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ABSTRACT
Titanium and its alloys are used in aerospace applications like building aircraft turbine disks, blades, airframe structural
components, landing gears, critical fasteners, springs, engine parts etc. due to their properties like high strength to
weight ratio, high fatigue resistance in air and sea water and exceptional corrosion resistance. However, these alloys are
regarded as ‘difficult-to-machine’ materials due to their some inherent properties like poor thermal conductivity, low
modulus of elasticity and strong chemical affinity to many tool materials at high temperatures. In fabrication of these
structures, millions of holes are required to be drilled with better quality in order to ensure safety and reliability of
structure. The main objective of this study was to analyze temperature of cutting tool near cutting zone in drilling process
of Ti-6Al-4V alloy. For this purpose, the drilling experiments were conducted under dry conditions with three levels of
spindle speed (1200, 1600, 2000 RPM), feedrate (0.06, 0.08, 0.1 mm/rev), point angle (1200, 1300, 1400), corner chamfer
angle (300, 400, 500) and cutting edge chamfer angle (100, 200, 300) by using TiAlN coated solid carbide drills. Empirical
model predicting temperature of cutting zone was developed by using RSM methodology. In drilling of Ti-6Al-4V alloy,
temperature plays a prominent role as it affects the performance. The lowest temperature of 488.690C was evident with
spindle speed of 1490.9 RPM, feedrate of 0.0802 mm/rev, point angle of 1400, corner chamfer angle of 300 and cutting
edge chamfer angle of 300

Keywords (drilling of titanium alloys, temperature near cutting zone)

INTRODUCTION
Among all machining processes performed on the parts of aero-plane, drilling is the most important and
widely used process. It is widely used process though one of the most complex machining operations since it
accounts for a large percentage of the entire volume removed. It is usually one of the final steps in the
fabrication of mechanical components and has considerable economic implications. Nowadays, steel and
aluminium parts are being replaced by Ti alloys in an aerospace industry. In an aircraft, Ti and its alloys are
used for- building aircraft turbine disks, blades, airframe structural components, landing gears, critical
fasteners, springs, engine parts, etc. In these fabrications, millions of holes are required to be drilled.
Therefore, drilling of Ti and its alloys has considerable importance in the research of aerospace
manufacturing. From the critical review of literature, it is observed that, various research issues related to hole
quality in the drilling of Ti alloys are cutting mechanics and forces, heat generation and accumulation near
cutting zone, surface quality, chip formation and burr formation. Mechanics of chip formation can have a
significant effect on the thrust force and torque in drilling of Ti alloy as shear localized segmented chips are
formed [2]. This can also affect dimensional and surface quality of drilled hole due to vibrations induced
because of fluctuations in the cutting forces. In drilling of Ti alloy, heat is concentrated near the cutting zone
due to low thermal conductivity of the Ti alloy as well as closed nature of the system. Hence, the temperature
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of the system becomes very high and consequently it causes thermal softening of tool, reduction in the tool
life, phase transformation, surface alterations and tensile residual stresses [10]. The surface roughness of a
drilled hole is one of the key issues in aerospace components as its higher value can lead to severe wear,
catastrophic fatigue and lower ability to resist corrosion [12]. Therefore, it is improved by providing TiAlN
coating to the drills [14]. Li et al. [7] reported two main shapes of chip morphology: spiral cone chips and
folded long ribbon chips. Long and continuous chips are formed at low feedrate and become shorter and
stiffer as the feedrate increases [8, 18]. In aerospace industry, as safety and reliability of structure is a major
concern. Hence, quality of the hole drilled must be ensured. It is determined by surface integrity, diameter and
cylindricity and exit quality of a drilled hole. In addition to that, microstructural changes taking place in the
vicinity of machined surface is also one of the important issues defining hole quality. In every metal cutting
process, material is deformed at a higher level of strain and strain rates. The mechanical properties such as
stress, strain and yield point at these levels are significantly different than as that of quasistatic level.
Therefore, the evaluation of these properties at higher levels of strain and strain rate is very essential.

The heat generation is a common phenomenon in every metal cutting process. But the amount of heat
generation is different in each process. It has been reported that, the temperature generated during the drilling
of Ti alloy is a single source of all problems faced during drilling. Therefore, temperature in the cutting zone
should be minimized. During drilling of Ti alloy, the workpiece becomes harder due to rapid work hardening
tendency of Ti alloys and tool becomes softer due to heat generation and accumulation near cutting zone.
These two contradictory conditions lead to a decrease in tool life. It is possible to estimate the heat generated
during drilling of Ti alloy by measuring the temperature at cutting zone; however, this measurement is
generally not so simple since the process of drilling is hidden from view. Heat generated in machining is
dissipated in four systems viz. chip, tool, workpiece and cuting fluid [9]. Generally, in any machining process,
~ 20 % of the total heat generated is carried away by workpiece. But while drilling of Ti alloy, due to closed
nature of the system and low thermal conductivity of Ti alloy, the heat carried away by workpiece is less as
compared to other machining processes. Hence, the temperature of the system becomes very high which is the
primary reason to make Ti alloy more difficult-to-machine [1,7]. Unlike steel, a large proportion (~ 80 %) of
the heat generated is absorbed by the tool, leading to an increase in the temperature near cutting zone while
machining of Ti-6Al-4v [4]. There are several consequences of an increase in temperature in drilling of Ti
alloys. These are, thermal softening of tool, decrease of tool life, phase transformation, surface alterations and
tensile residual stress on machined parts [10]. This also affects the burr formation process in drilling of Ti
alloy, higher the temperature, more is the size of burr formed [11].

Experimental set up
All drilling experiments were performed on HARDINGE VMC machine under dry condition. A

photograph of experimental setup is shown in Fig. 1. The workpiece was held firmly

(a) (b)

Fig. 1. Experimental setup for drilling experiments (a) photograph (b) schematic view
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in the box type sturdy fixture place over a machine bed. Openings were provided at the sides of this fixture to
place light source and thermal camera to capture temperature of the workpiece in drilling experiments. Glass
sheet was provided to protect the lens of camera from hot chips.

Design of experiments
As an interaction of control factors can’t be predicted correctly by using Taguchi method, response

surface methodology (RSM) was used in this study. RSM is a technique used for finding effect of several
independent variables on a dependent variable or response factor with a use of mathematical and statistical
tools. In present study, mainly five influencing factors namely cutting speed (v), feedrate (f), point angle (θp),
corner chamfer angle (θcc) and cutting edge chamfer (θce) with three levels were selected. Details of
experimental parameters in each RSM experiment are presented in Table 3.2 and details of factors and their
levels are presented in Table 3.3.. All these experiments were repeated to check repeatability of results.

Table 1 . Details of experimental parameters in RSM experiment

expt.
no.

cutting speed
v

(rpm)

feed rate
f

(mm/rev)

point
angle

ѳp

(o)

corner chamfer
ѳcc

(o)

cutting edge
chamfer

ѳce

(o)
1 1600 0.08 130 40 20
2 1200 0.06 120 50 10
3 1200 0.1 140 50 10
4 1200 0.1 140 30 30
5 2000 0.1 120 30 30
6 1200 0.06 140 30 10
7 1600 0.08 120 40 20
8 1600 0.08 130 40 30
9 1600 0.08 130 40 20
10 1600 0.06 130 40 20
11 1600 0.08 130 40 20
12 2000 0.06 120 50 30
13 2000 0.06 140 30 30
14 1200 0.06 140 50 30
15 1600 0.08 130 30 20
16 1600 0.08 130 40 20
17 1600 0.08 140 40 20
18 1600 0.08 130 40 20
19 1600 0.08 130 40 10
20 1200 0.1 120 50 30
21 1200 0.1 120 30 10
22 2000 0.06 140 50 10
23 2000 0.1 120 50 10
24 1200 0.06 120 30 30
25 1600 0.1 130 40 20
26 2000 0.08 130 40 20
27 1200 0.08 130 40 20
28 1600 0.08 130 50 20
29 2000 0.1 140 50 30
30 1600 0.08 130 40 20
31 2000 0.1 140 30 10
32 2000 0.06 120 30 10
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Analysis of temperature
In drilling, it is possible to estimate the heat generated during machining by measuring the

temperature at cutting zone. However, this measurement is generally not so simple as the

Table 2. Experimentally measured workpiece temperature

Expt. no.
Max. temperature

(oC)
(First trial)

Max. temperature
(oC)

(Repeat trial)

1 820 803
2 860 844
3 750 801
4 685 683
5 910 903
6 727 725
7 776 781
8 878 889
9 771 771
10 934 1007
11 840 840
12 893 926
13 790 790
14 681 705
15 575 600
16 811 811
17 718 717
18 724 724
19 866 646
20 862 860
21 789 818
22 882 863
23 679 677
24 894 901
25 956 950
26 938 923
27 870 876
28 794 790
29 711 720
30 814 814
31 741 750
32 996 1001
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Fig. 2. Image of thermal camera showing maximum temperature of Ti-6Al-4V in drilling
cutting zone is hidden from the view. Nevertheless, temperature of the material below the chisel edge can be
measured by using thermal image camera. In present work, temperature of the material below the chisel edge
was measured by using thermal image camera placed below the Ti-6Al-4V sheet and maximum temperature
observed was considered for the analysis. Typical output file of thermal image camera showing maximum
workpiece in drilling of Ti-6Al-4V is shown in Fig. 2. It is observed from the experiments that, progressive
heating of the workpiece takes place and maximum temperature is observed at larger drilling depths as shown
in Fig. 3.

Fig. 3. Variation of temperature along drilling depth in Ti-6Al-4V alloy at cutting speed of 50 m/min
and feedrate of 0.06 mm/rev

In present study, analysis of effect of drilling process conditions and drill geometry modifications in dry
drilling of Ti-6Al-4V alloy is carried out. This analysis contains developing empirical model predicting
maximum temperature, parametric effect of the aforementioned process variables and optimization of process
variables to get minimum temperature in drilling of Ti-6Al-4V alloy. These will be discussed in details in the
following subsections.

Parametric study of temperature in drilling of Ti-6Al-4V alloy
Main effect plots taking two parameters in the X and Y axis and keeping other parameters in the

middle level have been prepared. These plots are presented in Fig. 4.3 (a-e). Also, response surfaces have
been developed, taking three parameters at the middle level and two parameters in the X and Y axis and
response in the Z axis as shown in Fig. 4.4 (a-e). Effect of drilling process parameters and drill geometry
parameters on the maximum temperature in a drilling of Ti-6Al-4V alloy is discussed in the following
subsections.
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 Effect of cutting speed
Main effect plot of cutting speed on the maximum temperature in drilling of Ti-6Al-4V alloy is

presented in Fig. 4 (a) and surface plots are presented in Fig. 5 (a, b). The results indicate that, with an
increase in cutting speed, maximum temperature of the workpiece also increases. This is because, with an
increase in cutting speed, MRR also increases and the friction between drill and workpiece increases.
Consequently, more heat is generated due to increased power consumption and friction. From the surface
plots, it is observed that, temperature of the workpiece is less at lower cutting speeds, higher feedrate and less
corner chamfer angle as shown in Fig. 5 (a, b).

 Effect of feedrate
Main effect plot of feedrate on the maximum temperature in drilling is presented in Fig. 4 (b) and

surface plots are presented in Fig. 5 (a, c). It is observed that, with an increase in the feedrate, maximum
temperature of the workpiece decreases. This is because, with an

Fig. 4. (a-e). Main effect plots for maximum temperature in drilling
increase in the feedrate, cutting depth increases and MRR also increases. Due to increase in the chip volume
per unit time, fraction of heat carried away by chips increases and consequently, temperature of the workpiece
decreases. The temperature of the workpiece is less at moderate feedrate and lower cutting edge chamfer angle
as shown in Fig. 5 (a, c).
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(c)                                                                (d)

(e)

Fig. 5 (a-e). Surface plots for the maximum temperature model

 Effect of point angle
Main effect plot of point angle on the maximum temperature in drilling of Ti-6Al-4V alloy is

presented in Fig. 4 (c) and surface plots are presented in Fig. 5 (d, e). It is observed that, with an increase in
the point angle, maximum temperature of the workpiece decreases. This is because, with an increase in the
point angle, length of cutting edge becomes shorter and therefore, less friction between drill and workpiece
takes place. From surface plots, it is observed that, temperature of the workpiece is less at moderate point
angle, less corner chamfer angle and moderate cutting edge chamfer.

 Effect of corner and cutting edge chamfer angle
Main effect plots of corner and cutting edge chamfer angle on the maximum temperature in drilling of

Ti-6Al-4V alloy are presented in Fig. 4 (d, e). The corner chamfer angle and cutting edge chamfer angle do
not have significant effect on the maximum temperature in drilling because P value is greater than 0.05 as
shown in Table 3. However, their interaction with other parameters affects temperature significantly.

Developing an empirical model
The response function maximum temperature in drilling (Tmax) is a function of the spindle speed (v),

feedrate (f), point angle (θp), corner chamfer angle (θcc) and cutting edge chamfer (θce). It can be expressed as,

Tmax = f (v, v, θp, θcc, θce) (1)

A second order polynomial (regression) equation used to represent the response factor Tmax is of the form
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where, b0 is the average responses, b1, b2,….bi are the coefficients that depends on effect of main parameters
and b11, b12,… bij are the coefficients that depends on interaction effects of the parameters. All the coefficients
were tested for their significance at 95% confidence level by using MINITAB 16 statistical software package.
After determining the significant coefficients, the final model was developed using these coefficients to
predict maximum temperature in drilling of Ti-6Al-4V alloy and is given below,= −10557.8 − 0.94858 − 51876.1 + 193.473 + 83.743 + 31.6108 +0.00047234 + 338937 − 0.781752 − 1.36425 − 3.75391 −0.00524219 + 101.094 + 0.260313 − 0.299688 (3)

The adequacy of developed model was tested using analysis of variance (ANOVA) technique and the results
of second-order response model fitting in the form of ANOVA are given in Table 4.3. The determination
coefficient (R2) indicates the goodness of fit for the model. In this case, R2 value is 77.76 percent after
considering significant factors. The value of adjusted determination coefficient (adjusted R2 = 0.715) is also
high, which indicates a high significance of the model. Predicted R2 = 0.657 is in good agreement with the
adjusted R2. Lack of fit is insignificant and therefore it indicates that the model fits reasonably well with the
experimental data.

Table 3. ANOVA results for maximum temperature in drilling of Ti-6Al-4V alloy

Source DOF F P value Regression
coefficients

Constant −10557.8
Regression 14 12.24 0.000

Linear 5 11.87 0.000

v 1 5.98 0.018 −0.94858
f 1 14.2 0.000 −51876.1

Ѳp 1 38.42 0.000 193.473
Ѳcc 1 0.00 0.949 83.743
Ѳce 1 0.73 0.397 31.6108

Square 4 18.12 0.000

v2 1 11.01 0.002 0.00047234
f2 1 35.43 0.027 338937

(Ѳp)2 1 11.78 0.001 −0.781752
(Ѳcc)2 1 35.88 0.000 −1.36425

Interaction 5 7.9 0.000

v*f 1 10.2 0.002 −3.75391
v* Ѳcc 1 5.22 0.027 0.00524219
f* Ѳce 1 4.85 0.032 101.094

Ѳp * Ѳcc 1 8.04 0.007 0.260313
Ѳp* Ѳce 1 10.66 0.002 −0.299688
Total 14

R2 = 77.76%,  R2(pred) = 65.68%,  R2(adj)=71.45%
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Conclusions
 Modifications in the drill geometry like providing chamfer to corner and cutting edge of a drill was done

to study its influence on the temperature of cutting zone in drilling of  Ti-6Al-4V alloy.
 Empirical models predicting workpiece temperature was developed by using response surface

methodology (RSM) technique.
 In drilling of Ti-6Al-4V alloy, temperature plays a prominent role as it affects the performance. The

lowest temperature of 488.690C was evident with spindle speed of 1490.9 RPM, feedrate of 0.0802
mm/rev, point angle of 1400, corner chamfer angle of 300 and cutting edge chamfer angle of 300.
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