBN tool is as twice as that of
the coated carbide tool. Machining medium hardened
steels with TiCN/AI,O3/TiN inserts tend to be more produc-
tive. The relatively good performance of coated carbide
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tools in machining hardened steel relied on the coating
combination of layers. Knuttsson et al. [18] have stated
that TiAIN/TiN multilayer has exhibited better wear resis-
tance, attributed to the multilayer hardening effects and
enhanced thermal stability.

Yigit et al. [19] have found that multilayer coating on
carbide substrate enhances the tool life performance when
compared with uncoated carbide tools. Decrease in cutting
force was obtained with high temperature chemical vapor
deposition (HTCVD) multilayer carbide tools compared to
uncoated carbide tool. Ciftci [20] investigated the dry turn-
ing of austenitic stainless steels using CVD multilayer-
coated cemented carbide tools. It was reported that TiN
coating has a lower coefficient of friction than Al,O3 coat-
ing. Bouzakis et al. [21] stated that film failure after the
coating fracture initiation was less intense in case of mul-
tilayer coating and can be attributed to the deceleration of
potential cracks propagation within the layered TiN/TiAIN
structure. They reported that by applying the multilayer
coatings tool life could be improved.

The fundamental idea behind the introduction of multi-
layer coated carbide tool is to take advantage of higher cut-
ting speed in order to achieve increased material removal
rates during machining of hardened alloys. Recently many
researchers have focused on performance of multilayer
coated carbide tools for machining of hard materials. High-
er cutting speed process and reduce in friction between tool
and work piece material are the major parameters consid-
ered in previous studies to produce better surface finish
[22].

The literature reveals that, limited literatures are avail-
able on the multilayer, multimaterial cutting tools in turn-
ing of hardened AISI 4340 steel. Further, there is need to
present models which correlates the cutting parameters
with the machinability characteristics during hard turning.
Hence in the present study, the attention is paid towards
the multilayer multimaterial coated cemented carbide tool
and its performance during turning of hardened AISI 4340
steel. Besides main objective of the study was to investigate
the influence of cutting parameters such as feed rate, depth
of cut, cutting speed and their interaction on machinability
characteristics such as machining force, specific cutting
force, power required, tool wear and surface roughness
and to correlate them by presenting statistical models.
The Taguchi design approach is utilized for planning exper-
iments and ANOVA is employed for analysis.

2. Experimental procedure
2.1. Workpiece material

In this study, the chosen workpiece material was high
strength low alloy AISI 4340 steel in the form of round bars
having 100 mm diameter and 400 mm length. The work-
piece was through-hardened followed by tempering to
achieve 48 HRC. In order to assure the required stiffness
of chuck/workpiece/cutting system, the ratio of cylindrical
turning length to the initial diameter of workpiece was
approximately kept as 4. The steel investigated here is
widely employed for the production of automobile and ma-
chine tool parts such as axle shafts, main shafts, spindles,

gears, power transmission gears and couplings. The
chemical composition of AISI 4340 steel was evaluated
using an optical emission spectrometer and the obtained
chemical composition is given in Table 1.

2.2. Cutting tool and tool geometry

The coated carbide inserts of ISO geometry CNMG
120408 were used throughout the investigation. The inserts
have a multilayer CVD coating (TiN/TiCN/Al,O3) on cemen-
ted carbide substrate. The CVD coating consisted of a thick,
moderate temperature chemical vapor deposition (MT
CVD) of TiN for heat resistance and with low coefficient of
friction, TiCN for wear resistance and thermal stability and
Al,03 for high temperature/hot hardness and crater wear
resistance. The combined top coating and gradient substrate
provided extremely good behavior during dry machining.
The ‘PCLNL2525 M12’ (ISO) type tool holder was employed
with tool geometry as follows: including angles = 80°, back
rake angle = —6°, clearance angle =5° and approach an-
gle = 95°. The geometry of the tool and order of multilayer
are shown in Fig. 1.

2.3. Planning of experiments

Taguchi’s technique has been used widely in engineer-
ing analysis and is a robust design. The Taguchi technique
consists of plan of experiments with the objective of
acquiring data in a controlled way. After the completion
of the experiment the data from all the experiments in
the set are analyzed to determine the effect of various
parameters. Conducting the experiments in terms of
orthogonal array allows the effects of several parameters
to be determined efficiently. The treatment of the experi-
mental results is based on the analysis of average and the
analysis of variance [23-25].

In the present investigation, three levels are defined for
each of the identified factors as illustrated and shown in
Table 2. Cutting parameters are selected based on the
hardness of work piece material, and chemical composi-
tion and guidelines by the cutting tool manufacturer. Tagu-
chi’s L-27(3'®) orthogonal array was selected for plan of
experiments and is shown in Table 3.

2.4. Experimental details

The dry turning experiments were performed on hard-
ened AISI 4340 steel material using coated carbide inserts.
Computer numerically controlled (CNC) lathe was em-
ployed to conduct the experiments. The lathe is equipped
with 22 kw spindle power and a maximum spindle speed
of 5000 rpm. Axial and radial run out was checked on the
machine and was within the acceptable limit of error. Dur-
ing the machining tests, the cutting force (F.), radial force
(F;) and feed force (F,) were measured using a piezo-electric
dynamometer (Kistler model 9263A) which was connected
to charged amplifiers and a personal computer through an
analog to digital converter card. To obtain and record the
force data, data acquisition software was used. Cutting
forces and their amplitudes were measured with an accu-
racy of £0.012 N, +0.010 N and +0.020 N, for the F,, F; and
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Table 1
The chemical composition of AISI 4340 steel in percentage by weight.
C Si Mn P S Cr Ni Mo Fe
0.382 0.228 0.609 0.026 0.022 0.995 1.514 0.226 95.998
Included
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Fig. 1. (a) Insert with tool geometry and (b) order of multilayer coating.

Table 2

Factors and levels used in the experiments.
Factors Symbol  Level 1 Level 2 Level 3
Cutting speed (m/min) V. 140 200 260
Feed rate (mm/rev) f 0.10 0.18 0.26
Depth of cut (mm) d 0.60 0.80 1.0

Fy, constituents of the resultant force, respectively. The
photographs of the experimental setup with measurement
of the cutting forces by piezoelectric dynamometer and the
charge amplifiers with PC based data acquisition system are
shown in Fig. 2. The steady state force condition was main-
tained as shown in Fig. 3.

In each experiment a fresh cutting tool was used for
fixed cutting time of 4.0 min and the experiments were re-
peated twice at each condition in order to keep experimen-
tal error at a minimum. After the trials the tools were
cleaned in an HCI solution and acetone in order to remove
steel residuals adhered to the rake and flank face of the
cutting tools. The width of flank wear was measured using
optical microscope connected to a digital camera and com-
puter. The surface roughness values were measured imme-
diately after the turning process at five different locations
on work piece by using surface roughness tester. The aver-
age of five roughness values was taken as an arithmetic
surface roughness (R,).

3. Experimental results and discussion

The plan of tests was developed with the aim of relating
the influence of the cutting speed, feed rate and depth of
cut with machinability parameters. The statistical treat-
ment of the data was made in two phases. The first phase
was concerned with the ANOVA and the effect of the each
factor and interactions. In order to determine the interac-
tion effects of turning process parameters on machining
force (F,), specific cutting force (Ks), power (Py,), tool wear

(VBmax) and surface roughness (R;), the response surface
plots were generated considering two parameters at a time
while third parameters is kept at constant.

The second phase allowed us to obtain the correlations
between the parameters by multiple linear regressions.
The outputs to be studied are machining force (F,,), specific
cutting force (K;); machining power (P,;), tool wear (VBax)
and surface roughness (R,). Trials were run twice and an
average value was considered for analysis as shown in
Table 3. The measured force components are represented
with a mean machining force, which are calculated by
using the equation shown in Eqgs. (1)-(3).

Fn=\/(F} +F} +F) (1)
P, = F.V,, (2)
Ks=Fc/(f x d) 3)

3.1. Analysis of variance results

ANOVA can be useful for determining influence of any
given input parameters from a series of experimental re-
sults by design of experiments for machining process and
it can be used to interpret experimental data. The obtained
results are analyzed using Minitab-16, statistical analysis
software which is widely used in many engineering appli-
cations. The ANOVA table consists of sum of squares and
degrees of freedom. The mean square is the ratio of sum
of squares to degrees of freedom and F-ratio is the ratio
of mean square to the mean square of the experimental er-
ror. As per ANOVA, the calculated value of Test-F of devel-
oped model should be more than F-table for the model to
be adequate for a specified confidence interval.

Tables 4-8 illustrate the results of ANOVA with the
machining force (F,), specific cutting force (K;), the power
(Py,) required for performing the machining operation, tool



Table 3

Experimental data for hardened AISI 4340 steel machining with coated carbide tool.

Trial Ve (m/ F(mm/ D Machining force, F, (N) Specific cutting force, K (MPa) Machining power, P,,, (kW) Tool wear, VBqx (Mm) Surface roughness, R, (m)
No. min) rev (mm)
R1 R2 Avg. S/N R1 R2 Avg. SIN R1 R2 Avg.  SIN R1 R2 Avg.  SIN R1 R2 Avg. SIN
(dB) (dB) (dB) (dB)
1 140 0.1 0.6 440 444 4420 -5291 38900 3933.34 3911.67 -71.85 040 035 0375 8.52 0.05 0044 0047 2656 0.60 0.54 0.57 4.81
2 140 0.1 0.8 488 495 4915 -53.83 36300 3687.50 3658.75 -71.27 0.50 045 0475 6.47 0.06 0052 0056 2504 0.66 0.58 0.62 4.22
3 140 0.1 1.0 546 550 548.0 -54.78 3410.0 3430.00 342000 -70.68 055 050 0.525 5.60 0.07 0062 0066 23.61 074 0.64 0.69 3.16
4 140 0.18 0.6 480 486 483.0 -53.68 3220.0 3240.75 3230.38 -70.19 0.60 0.60 0.600 4.44 0.066 0.058 0.062 2415 120 112 116 -1.29
5 140 0.18 0.8 602 600 601.0 -55.58 3142.0 3125.00 313350 -69.92 065 0.70 0.675 3.41 0.075 0.065 0.07 2310 135 130 133 -244
6 140 0.18 1.0 753 750 7515 -57.52 3077.8 3066.67 307224 -69.75 070 075 0.725 2.79 009 0084 0087 2121 140 130 135 -261
7 140 0.26 0.6 630 628 629.0 -5597 3148.0 3141.03 314452 -69.95 080 090 0850 1.41 0.08 0070 0.075 2250 2.00 1.84 192 -569
8 140 0.26 0.8 734 740 737.0 -57.35 2980.0 2990.38 2985.19 -69.50 095 1.05 1.00 0.00 0.09 0.090 0.09 2092 210 2.00 205 -6.24
9 140 0.26 1.0 995 998 996.5 —-59.97 2842.0 2846.16 2844.08 -69.08 1.10 1.00 1.05 -042 0.11 0.100 0.105 19.58 225 1.18 1.72 -4.69
10 200 0.1 0.6 385 390 387.5 -51.77 3745.0 3800.00 377250 -71.53 1.00 090 0950 045 0.08 0080 008 2194 046 040 043 743
11 200 0.1 0.8 415 422 4185 -5243 35100 3550.00 3530.00 -70.96 1.05 1.00 1.025 -0.21 0.10 0.090 0.095 2045 055 045 05 593
12 200 0.1 1.0 513 515 5140 -54.22 3325.0 3350.00 333750 -7047 120 1.10 1.150 -1.21 0.11 0.110 0.11 19.17 060 054 0.57 4.81
13 200 0.18 0.6 462 455 4585 -53.23 31520 3111.12 3131.56 -69.92 1.10 1.10 1.100 -0.83 0.11 0.102 0.106 1949 0.85 0.75 0.80 1.94
14 200 0.18 0.8 580 578 579.0 -5525 2916.7 2902.77 2909.74 -69.28 125 120 1225 -176 012 0.11 0.115 1879 096 0.84 0.90 0.87
15 200 0.18 1.0 704 700 7020 -56.93 27889 2777.78 278334 -68.89 150 136 1430 -3.11 0.13 0.118 0.124 1813 1.05 10 1.03 -030
16 200 0.26 0.6 554 552 5530 -54.85 2946.0 293590 294095 -69.37 160 155 1575 -395 015 0140 0.145 16.77 150 1.5 1.50 -3.52
17 200 0.26 0.8 714 708 711.0 -57.04 2782.0 276442 277321 -68.86 170 1.60 1.65 -435 0.17 0.164 0.167 1555 170 1.64 1.67 -4.48
18 200 0.26 1.0 865 850 857.5 -58.66 2650.0 2634.62 264231 -6844 190 1.80 1.85 -534 0.19 0.180 0.185 1466 180 1.74 177 -4.96
19 260 0.1 0.6 365 360 3625 —51.19 3540.0 3500.00 352000 -7093 160 170 1.65 -435 0.15 0.150 0.15 1648 032 028 030 1046
20 260 0.1 0.8 390 386 388.0 -51.78 3387.0 3337.50 336225 -70.53 180 1.70 1.75 -4.86 0.17 0.160 0.165 1565 045 037 041 7.85
21 260 0.1 1.0 480 472 476.0 -53.55 3205.0 3160.00 3182.5 -70.06 190 1.84 1.87 -544 0.19 0.180 0.185 1466 060 052 056 5.04
22 260 0.18 0.6 436 430 433.0 -52.73 30700 3055.56 3062.78 -69.72 1.80 1.72 176 -491 0.17 0.164 0.167 1555 070 06 065 3.74
23 260 0.18 0.8 560 565 562.5 -55.00 2777.8 2805.56 2791.68 -68.92 2.00 196 1.98 -593 0.19 0.180 0.185 1466 088 0.76 0.82 1.72
24 260 0.18 1.0 685 680 6825 -56.68 2700.0 2683.34 2691.67 -68.60 220 2.10 2.15 -6.65 020 0.200 0.2 1398 095 085 090 0.92
25 260 0.26 0.6 515 520 517.5 -54.28 27400 2756.41 274821 -68.78 230 220 2.25 -7.04 024 0230 0235 1258 130 122 126 -2.01
26 260 0.26 0.8 650 646 648.0 -56.23 2610.6 2596.16 260338 -68.31 250 242 246 -7.82 028 0270 0275 1121 140 134 137 -2.73
27 260 0.26 1.0 745 746 7455 -57.45 24962 2500.00 2498.10 -67.95 3.00 3.10 3.05 -9.69 032 0310 0315 1003 160 148 154 -3.75
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Fig. 2. (a) Experimental setup with measurement of the cutting forces by piezoelectric dynamometer, and (b) charge amplifiers and PC based data

acquisition system.

TIME { Seconds )

500 0900 1.000 1.100 1200 1.300 1.400 1500

— FC
Ft
Fr

Fig. 3. Example of cutting forces for hardened AISI 4340 steel with coated carbide tool at V. = 200 m/min, f=0.18 mm/rev and d = 1.0 mm.

Table 4

ANOVA results for machining force (Fy,).
Factors D.of Variance TestF Frable P (%)
f 69.91 2 34.96 349.60 8.65% 53.38
d 47.26 2 23.63 23630 8.65% 36.04
Ve 9.01 2 4.50 45.00 8.65% 6.75
fxd 2.63 4 0.66 6.60 3.84° 1.71
Vex f 0.92 4 0.23 230 1.66° 0.40
Vexd 0.09 4 0.023 023 - -
Error 0.79 8 0.10 1.72
Total 13061 26 100.00

SS=Sum of squares; d.o.f=degree of freedom; P =percentage of
contribution.

¢ 99% Confidence.

b 95% Confidence.

€ 75% Confidence.

wear (VB,a) and surface roughness (R;) in work piece,
respectively. The last column of the tables shows the per-
centage of contribution (P) of the each factor on the total
variation indicating, the degree of their influence on the
result.

Table 5

ANOVA results for specific cutting force (Ks).
Factors  SS D.of Variance Test F Frabie P (%)
f 18.88 2 9.44 502.13 8.65% 70.55
d 3.79 2 1.895 100.80 8.65% 14.05
Ve 3.62 2 1.81 96.28 8.65% 13.42
Vex f 0.19 4 0.0475 2.53 1.66° 0.43
Vexd 0.03 4 0.0075 0.40 - -
fxd 0.05 4 0.0125 067 - -
Error 0.15 8 0.0188 1.55
Total 26.71 26 100

SS=Sum of squares; d.o.f=degree of freedom; P=percentage of
contribution.

2 99% Confidence.

b 75% Confidence.

3.2. Effect of cutting parameters on machining force
Table 4, shows that the feed rate has highest statistical

significant (53.38%) followed by depth of cut (36.04%)
whereas cutting speed (6.75%) was found to be less
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Table 6

ANOVA results for machining power (Py,).
Factors SS D.of Variance TestF Frable P (%)
Ve 443.93 2 222.00 1219.8 8.65" 77.67
f 99.66 2 49.83 273.79  8.65% 17.39
d 16.45 2 8.23 45.22  8.65% 2.82
Vex f 8.94 4 2.24 1231 7.01° 1.44
Vexd 0.62 4 0.16 088 - -
fxd 0.07 4 0.018 010 - -
Error 1.45 8 0.182 0.68
Total 57112 26 100.00

SS=Sum of squares; d.o.f=degree of freedom; P=percentage of
contribution.
¢ 99% Confidence.

Table 7

ANOVA results for tool wear (VBpax).
Factors SS D.o.f Variance TestF Fiape P (%)
Ve 372.23 2 186.12 2863.4 8.65% 75.75
f 89.95 2 44,98 692.00 8.65% 18.29
d 24.48 2 12.24 188.31 8.65% 4.96
Vex f 2.79 4 0.70 10.77 7.01° 0.52
Vexd 0.87 4 0.22 3.38 281° 0.124
fxd 0.37 4 0.10 154 - 0.023
Error 0.52 8 0.065 0.34
Total 491.21 26 100.00

SS=Sum of squares; d.o.f=degree of freedom; P=percentage of
contribution.

4 99% Confidence.

b 90% Confidence.

Table 8

ANOVA results for surface roughness (R,).
Factors SS D.of Variance TestF Fraple P (%)
f 469.9 2 234.95 97896  8.65° 83.79
Ve 56.91 2 28.45 11854 8.65° 10.08
d 18.53 2 9.27 38.63 8.65% 3.22
Vexd 5.49 4 1.37 571 3.84° 0.81
fxd 4.64 4 1.16 483 3.84° 0.66
Vex f 2.86 4 0.72 3.00 281° 0.34
Error 1.90 8 0.24 1.11
Total 560.23 26 100.00

SS=Sum of squares; d.o.f=degree of freedom; P=percentage of
contribution.

¢ 99% Confidence.

b 95% Confidence.

€ 90% Confidence.

significant on the machining force. The interactions f x d
and V; x f were less significant while V, x d interaction
was found to be negligible. It can be observed that the in-
crease in machining force caused with the increase in feed
rate and depth of cut. But the machining force decreased
with increase in cutting speed. The reduction in force
was noticed only for the cutting force, while feed force
and thrust force remained practically unaltered. The in-
crease in the feed rate induces a larger volume of the cut
material in a same unit of time, besides establishing a dy-
namic effect on the cutting forces. It also leads to corre-
sponding increase in the normal contact stress at the tool
chip interface and in the tool chip contact area [7,15].
Hence cutting forces were found to be increased with the

increase in feed rate. Similarly, increase in depth of cut
caused the increase in machining forces. It may be due to
the fact that, increase in depth of cut results in increased
tool work contact length [26]. Subsequently, chip thickness
becomes significant that causes the growth of the volume
of deformed metal and that requires greater cutting forces
to cut the chip. The reduction in the forces with the in-
crease in cutting speed is possibly due to the temperature
increase in the shear plane area, which resulted in a reduc-
tion in the shear strength of the material [15].

Fig. 4 shows the interaction effects of cutting speed
(Vo) - feed rate (f), cutting speed (V.) — depth of cut (d)
and feed rate (f) - depth of cut on machining force (Fp,).
As seen from Fig. 4a and b, for a given cutting speed, the
machining force sharply increases with the increase in feed
rate or depth of cut. On the other hand, the machining
force has a tendency to reduce with increase in cutting
speed with lower feed rate or depth of cut. When the depth
of cut is low, the machining force is highly sensitive to feed
rate, as shown in Fig. 4c; an increase in feed rate sharply
increases the machining force. From the above discussions
it can be manifest that, the machining force can be mini-
mized by employing lower values of feed rate and depth
of cut with higher cutting speed.

3.3. Effect of cutting parameters on specific cutting force

The specific cutting force is highly sensitive to variation
of cutting parameters. Table 5, illustrates that the feed rate
has highest statistical significant (70.55%) followed by
depth of cut (14.05%), whereas cutting speed (13.42%)
was found to be less significant on the specific cutting
force. The interactions f x d was less significant while
V. x fand V. x d interaction were found to be negligible.
At lower cutting parameters, cutting tool rubs on the sur-
face of work piece in the hard machining, because of not
having sufficient material to remove and so the cutting
edge undergoes enormous pressure which causes and
accelerates its damage or diffusion. The reason might be
that at lower cutting parameters, the shear model does
not fit adequately to the chip formation process, as the
material is subjected to lower strain rates and hence spe-
cific cutting force increases. Similar results were reported
by Gaitonde et al. [27] during hard turning of AISI D2 steel
with ceramic tool.

From the interaction plots Fig. 5a and b it can be ob-
served that, at the low feed rate or depth of cut, an extre-
mely high specific cutting pressure has been recorded.
With an increase in feed rate or depth of cut, for a given
cutting speed, the specific cutting force decreases. From
Fig. 5¢ illustrates the evolution of the specific cutting force
according to the depth of cut and feed rate, specific cutting
force decreases with increase in depth of cut and feed rate.
It can be concluded that the feed rate exhibits maximum
influence on specific cutting force as compared to depth
of cut and cutting speed on specific cutting force.

3.4. Effect of cutting parameters on machining power

Table 6 presents ANOVA results for machining power. It
can be seen that the cutting speed has highest statistical
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significant (77.67%) followed by feed rate (17.39%) and
depth of cut (2.82%) on machining power. The interactions
Ve x f (1.44%) was less significant while V. x d and f x d
interactions were found to be negligible. It can be observed
that at lower cutting parameters, there is a small resistance
to cutting tool, and while at the higher cutting parameters,
the work material offers more resistance to cutting tool
thus increasing the friction. Hence, the cutting force in-
creases due to increase in friction, which in turn increases
the power. When the feed rate or depth of cut are in-
creased with the increase of cutting velocities, high power
were required to deform the material within short period
of time. Similar discussion can be found elsewhere Gait-
onde et al. [28,29].

Fig. 6 shows the interaction effects of cutting speed
(Vo) - feed rate (f), cutting speed (V,) - depth of cut (d)
and feed rate (f) - depth of cut on machining power (Pp,).
It can be observed from Fig. 6a and b that, for the given
feed rate or depth of cut, the machining power sharply in-
creases with the increase in cutting speed. When the depth

P (kW)

Ve (m/min) Ve (m/min)

of cut is low, the machining power is highly sensitive to
feed rate, as depicted in Fig. 6¢; an increase in feed rate
slightly increase the machining power. From the above dis-
cussion, Fig. 6 clearly suggests that the machining power
can be minimized by employing lower values of cutting
speed, feed rate and depth of cut.

3.5. Effect of cutting parameters on tool wear

The tool wear purely depend on the type of tool grade,
geometry, work piece material composition and hardness
and cutting conditions. It can be concluded that generally,
adhesion, abrasion and diffusion are considered to be the
main tool wear mechanisms in hard turning: however
the individual effect of each mechanism depends on the
work material, cutting conditions and tool geometry
[5,30]. From the analysis of Table 7, it indicates that the
cutting speed (75.75%) has the highest influence followed
by feed rate (18.29%) and depth of cut (4.96%). The interac-
tions V. x f and V. x d were less significant while f x d

Z
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T
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777777
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Fig. 6. (a) 3D surface plots for interaction effects of feed rate and cutting speed, (b) depth of cut and cutting speed, and (c) Feed and depth of cut on

machining power.
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interaction were found to be negligible. From the above
discussions it can be observed that, the increased speed
significantly increases the temperature at the contact zone,
which even exceeds the limits of the allowed thermal sta-
bility of the cutting material. Consequently this leads to
drastic increase of the tool wear. With simultaneous in-
crease of feed rate and speed of the deformation, the forces,
heat generation and consequently the temperature at the
contact zone are increased [20,31,32]. With the increase
in cutting speed increases 140-260 m/min, the rubbing ac-
tion between tool and work piece is faster and more heat
produced even though less contact time exits. The genera-
tion of heat at the flank side softens the tool edge and more
wear occurred.

From the interaction plots Fig. 7a and b, it can be ob-
served that, for the given feed rate or depth of cut, the cut-
ting tool wear increases with the increase in cutting speed.
On the other hand, the tool wear has a tendency to reduce
with increase in feed rate and depth of cut with low cutting
speed. Fig. 7c indicates the characteristic wear of tool is
caused by the fact that, the speed is no longer the influen-
tial factor on wear, but it is more likely that wear is the
consequence of the feed and depth of cut. From the above
discussions, it is clear that a combination of lower values of
cutting speed, feed rate and depth of cut is favorable in
reducing tool wear.

R. Suresh et al./Measurement 45 (2012) 1872-1884

Fig. 8 shows the wear of the multilayer coated carbide
cutting tool observed with the scanning electronic micros-
copy (SEM) after the machining tests. The formation of
wear is due to the occurrence of higher pressure and tem-
perature at the tool. The results of the present study also
agree with the study of Davim and Figueira [12] during
hard turning of AISI D2 steel.

Fig. 8a shows that, while flank wear progress is steadier,
the crater formation on the rake face is highly influenced
by thermal conditions and associated chemical wear. It
can be concluded that the increase in tool wear at higher
values of cutting speed is probably due to the abrasion at
the rake face of the tool as the machining time progresses.
According to Thanizhmanii et al. [33], during hard turning
with PCBN tools distinct wear mechanisms may coexist,
chiefly abrasion and adhesion. However, in the case of hard
turning with carbide tools, their comparatively lower hard-
ness makes abrasion the dominant wear mechanism. The
film is removed from the region near the cutting edge after
short period and the substrate is exposed. It may be due to
the fact that hardness reduction and increase of thermal
conductivity of the coating at the elevated cutting temper-
ature [34]. In spite of that, there is no significant increase in
the wear extension on the rake face, suggesting that the
coating removal is ruled by critical shear stress and tem-
perature values in the flow zone. Excessive crater wear
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Fig. 7. (a) 3D surface plots for interaction effects of feed rate and cutting speed, (b) depth of cut and cutting speed, and (c) feed and depth of cut on tool

wear.
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Fig. 8. (a) Crater wear on the rake face of the tool at the cutting condition V. = 200 m/min, f=0.10 mm/rev and d = 0.6 mm. (b) Chipping of cutting edge at

V. =260 m/min, f=0.26 mm/rev and d = 0.8 mm.



R. Suresh et al./ Measurement 45 (2012) 1872-1884 1881

Ra (microns)
Ra (micr)

Ve (m/min)

Ve (m/min)

—
(2)
N

Ra (microns)
=

f (mm/rev)

Fig. 9. (a) 3D surface plots for interaction effects of feed rate and cutting speed, (b) depth of cut and cutting speed, and (c) feed and depth of cut on surface

roughness.

weakens the cutting edge and causes a catastrophic failure
(chipping) of the tool as shown in Fig. 8b. The fracture ob-
served may be due to the extremely high shear stresses
generated by the steep temperature gradient experienced
by the tool as a result of cutting the hardened steel.
Deformation of the cutting edge usually occurs at high feed
rates and high cutting speeds since the hardness of the tool
decreases with increasing cutting speed.

3.6. Effect of cutting parameters on surface roughness

Surface roughness influences not only dimensional accu-
racy of machined parts but also their properties. Surface
roughness is an important parameter to evaluate the perfor-
mance of the cutting tools. The irregularity of a machined
surface is the result of the machining process, including
selection of cutting conditions, environmental conditions.
In hard turning process, the surface roughness is greatly af-
fected by a number of factors such as nose radius, work
hardness, cutting angles and cutting conditions. Table 8
indicates that all the factors have significant influence on
the variation of surface roughness. The percent contribution
indicates that the feed rate factor (83.79%), cutting speed
factor (10.08%) and depth of cut factor (3.22%) have great
influence on the surface roughness. It can be revealed that
lower surface roughness values are obtained at higher cut-
ting speeds due to lower forces generated. At high cutting
speed, better surface finish was obtained since less heat
was dissipated to the work material.

The amount of heat generation increases with increase
in feed rate, because the cutting tool has to remove more
volume of material from the work piece. The plastic defor-
mation of the work piece is proportional to the amount of
heat generation in the work piece and promotes roughness
on the work piece surface [35-37]. And the second point is
that cutting with coated carbide tool having a certain wear
generates surface roughness than a fresh tool, because the
tool wear is proportional to the cutting feed rate and
roughness is a reproduction of the tool nose profile on
the work piece surface [22]. Depth of cut parameter has a
very less effect compared to that of the feed rate. This is
due to the increased length of contact between the tool
and the work piece. This improves the conditions of heat
flow from the cutting zone and consequently slows down
the process wear.

From interaction plot Fig. 9a it can be observed that, for
a given cutting speed, the surface roughness sharply

increases with increase in feed rate. On the other hand,
surface roughness has a tendency to reduce with an in-
crease in cutting speed at constant feed rate. The minimal
surface roughness results with the combination of low feed
rate and high cutting speed. Fig. 9b indicates that the depth
of cut is low; the surface roughness is highly sensitive to
cutting speed; an increase in cutting speed sharply reduces
the surface roughness. However, this reduction becomes
smaller and smaller with higher values of depth of cut.
Usually depth of cut does not much influence the surface
roughness. Fig. 9c indicates that for a given depth of cut,
the surface roughness increases with increase in feed rate.
On the other hand, depth of cut has less effect on surface
roughness. It revealed that a combination of higher cutting
speed along with lower feed rate and depth of cut is neces-
sary for minimizing the surface roughness. Best surface fin-
ish of 0.32 um was recorded at higher cutting speed of
260 m/min, feed rate of 0.1 mm/rev and depth of cut of
0.6 mm. Fig. 10 shows the scanning electron microscopy
(SEM) image in the quality of the surface observed during
turning of AISI 4340 high strength low alloy steel using
coated carbide tool at the cutting conditions of cutting
speed of 260 m/min, feed rate of 0.1 mm/rev, depth of cuts
of 1.0 mm and a machining time of 4 min. The improved
surface finish is clearly evidenced in this figure for reduced
feed rate.

Fig. 10. SEM view of machined surface generated at V=260 m/min,
f=0.10 mm/rev and d = 1.0 mm.
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3.7. Correlations

The correlation between the cutting factors and mea-
sured machining force, power, specific cutting force, tool
wear and surface roughness are determined from the fol-
lowing multiple linear regression equations (Eqs. (4)-(8)).
The coefficients of determination (R2) values of developed
machinability models have very good correlations between
the experimental and predicted values of machinability
characteristics.

The Anderson-Darling test and normal probability plots
of the residuals versus the predicted response for the
machining force, specific cutting force, machining power,
tool wear and surface roughness are plotted in Figs. 11-
15. The data closely follows the straight line. The null
hypothesis is that the data distribution law is normal and
the alternative hypothesis is that it is non-normal. Using
the p value which is greater than alpha of 0.05 (level of sig-
nificance), the null hypothesis cannot be rejected (i.e., the
data follow a normal distribution). It implies that the mod-
els proposed are adequate.

Fpn =124+ 0.653V, + 18f +248d — 3.41V, x f — 1.05V,
x d+2885f xd, (R*=97.5%) (4)

K, = 5301 — 2.05V, — 5565f — 1208d — 3.44V,
% f—006Ve xd+2161f xd, (RR=933%) (5

P, = —0.138 +0.00350V, — 2.15f — 1.21d + 0.0168V,
x f+0.00649V, x d +3.67f x d, (R* =98.0%) (6)

VBuax = 0.0330 + 0.000018V,.c — 0.610f — 0.0785d
+0.00389V, x f +0.000514V, x d + 0.344f

xd, (R*=095.7%) (7)
R, =0.166 — 0.00427V. + 10.9f — 0.357d — 0.0158V.
x f+0.00472V, x d — 0.89f xd, (R*=97.3%) (8)
3.8. Confirmation tests

For the validation purpose, the experiments were con-
ducted for three new trials, consisting of combination of
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input process parameters, which do not belong to the plan
of experimental set. The machining parameters used for
confirmation tests are illustrated in Table 9.

Table 10 shows the results obtained where a compari-
son was done between the foreseen values from the model
developed in the present work (Egs. (4)-(8)); with the val-
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Table 9
Cutting parameters used in turning conformations test.
Test V. (m/min) f (mm/rev) d (mm)
1c 160 0.12 0.65
2c 190 0.16 0.75
3c 230 0.24 0.95
Table 10
Comparison of results obtained from experiment with model.
SI. No Test Experiment Model (Egs. )(4)-(8) Error (%)
1. Machining force (F,,) in N
1c 444.20 456.50 2.77
2c 529.86 516.13 2.59
3c 754.23 783.81 3.93
2. Specific cutting force (Ks) in MPa
1c 3616.3 3575.2 1.14
2c 3262.0 3178.9 2.55
3c 2636.0 2560.57 2.86
3. Machining power (Pp,) in kW
1c 0.661 0.70 5.90
2c 1.152 1.23 6.77
3c 2.184 2.24 2.56
4. Tool wear (VBy,qy) in mm
1c 0.0667 0.070 4.95
2c 0.1128 0.115 1.95
3c 0.2216 0.232 4.69
5. Surface roughness (Ry) in p
1c 0.68 0.72 5.88
2c 0.92 0.96 4.35
3c 1.42 1.48 4.23

ues obtained experimentally. From the analysis of Table 10,
we can observe that the calculated error for machining
force (F,,) (max. value 3.93% and min. 2.59%), specific cut-
ting force (K;) (max. value 2.86% and min. 1.14%), machin-
ing power (P,,) (max. value 6.770% and min. 2.54%), tool
wear (VBpq) (max. value 4.95% and min. 1.95%) and sur-
face roughness (R;) (max. value 5.88% and min. 4.23%).
Therefore, Eqs. (4)-(8) correlate the relationship of the
machining force, power, specific cutting force, tool wear
and surface roughness with the cutting parameters with
reasonable degrees of approximation.

4. Conclusions

The following conclusions can be drawn from this
investigation on turning of hardened AISI 4340 steel using
coated carbide at different cutting parameters:

e The feed rate has highest physical as well statistical
influence on the machining force to perform the
machining operation (53.38%) followed by depth of
cut (36.04%) and cutting speed (6.75%). Machining force
initially increases with increase in feed rate and depth
of cut and decreases with increase in cutting speed.
The reduction in the forces is probably due to tempera-
ture increase in the shear plane area, resulted in a
reduction in shear strength of the material.

The feed rate has highest influence on the specific cut-
ting force to perform the machining operation
(70.55%) followed by depth of cut (14.05%) and cutting
speed (13.42%). At lower feed rate, shear of material
does not fit adequately to the chip formation process.
As the material is subjected to lower strain rates, it
leads to an increase in the specific cutting force.

The cutting speed has the highest influence on the
machining power required to perform machining oper-
ation (77.67%) followed by feed rate (17.39%) and depth
of cut (2.82%). When the cutting speed increases with
feed rate and depth of cut, higher power is required
for the deformation of material within short period of
time.

The cutting speed has highest influence on the tool
wear (75.75%) and feed rate (18.29%) and then depth
of cut (4.96%). In hard machining, increased cutting
speed significantly increases the temperature at the
contact zone, consequently resulting in drastic increase
of the tool wear.

The feed rate has highest influence on surface rough-
ness (83.79%), cutting speed (10.08%), and followed by
depth of cut (3.99%). The surface finish was improved
as cutting speed was increased and deteriorated with
feed rate. The optimum parameter setting for better
surface finish is obtained at a higher cutting speed with
low feed rate.

The multiple regressions were obtained to predict the
cutting forces, machining power, tool wear and surface
roughness. The models were validated through confir-
mation tests.
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