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Abstract 

Direct-injection of coolants in drilling reduces temperature, but heat dissipation does not happen positively. We 
developed two methods of cooling, such as Ti-Cu butt joint and heat sink based bottom channel cooling to improve 
heat dissipation. Numerical model of heat dissipation shows that temperature is reduced by 30 %, and 38 % in heat 
sink based cooling and Ti-Cu combination, respectively, in comparison to dry drilling. The numerically temperature 
lies within ~1-6 % of the experimental values. 
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1.     Introduction 
 

The enclosed nature of a drilling process and lower 
thermal conductivity of titanium alloys [1], cause a 
layer of heat accumulation along the drill cutting edges 
during drilling. The resulting temperature influences 
tool life, surface roughness, and tool wear [2]. Direct-
injection of coolants in drilling reduces temperature, 
but heat dissipation does not happen positively. In the 
past, Shakeel and Pradeep [3] found that using LN2 as 
a coolant resulted in a 6-59% reduction in workpiece 
temperature. Suarez et al. [4] demonstrated a 
reduction in force and temperature in the nickel-based 
alloy when coolant is applied at a high pressure. 
Chowdhury et al. [5] found that flood cooling reduced 
tool temperature by 10% when compared to cold air 
mist cooling in a computational fluid dynamics (CFD) 
model. Using a CFD Model, Tahir et al. [6] discovered 
that cooling efficiency in the cutting process is affected 
not only by the input flow parameters, but also by the 
channel geometry of the tool. Salman et al. [7] present 
a coupled finite element method (FEM) and a CFD 
model that showed a significant reduction in tool 
temperature in flood cooling, as compared to air 
cooling. Patne et al. [8] used a FEM model that 
predicted nearly 50% increase in peak temperatures 
during drilling in the presence of tool wear. 

We adopted new cooling techniques; such as Ti-Cu 
butt joint and a heat-sink based bottom channel 
cooling to improve heat dissipation during drilling of 
titanium alloy. The experimental temperature of the 
drill was measured by an infrared camera. At the same 
time, we used a numerical method to evaluate 
temperature distribution in a drill during drilling.  

 
2.     Experimental setup 
 

A milling machine was used to conduct the 
experiments on drilling of titanium alloys under dry, Ti-
Cu scheme, and bottom channel cooling, see Fig. 1(a). 
A dynamometer and infrared camera were used to 
record thrust, torque and temperature. The measured 
emissivity of the drill was found to be 0.36. To measure 
temperature of the drill more accurately, a thermal 
camera was positioned in-line with the axis of a small 

pin-hole of  2 mm that was drilled on the edge of the 
workpiece, as shown in Fig.1b. In the Ti-Cu 
combination, a higher thermal conductive material, 
such as copper was introduced as a heat dissipating 

material and was butt-jointed with Ti alloy using 
brazing, see Fig 1b. All holes are drilled at the interface 
of the materials. The Cu plate is expected to carry 
away the heat and reduce heat exposure to the cutting 
edges. In another method, bottom channel cooling 
device consisting of a plate channel made of copper 
was used for circulating the coolant. The workpiece to 
be drilled was glued to the channel such that it forms 
a top cover of the channel as shown in Fig 1c. As soon 
as the drill emerges out of the hole and  
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Fig. 1(a-d): (a) Schematic diagram of the experimental 
setup, (b) Schematic diagram of Ti-Cu scheme, (c) 
Schematic diagram of  Bottom channel cooling (d) 

Elementary cutting tool (ECT) of drill cutting 
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into the channel, cooling water enters into the flutes of 
the drill. The coolant water flowing in the channel cools 
the workpiece along its bottom face, by effectively 
carrying away the heat generated during drilling, as it 
flows through the channel. Thus, the bottom cooling 
channel acts as a heat-sink. 
 
3.     Approach to modelling heat generation 

Case (a): Heat generation in dry condition 

The heat energy produced over the primary 
deformation zone is because of the material 
deformation in front of the cutting edge. The amount of 
heat gained by a tool while the chip moves on the tool 
rake face, and its partition factor (B1) are related by [9]- 
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The frictional heat in the secondary region can be 
estimated by using experimentally evaluated thrust 
and torque using empirical correlations related to the 
machining process. The overall frictional heat 
generated due to flow of chip over the rake surface of 
a tool is given by [11][9] - 
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The heat generated in the tertiary zone due to friction 
between the machined work surface and the flank face 
on the tool. The amount of heat generated along the 
tertiary zone, and its partition factor are given by [12][9] 
-  
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Case (b): Heat generation in Butt joint of Ti-Cu 
scheme 
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Similary, ΔTcu can be evaluated using Eq.(9). 

This analysis is based on theoretical concepts by 
introducing a higher conductive material as close as 
possible to the Ti-alloy, which could increases cutting 
zone heat dissipation and improve tool life in a drilling 
process. The one half of the cutting edge involves heat 
generated in drilling by Ti alloy, and the second half of 
the cutting edge involves the heat generated by drilling 
copper. The average of heat flux applied on both 
materials is applied to individual ECTs and can be 
evaluated as in eq.(8).  

Case (c): Heat Generation in Heat-Sink based 
Bottom Channel Cooling 

The higher heat generated in drilling of Ti alloys can 
be reduced by the flow of water in the heat-sink along 
the bottom channel. The frictional heat was reduced by 
a reduction in thrust and torque force due to heat-sink 
based cooling. The heat is removed from the bottom 
of the workpiece by convection cooling. The overall 
heat generation on tool can be evaluated as –  
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where, V,Vc, ρw, Cw, αw, Kw, βw, Kt, To, b, ac, ao, Fs, Ff , 
lc, l, γ and ϕ are cutting speed, Chip velocity, density, 
specific heat, Thermal diffusivity, thermal conductivity, 
Heat partition factor for workpiece, thermal 
conductivity of tool,  room temperature, chip width, 
chip thickness, Uncut chip thickness, Shear force, 
friction force, contact length, elementary cutting  
length, rake angle and shear angle, respectively. T is 
assumed as maximum temperature in experimental 
work, and h is the convection heat transfer coefficient 
for water as given by [14]- 

0.8 0.3(0.023Re Pr )waterk
h
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3.1 Formulation of FEM Model 
 
The complex 3-D geometry of the drill has been 
developed by using CAD software. The drill has a point 
angle of 135°, helix angle of 30°, and diameter of 6.35 
mm. Each drill cutting edge is split into seven 
segments of the elementary cutting tools (ECT). The 
drill CAD model is exported in ABAQUS™ for mesh 
generation and thermal analysis. The finite element 
mesh of the drill, which contains 84,142 four-node 
tetrahedral elements with heat transfer elements of 
type DC3D4 has been used for the analysis of 

 
            (a)                        (b)                     (c) 

Fig. 2(a-c):  Variation of temperature at cutting speed of 10 
m/min under (a) Dry condition (b) Heat sink bottom channel 
cooling (c) Ti+Cu scheme, after 6.35 mm depth of drilling 



3 

 

temperature distribution. A constant heat flux was 
applied on each ECT over the area of tool-chip 
contact, as shown in Fig. 1d. 
 
4.     Results and discussions 
 
4.1 Temperature Distribution and Validation of 
Measured Drill Temperature 
 

The finite element method was used to predict the 
temperature distribution for drilling of titanium alloys 
under different cutting environments. Fig. 2a-c shows 
spatial distribution of temperature on a drill after 6.35 
mm depth of drilling for cutting speed of 10 m/min and 
under different cooling environments. A close 
observation shows that a higher temperature occurs in 
the region near to the end of tool cutting edge. The 
maximum temperature of the drill reduces with the new 
cutting environments. The decrease of temperature 
was due to fluid flow in the bottom channel cooling that 
carried away the heat generated in the cutting zones 
through convection. In case of Ti-Cu condition, the 
maximum temperature reduced due to higher thermal 
conductivity of the adjacent copper plate. Similarly, the 
temperature distribution was also observed as the 
cutting speed changes from 25 and 35 m/min under 
various cutting environments. The maximum 

temperature of the drill reduced by 8-30 % and 32-38 
% by using bottom channel and Ti-Cu scheme, 
respectively in comparison to the dry condition. The 
experimental results were compared with the 
predicted temperature using numerical analysis under 
various cutting environments shown in Fig. 3a-c. The 
predicted temperatures lie within an error of ~1-6 %, of 
average experimental temperature. 

 
4.2 Spatial and Temporal Variation of Temperature 
on Drill 
 

The temporal distribution of the drilling temperature 
during the drilling of 6.35 mm hole in workpiece is 
shown in Figs. 4(a,c,e). As the drill engages with the 
workpiece, the temperature increases suddenly. The 
drill temperature continues to increase as the drill 
moves deep into the workpiece due to the 
accumulation of heat in different cutting zones. Figs. 
4b-d-f show the spatial distribution of drill temperature 
while drilling 6.35 mm hole in a plate of titanium. The 
spatial temperature profiles are generated along the 
cutting edge as a function of r/R, where, r varies at a 
point on cutting edge with respect to center of drill, and 
R is the maximum drill radius. It observed that as r/R 
increases, the temperature increases gradually, see 
Fig 4b. This is because, r/R=1 represents drill corner, 

 
                     (a)                                 (b)                                  (c) 
Fig. 3(a-c):  Comparison of numerical and present experimental results for maximum temperature after 6.35 mm depth of drilling 

for different cutting speeds. (a) 10 m/min, (b) 25 m/min, (c) 35 m/min cutting speeds with a feed rate of 0.051 mm/rev under 
various cutting environments. 

 
(a)                                                                  (b) 

 
           (c)                                                                    (d) 

 
             (e)                                                                 (f) 

Fig. 4(a-f): (a, c, e) Temporal and (b, d, f) Spatial distribution of temperature along the cutting edge on various cutting 

environments  at (a,b) 10 m/min, (c,d) 25 m/min and (e,f) 35 m/min cutting speeds 
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where the peripheral cutting speed is maximum. Also, 
with different cooling conditions, temperature obtained 
is lower than the dry cutting condition. This is due to 
introduction of higher thermal conductivity of copper in 
Ti-Cu combination and bottom channel cooling that 
carries away the heat generated in the cutting zones 
through convection. An increase of cutting speed, 
however increases the temperature due to the higher 
rate of heat generation. 
 

4.3 Experimental Thrust and Torque 
 

Thrust and torque gradually increase until the drill 
cutting edge is fully engaged within the workpiece. 

When drill cutting edges encounter the pin-hole of  2 
mm in the workpiece, a drop in the thrust and torque is 
recorded. The average thrust and torque during the full 
engagement of the cutting edge under various cutting 
environments are plotted in Figure 5a-b. The average 
thrust on the drill is reduced by 3 to 17 % and 8 to17 
% in the bottom channel and Ti-Cu scheme, 
respectively, in comparison to the dry condition. The 
maximum average torque on the drill is reduced by 9 
to 15 % and 10 to 20 % in the bottom channel and Ti-
Cu combination, respectively, with respect to the dry 
condition. 
 

 
(a) 

 
(b) 

Fig. 5(a-b): Average (a) Thrust and (b) Torque variation 
under different cutting environments 

5.  Conclusions 
 

New cooling techniques to improve heat dissipation in 
drilling of titanium alloy, such as Ti-Cu butt joint and 
heat-sink based bottom channel cooling, have been 
proposed. The introduction of higher thermal 
conductivity of copper in the Ti-Cu combination and 
the flow of water in a heat sink in the bottom channel 
can effectively carry away the generated heat from the 
cutting zones. We have used a finite element model to 

evaluate temperature distribution and maximum 
temperature in a drill.  

The numerical results show that the maximum 
temperature of drill was reduced by 8 to 30% and 32 
to 38% in the bottom channel and Ti-Cu scheme, 
respectively, in comparison to the dry condition. The 
numerical temperatures lie within ~1-6% of the 
experimental values. 

The Ti-Cu butt joint performed well in terms of 
reduction in maximum temperature, thrust forces and 
torque in comparison with heat sink bottom channel 
cooling. 
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