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Abstract- Titanium alloys have been generally defined as
difficult to cut materials due to their natural properties. The
main drawbacks in machining titanium alloys are high cutting
temperatures and tool wear due to high adhesion of tool work
interface. This paper presents a finite-element modeling
(FEM) of cutting tool temperature during turning of Titanium
alloy Ti-6Al-4V under dry machining. Cutting temperature
during machining plays a very important role in the overall
performance of machining processes. Since in the current
investigation, it was a very difficult task to measure the tool
temperature correctly. Thus, Finite Element Modeling was
used as a modeling tool to predict cutting temperature. The
ANSYS software was used to determine the cutting
temperature at tool nose. The Design of Experiments (DOE)
was carried out using response surface methodology in
Minitab 2018 software. The process parameters considered
for design of experiments are spindle speed, feed rate, depth of
cut and tool type used for operation. Response Surface
Methodology (RSM) was used to analyse the machining effect
on tool material in this study. The purpose of performing an
orthogonal array experiment is to determine the optimum level
for each of the process parameters and to establish the
relative significance of each parameter.

Keywords- Titanium alloys, Cutting temperature, Turning,
Research Surface Methodology (RSM), dry machining,
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I. INTRODUCTION

Aluminium and aluminium alloys were previously
the preferred materials of the aerospace industry. But newer
aircraft designs are increasingly using of titanium and titanium
alloys. Titanium alloys are classified as difficult-to-cut
materials since they pose an utmost challenge to
manufacturing engineers due to the high temperatures and
stresses generated during machining. Titanium and its alloys
have gained widespread applications in aerospace, biomedical
industries due to their following favourable properties: They
are light weight, possess high strength, have excellent fatigue
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performance and offer high resistance to an aggressive
environment [1]. Due to low thermal conductivity heat
generated in the cutting zone stay near the cutting interface
resulting in poor tool life and in accurate workpiece
dimensions [2]. The main drawbacks in machining titanium
alloys are high cutting temperatures and tool wear due to high
adhesion of tool work interface. Titanium and its alloys have
very high chemical reactivity when temperature exceeds 500
°C [3]. Ti-6Al-4V which is among the most extensively
utilized alpha-beta (a+f) titanium alloys for producing
compressor blades in aerospace industries [4].

In machining processes, the temperature in the
cutting zone is one of the most important key point affecting
machinability [5]. The cutting temperature have a major
impact on rapid tool wear development. As measurement of
cutting tool temperature in machining is a very difficult task,
many researchers’ uses analytical models to study regarding
the temperature distribution in the cutting zone. During the
machining of difficult-to-cut metals like Titanium alloy
(Ti6Al4V), temperatures with very high values are generated
due to their high thermal and mechanical properties. When the
cutting temperature reaches the value above 600 — 700 °C,
atmospheric oxygen and nitrogen diffuses into the top most
layers of workpiece and results in higher hardness level [6].
Accordingly, the tool temperature issue is a major concern to
be considered when machining this kind of difficult-to-cut
metals because this can seriously affect the overall
performance of the machining process.

Finite Element Modeling (FEM) proves to be very
effective tool for the modeling of machining processes. FEM
techniques have been applied to solve problems related to
structural and thermal analysis in machining as these
approaches are known to provide accurate and precise
solutions for many complex phenomena. All machining
processes involve the interaction between the cutting tool
insert and the work piece, which is a particularly complicated
phenomenon. Moreover, the properties and condition of the
workpiece, insert material, insert geometry, cutting
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parameters, machine tool dynamic performance, and clamping
conditions are also important aspects that must be taken into
account [7]. This indicates that analysis of a machining
process is a very difficult task, and FEM modeling can provide
the correct solution to this complex problem [7]. During
machining, numerical methods can predict temperatures using
Finite Element (FE) analysis and analytical methods. Due to
progress in analysis of numerical methods, the ability of FE
models has been improved to predict machining processes,
including machining forces, temperatures, residual stress, and
chip morphology [8]. FE modeling is nowadays a very
essential tool in current industrial practice for machining
process as it can be used to model and simulate the metal
cutting process before costly and time consuming
experimental trials [9].

In this study, the focus was on finding out the
predicted values of cutting tool temperature using regression
analysis method and to form Model equations of responses.
Then plot the graph to understand the impact of process
parameters visually, also find out optimum process parameters
for turning of Titanium alloy using RSM (Response Surface
Methodology).

Il. EXPERIMENTAL ANALYSIS

PVD TiAIN coated tungsten carbide inserts are used
during turning of titanium alloy Ti-6Al-4V under dry
environment. PVD TiAIN coated carbide tools are used
frequently in metal cutting process due to their high hardness,
wear resistance and chemical stability [10]. Cutting inserts
with ISO specification TNMG 160408 are used for turning
operations. For the present work Ti-6Al-4V (grade 5) which is
widely used among all the titanium alloys is considered as
workpiece material. All the tests were carried out under dry
machining condition with combination of different process
parameters like cutting speed, feed and depth of cut.

Table 1. Selected Process Parameters

Machining Unit Lewel | Lewel | Lewel
Parameters 1 2 3
Cutting speed mmin | 120 130 240
Fead rate mmisy | 01 0.15 0.2
Depth of cut mm 0.5 0.75 '

Turning experiments were conducted as per scheme
of runs determined by full factorial design of experiments and
cutting forces calculated by Neelesh Kumar Sahu et al [11] are
taken as reference.
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Table 2. Experimental Results

Experi| Spead [ Fead | Depth | Faad Cuttin | Fasult
mant S (£l of cut| Forca = ant
Numb | {(m/mi | {mm | {d) (Fol Forea | Forea
a1 n) rav) | (mm) (1) (Fzl (F)
ay | an
1 TED 0IF 71 I3de I35 13474
2 TED 0.1 0.7 IOTS [ 148 T [ I7ET
3 T30 0.3 I I96.F EERE N EE L)
E) TED 0.3 0.7 II48 [ 37 437
5 T30 0.1 I 145 1354 12033
] 240 0.1 0.7 1T I8 3 I8 2
T30 0.3 0.3 158 IBIT 14144
] TED 0.3 T 313 ITSE [ 4558
] TED 0.1 I Tev 4 [ 145 PRk
10 TED 0.IF 073 IZ8I 2843130
11 TED 0.1 0.3 0.2 IEZ3 | I03 4
12 TI0 1z 0.7 IIZ 4 [3EEI | 3518
13 240 RENEE I35 F [ 33331335595
| E) TED 0.IF 103 TIT4 3081 [ 3333
13 T30 0.I3 | 073 I35, 2348 | IE13
18 Z40 0.3 0.F =T & [I3ET | 465 F
I Ti0 0.IF |1 II5 T [ I35 336
18 40 OIF |1 03 T I%9 EDIE!
15 240 0.3 0.73 IIOE [445E5 14532
0 TI0 O.IF [ OF 137 ITIE 3054
IT TED 0.3 0.3 1858 [ 413 EEL:
e T30 0.1 0.73 912 Tee B [ 1501
i3 T30 0.1 0.5 I0T4 [ 183X 1535
I3 Z40 ] T 331 EEERN EEE X
I3 240 0.1 0.3 ET.E I586.3 | Z08
16 240 0.IF 1073 IZed TIEV.T | 32879
2 240 0.1 I IE3 & [ 189 I45.F

I11. FINITE ELEMENT MACHINING SIMULATION

In turning operations, heat generation takes place in
three regions during the material removal process as shown in
figure. These three regions are named as Primary Shear
Deformation Zone (PSDZ), Secondary Shear Deformation
Zone (SSDZ) and Tertiary Shear Deformation Zone (TSDZ).
The total heat generation in machining is given by Equation

():

Total Heat Generated = Heat Generated in (PSDZ + SSDZ +
TSDZ)

Total Heat = @ = @5 T @7 + @r(1)

The heat generated in the tertiary zone is very small
in comparison to the heat of the primary and secondary
deformation zones which almost equal to 99% of the total heat
generated during cutting. By neglecting the heat generated in
the tertiary shear deformation zone, the total heat generation
can be given by Equation (2):

Total Heat=9 = @5+ @5(2)
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From the heat generated by shear and friction region,
the total heat generated during machining can be given by
Equation (3) [12]:

0= fCOE Oy ~.|(::|3!' Vv
— - - - - ¥
Ir\::li.;l—ﬂ't.'.l CO8 Moo *
e . . - It ] r It . .
.\:-'*FF cosi+ Fypsinilcosg — Fy sing]® + UF; sini — Fp cosi)®
¢ sing -~
iﬁ v
weoslg — o, )Y

o [\Fp cosi+ Fpsinilsine, + Fycos w,]* + (Fp sini — F; cos)?

©)

The total heat estimated by Equation (3) is taken as
input to obtain the cutting temperature distribution on the
cutting tool during steady state thermal analysis with the
ANSY'S software.

For every finite element model, boundary conditions
play a very important role to get accurate results. The
following boundary conditions are applied during this
analysis:

1) The internal surfaces of the insert are assumed to be
smooth and in perfect contact, which are in contact
with the holder and the shim seat.

2) For the exterior region, boundaries of the tool insert
which are exposed to the air, a heat transfer
coefficient of h = 20 W/m? is considered.

3) Initially, the whole model is kept at an ambient
temperature of 20°C.

Temperature views, distribution of temperature on
different faces of the tools, and temperature variation with
respect to time for some combination of process parameters in
dry machining are shown in Figures 1,2&3 given below:

ru Temperature
Init: *C
Time: 1
22/06/2020 09:36
470.09 Max
420,08
370.07
320,06
27005
22004
170.03
12002

7001
20 Min

0.000 0400 (m) '\L
— )

Figure 1. Temperature distribution of tool at Speed
120m/min, Feed = 0.1mm/rev, Depth of Cut = 1mm.
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Figure 2. Temperature distribution of tool at Speed =
240m/min, Feed = 0.1mm/rev, Depth of Cut = 1mm.
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Figure 3. Temperature distribution of tool at Speed =
240m/min, Feed = 0.2mm/rev, Depth of Cut = 0.5mm.

Table 3. Orthogonal array and Simulation results

Exparimant | Spaad Faad (f) | Depth | Temperatura
HNumber Y] (mm/'rev) | of cut | CC)

{m/min) {d)

{mm)

1 120 0.1 0.5 13304
2 TI0 0.1 0.7 REERL]
3 120 0.1 1 13455
4 120 0.13 0.5 43413
3 T30 0.13 073 EED I
& 120 0.153 1 360.4
7 120 02 0.3 559.53
B TI0 0.1 0.73 33347
] 120 0.2 1 470.09
10 180 0.1 0.5 42439
11 TED 0.1 073 I0E I8
12 180 0.1 1 433 49
13 180 0.13 0.5 Ta0.48
| E) TED 0.13 0.7 366 08
13 180 0.153 1 343237
18 180 0.2 0.5 1019.2
17 180 02 0.753 TBO.57
I8 TED 0.z T g9 4%
12 240 Q.1 0.5 513.91
20 240 0.1 0.75 42841
21 240 0.1 T FETIE
22 240 Q.13 0.5 1083.1
23 240 0.15 0.75 85491
) 240 0.1% T E3TS%
23 240 0.2 0.5 1511.3
28 240 0.2 0.75 1341 .6
27 240 0.2 1 1138.3
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IV. OPTIMISATION
A. Development of prediction model

With the experimental data a nonlinear regression
model is obtained using Response Surface Methodology
(RSM). Response surface methodology (RSM) is defined as
collection of mathematical and statistical techniques that are
useful for the modeling and analysis of problems in which a
response of interest is influenced by several variables and the
objective is to optimize this response [13]. Regression
Analysis is performed using MINITAB software. RSM also
quantifies the relationship between the controllable input
parameters and the obtained response surfaces [14].

Model Equations from Regression Analysis,

Temperature (T) = -306 - 0.39 V - 94 f + 812 d + 46.35 V*f
-2.58 v*d - 4251 f*d

B. Effect of process parameters

The effect of process parameters on cutting
temperature have been studied with the help of main effect
plot and analysis of variance. ANOVA tells about the
significance of process parameter influencing the output
responses. Usually, the change of the turning process
parameter has a significant effect on the performance
characteristics when the F value is large. The F-test has been
carried out at 95 % confidence level. F-value is defined as the
ratio of mean square deviations of each parameter to the mean
square error. If probability of significance (P-value) is less
than 0.05 at 95% confidence level, then the factors are said to
be statistical significance on responses [15]. The percentage
contribution defines the relative power of a factor used to
reduce the variation. There is a great influence on the
performance for a factor with a high percentage contribution.
The percentage contributions of the cutting parameters on the
cutting temperature are shown in Table 4.
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Table 4. ANOVA Results for cutting temperature

Contr . . F- P-
s D| =g SN s =4 A I T4 R r
Sourcs 7l ss ibutio 53 NiE Val | Val
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Medel los | oo4 |01 |17 o
76330 | £7.93 | 2633 | £783 | 225. | 0.00
- :
Linsar R 099 |8 |98 |0
} L[ 3874631 | 1387|1387 [ 357.[ 0.00
84 | % 784 | 784 04 |0
: L[ T 3845 | 1152 1152 296, 0.00
33 233 (233 |44 |o
) | 317 | 9508|9508 24.4 | 0.00
d 1| 93083 | : : I
2-Way | 28390] 9.47 | 2839 | 9463 | 24.3 | 0.00
Intaraction| " | 3 Y 05 5 5 ]
i 33200| 7.74 | 2320 2320| 9.6 | 0.00
v H 3 % oz |o2 |8 o
VEd 1| 15017 | 280 | ISOL) ISOLY oy 44
]
F2g 1| 33gss| L1 | 23] 338 g o 3
] -
_ =
Esror |77 239 | TR 3587
W i
72997 | 100.0
Total gl41 | 0%

The main effect plot of cutting temperature is shown in figure
4 given below,

Main Effects Plot for T
Fitted Means

Mean of T
/

500
400

150 200 25010 015 02m.50 075 100

Figure 4. Main Effects Plot for Temperature(T).

The cutting speed was found to be the major factor
affecting the cutting temperature, whereas the feed and the
depth of cut were found to be the second and third ranking
factors respectively. At higher cutting speed, cutting
temperature is high enough to soften the work material and
reduces material shear strength [16]. The estimated response
surfaces for the cutting temperature components are illustrated
in Figures (5,6,7).
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Surface Plot of Tvs f, V

8

Figure 5. Surface Plot of Temperature(T) vs Speed(V), Feed

rate(f).
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Figure 6. Surface Plot of Temperature(T) vs Speed(V), Depth
of cut(d).

Surface Plot of Tvs d, f

Figure 7. Surface Plot of Temperature(T) vs Feed rate(f),
Depth of cut(d).

From the response surface and contour plots (Figures
8,9& 10), it is noted that cutting speed increases cutting
temperature also increases drastically, also increase in feed
and depth of cut will lead to produce more cutting
temperature.

Contour Plot of Tvs f, V

120

Figure 8. Contour Plot of Temperature(T) vs Speed(V), Feed
rate(f).
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Figure 9. Contour Plot of Temperature(T) vs Speed(V), Depth
of cut(d).

Contour Plot of Tvs d, f

Figure 10. Contour Plot of Temperature(T) vs Feed rate(f),
Depth of cut(d).

V. RESULT AND DISCUSSION

Finite Element Modeling (FEM) was carried out to
obtain the cutting temperature distribution on the tool insert in
reducing the cutting temperature during turning of Titanium
alloy (Ti-6Al-4V). Though actual temperature was not
measured during this investigation, the total heat generations
in three regions (primary, secondary and tertiary respectively)
were calculated from cutting force components which were
measured with a dynamometer.

The influences of cutting parameters on the cutting
responses were studied using ANOVA. For turning operation
with PVD TiAIN coated tungsten carbide inserts, cutting
speed (46.31%) is the most influential on cutting temperature
followed by feed rate (38.45%) and depth of cut (3.17%). For
turning with PVD TiAIN coated tungsten carbide inserts, it
was found through interaction plot as depicted in figure 11
that the resultant cutting temperature increases with an
increase in cutting speed.
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Interaction Plot for T
Fitted Means

Mean of T

Figure 11. Interaction Plot for Temperature(T).

Confirmation test is done to check the adequacy of

the model developed by RSM. The optimal levels for turning
of titanium alloy (Ti-6Al-4V) to obtain minimum temperature
is possible at a cutting speed of 120 m/min, depth of cut of 0.5
mm and feed rate of 0.1 mm/rev. The figure 12 shows the

combined desirability at the optimum conditions.

The

outcomes of the confirmation test and their comparisons with
the predicted values for the cutting temperature are listed in
table 5 below.

1)

2)

Table 5. Optimal parameters for the turning operations

Cutting [ Fz2 [ D | Tempearaturs Composits
Spead ad | O | Valus Diasirability
C
120 J. | 0.5 | Pradict [Exparima| 1
1 ad ntal
23261 [255.04
66

Opirmizstion ot =

k

Figure 12.Optimization Plot.
V1. CONCLUSION AND FUTURE SCOPE

Finite element simulations proved to be very useful in
predicting temperature distribution on cutting inserts in
dry turning of the Ti-6Al-4V as measurement of actual
temperature is not possible.

In this, the quadratic model for cutting temperature has
been developed so as to investigate the influences of
machining parameters in turning of titanium alloy.
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From the ANOVA, the study concludes that cutting speed
is the most influential parameter on the temperature
distribution.

The results of ANOVA (Analysis of Variance) confirm
that mathematical model obtained of cutting temperature
is well fitted with the experimental values.

It is clear from the plot for overall desirability function
that cutting speed of 120 m/min, feed rate of 0.10 mm/rev
and depth of cut of 0.5 mm are desirable for getting
optimal conditions.

Three variables such cutting velocity, feed rate and the
depth of cut are considered for the experimental part, for
getting the response parameter. This research work can be
extended by increasing the number of variables. The new
variable may be spindle speed and tool nose radius.

The procedure can be used for the prediction of cutting
temperature at various points of cutting tool.
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