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A B S T R A C T 

In manufacturing aeronautical critical components, such as turbine discs commonly made of Inconel 718, 

surface integrity is crucial to ensure their fatigue life. Among the machining processes used, the drilling 

operation is one of the most critical as overheating can occur causing thermal damage to the hole. The 

amount of heat dissipated could determine the nature of deformation in the machining of Inconel 718. 

Nevertheless no detailed studies have determined experimentally the differences between the fractions of 

heat transferred to the workpiece (b) for dry and lubricated drilling. In this context, the thermal and 

mechanical loads (measured by IR technique and a piezoelectric dynamometer) affecting the drilling of 

Inconel 718 have been studied. Four different cutting conditions both in dry and lubricated conditions 

were tested. In order to obtain b, the study presents a model based on a new experimental method. The 

maximum b values were achieved in the unlubricated tests (around 0.20). By contrast, in the lubricated 

tests b range from 0.065 to 0.078. Therefore the fraction of heat conducted to the workpiece show 

maximum differences of 72% and minimum of 57% depending on the application or not application of 

coolant. Additionally, the obtained trends of b relative to Peclet number (that is dependent on the cutting 

speed, feed and drill diameter) are shown. 

© 2015 xxxxxxxx. Hosting by Elsevier B.V. All rights reserved.    

 

 

1. Introduction 

Inconel 718 is one of the most used High Strength Thermal Resistant (HSTR) materials in the manufacturing of critical parts of aircra ft engines such as 

turbine discs due to its high strength/weight ratio operating at extreme pressure and temperatures.  However it is difficult to machine due to the inherent 

characteristics of the material such as the work hardening generated in the machining process, the low thermal conductivity or carbides presence [1, 3, 4]. 

Tool wear condition has a remarkable influence on Surface Integrity (SI), e.g., residual stresses, undesirable alteration of machined surfaces or induced 

strain loadings on the sub-surface, which in turn affect fatigue life of a component [5, 6]. For instance, it has been observed that different types of defects 

appeared on the machined component depending on whether the machining surface is affected mechanically, thermally or chemically [7]. Heat affected 

layers (phase transformation, cracking, white layer…) reduced greatly the fatigue performance of the machined parts. Furthermore the combination of 

high temperatures and high pressures induced high stresses that generate microstructural changes. It has been observed that while thermal dominant 

machining deformation induced tensile residual stresses in the machined surface, the mechanically dominant machining deformation induced compressive 

residual stresses [7, 8]. This effect might be in relationship with the amount of heat dissipation that determines the nature of deformation in the machining 

of Inconel 718 [9]. 
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It should be highlighted that the majority of studies into the influences on surface integrity have focused on turning or milling [2, 6, 8, 9, 10]. The drilling 

process has largely been overlooked [11]. This is a surprising fact, as the holes are critical features with reference to fatigue performance [7]. This 

criticality is determined by two aspects; (i) the holes are critical geometrical features of the turbine discs and (ii) the drilling process itself. Due to its 

geometry, the holes are areas with high stress concentrations where the maximum stress values could be achieved. In that sense, it is important to prevent 

the thermal damage that could be caused by the overheating during the drilling due to an inadequate chip removal and the lack of lubrication. It is for these 

reasons that critical machined parts require a validation process to ensure the quality of the pieces in fatigue life. This validation generally involves 

freezing the cutting conditions by checking metallurgical analysis and fatigue tests to ensure that the cutting conditions are “safe”. This process is 

complicated and involves high costs. Therefore, correlations between the cutting conditions and surface integrity would help to optimize manufacturing 

these components [12]. It is at this point that the monitoring and modelling of machining HSTR alloys plays a decisive role to solve problems related with 

the thermal loads [13]. 

Energetic balance distributions for machining processes have been studied since the 50’s. Most of the models are based on the same physical laws and use 

the same hypothesis, usually with the main objective to determine the amount of heat transferred to the workpiece. Stephenson analyses different energetic 

balance models [14] and states that, Loewen and Shaw’s heat distribution model [15] shows the best performance. This model treated the workpiece as a 

semi-infinite body subject to a heat flux imposed by a moving source of constant flux. It analyzes the 2D orthogonal cutting process based on Jaeger’s 

frictional theory of the moving sources of sliding contacts [16] and Blok’s principle of heat distribution [17]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 – (a) Heat generation zones in cutting process (b) Typical energy distribution model in metal cutting at conventional speed [24]. 

Looking to the drilling process, thermal aspects have long been investigated from an analytical point of view [18, 19]. These studies are based on 2D 

orthogonal cutting theory and showed a general overview of the chip formation when drilling. Many of this researchers focused on evaluating and 

predicting the generation and flow of heat into the tool, the chips and the workpiece [20, 21, 22]. As it is shown in Fig.1 (a), the cutting heat is generated 

at three different deformation regions. Each zone has its own singularities, so the amount of heat that flows from each zone is different. In Fig. 1 (b) an 

example of heat dissipation in metal cutting is illustrated where approximately 25 % of energy from machining converts into heat. With this assumption, 

machining performance can be affected by the high thermal gradients. Temperature in primary deformation zone influences the mechanical properties of 

the workpiece. Whilst temperature at the secondary deformation zone strongly affects tool life [23], most of the heat generated in the tool-chip contact 

zone flows to the tool (around 18% of total heat [24]). This partial heat conducted to the tool leads to the tool temperature rise and the remaining heat is 

taken away by the fixed tool holder and the air [22]. Concerning to the workpiece, the transmitted cutting heat comes from the shear deformation zone. In 

Bonos advection heat partition model for drilling [20], all the heat generated on the shear plane is conducted directly into the workpiece. Thus, the heat 

generated by shearing is applied as a heat flux into the material below the cutting edge. This confirms that, as the drill moves into the workpiece, heat is 

continually added to the material so temperatures rarely reach a steady state and increase with the hole depth. Moreover, most of the models predict 

temperatures focus on the primary cutting edges, but other heat sources, such as friction between drill flutes and the workpiece or the influence of the 

chisel edge, should be taken into account. 

The influence of temperature is more significant when machining HSTR alloys due to their heat resistance and poor thermal conductivity. Such thermal 

behavior must also be considered for understanding the distribution of residual stresses as high temperatures are well known to induce tensile stresses on 

the workpiece surface [7]. Rech et al. [25], tested on a special tribometer several materials including the Inconel 718. They employed different lubrication 

conditions and presented results and models for the portion of heat flux transmitted to the tool. Research works as this, give valuable information, but 

when the objective is to study the surface integrity and understand the influence of the different machining parameters, the focus should be put on the 

workpiece. In that line, Soriano et al. [21] studied the heat flow into the workpiece from the experimentally obtained workpiece temperatures (by IR 

technique) and cutting forces when dry drilling bovine cortical bone. The authors showed how the heat fractions decrease as the Peclet number increase. 

They conclude that this is a physically feasible result and supports the view of a critical Peclet number below which increasing cutting speed and feed lead 

to increasing temperatures in the workpiece and above which temperatures reduce. The Peclet number (frequently used in heat transfer theory) is widely 

used for thermal study of machining process. The heat transferred to the workpiece is controlled by Peclet number and the larger it is, the less heat escapes 

and the more is convected into the chip [26]. Related to this, Fleischer et al. showed an increase of the heat flux mainly caused by reducing the feed per 

tooth, ie. the undeformed chip thickness, when dry drilling of power train castings [27]. Segurajauregui and Arrazola [28] used the inverse simulation 

technique to calculate the heat input to the workpiece when drilling aluminium with MQL. They determined that an increase of the cutting speed and feed 
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rate leads to a decrease in heat input and temperature. Biermann and Iovkov [29] also concluded that the heat input to the workpiece could be significantly 

reduced increasing the feed values when deep hole drilling aluminium cast alloy applying MQL. Furthermore, the strong dependence of the heat flux and 

the heat partition to the workpiece on the undeformed chip thickness observed by Fleischer et al., was also detected when dry milling of steel [30]. 

Davies et al. in their review work stated that different methods such as thermocouples and infrared measurements have been used to study the 

temperatures in the drilling process [31]. Brinksmeier et al. [32] measured the process temperature when drilling Ti6Al4V with an infrared camera and 

showed a direct correlation between the process temperatures and the chip extraction at different conditions. With low chip extraction the chip 

accumulation caused a surface smoothening due to the interaction between the chip and the minor cutting edges. These conditions caused the increase in 

the cutting forces and temperatures due to intensive plastic deformation and friction. Focusing on the HSTR alloys, Kwong et al. [33] conducted a study of 

tool temperature drilling in severe conditions (VB=0, Vc=25m/min, f=0.10 rev/mm, dry) of the RR1000 HSTR alloy. They used the method of 

thermocouple inserted through the internal cooling of the drill. They measured temperatures of 750 °C. In that line, temperatures between 500-650ºC have 

been reported during drilling of Inconel 718 under severe conditions (VB=0.3, Vc=35m/min, f=0.12 and 0.05 rev/mm, dry) [34, 35]. Also temperature 

distribution of the numerical simulations carried out for Alloy 718, Waspalloy, Alloy 720Li and RR100 nickel-base superalloys showed maximum 

temperatures of 700ºC at the tool/workpiece interface [36]. As it can be seen, the majority of the studies analyzing temperature during the drilling of 

HSTR alloys have been focused on severe machining conditions (high material removal rates in dry cutting conditions). In addition, the temperatures 

analyzed usually correspond to the tool temperature. There have been no detailed investigations which obtained experimentally values of the heat 

transferred to the workpiece for externally lubricated drilling. And focusing on HSTR alloy drilling, no research has been found that studies the heat 

transferred to the workpiece. It is therefore interesting to deepen the study of the heat transferred to the workpiece while drilling dry and lubricated HSTR 

alloys.  

The non-accepted thermally abused layers and the so called “white layers” can appear due the absence of coolant with or without and excessive tool wear 

[36]. Industrial surface quality standards specify that severe plastic deformations and/or thermally abused layers are not accepted on the Inconel 718 part 

surfaces drilled. In order to study the differences concerning the heat distribution in different scenarios, in this article, the temperature when drilling 

Inconel 718 with different cutting conditions in dry and externally lubricated have been studied. For that purpose a new experimental set-up was 

developed to enable the analysis of lubricated holes. To measure the workpiece temperature an infrared thermography (IR) camera was used. 

Thermography (thermal imaging) is a well-established experimental method for studying cutting tool [37] and workpiece [21] temperature distributions. 

The developed set-up enables to study the dry and lubricated drilling processes so the study of 4 different cutting conditions in dry and externally 

lubricated situations was done. Finally, the heat transferred to the workpiece for the tested different conditions was calculated. 

Nomenclature 

c Specific heat (J/kg·K) 

d1 Generated hole diameter (mm) 

d2 Diameter of the heated cylinder (mm) 

d drill Drill diameter (mm) 

f Feed per revolution (mm/rev) 

fz Feed per tooth (mm/tooth) 

Fz Feed force (N) 

Fcut Cutting force (N) 

h Distance between the drilled hole and the infrared filming surface (mm) 

Ks Specific cutting force (N/mm
2
) 

L Drilled depth (mm) 

Mz Torque (N.m) 

Pe Peclet number ( ) 

Qin Heat in introduced due to drilling process (J) 

Qc Heat in the chip (J) 

Qt Heat in the tool (J) 

Qw Heat in the workpiece (J) 

R1 Fraction of heat generated on the shear plane conducted into the chip ( ) 

Sc Cross section area of work material (mm
2
) 

tcut Cutting time (s) 

t1 Uncut chip thickness (mm) 

Vf Feed rate (mm/s) 

Vc Cutting speed (m/min) 

VB Average flank wear (mm) 

W Work done in cutting (J) 

z Teeth number ( ) 

α Rake angle (º) 

αw Workpiece diffusivity (m
2
/s) 

b Fraction of generated heat flowing into the workpiece ( ) 
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B0 Helix angle (º) 

gsh Shear strain in the primary deformation zone 

ΔT Temperature increment (K) 

2kt Point angle (º) 

θ Clearance angle (º) 

ρ Density (kg/m
3
) 

w Rotational speed of the tool (rev/s) 

 

2. Experimental procedure 

2.1. Set-up, Measure Equipment and Methods 

In this study, the temperature when drilling Inconel 718 in dry and externally lubricated condition was studied and a new experimental set-up was 

developed to enable the analysis of lubricated and unlubricated holes. The thermal phenomena of the workpiece were studied, as well as other typical 

machining parameters such as feed force (Fz) or torque (Mz). Fig. 2 (a) shows a diagram of the employed set-up for the drilling tests and Fig. 2 (b) shows a 

3D detail of the analyzed zone. To measure the cutting forces (Fz and Mz), the drilled workpieces were clamped on a Kistler 9272 piezoelectric 

dynamometer. Test samples were plates machined to obtain perpendicular faces. Then, these samples were fixed on the top of the dynamometer and 

placed correctly in front of the FLIR Titanium 550 M IR camera 0.1 m away from the focus. The filming area (one of the side surfaces of the plates) can 

be observed in Fig. 2 (b). The length of this area was 40 mm and the height was delimitated by the depth (6.5 mm) of the test sample. 

The objective was to study the thermal phenomena as close as possible to the cutting zone (the inner wall). In that sense, in order to avoid the lubrication 

to penetrate and disturb the recording wall, preliminary tests were carried out to define a minimum distance (h) between the drilled hole and the infrared 

filming surface (Fig. 2 (b)). This being so, the temperatures of the workpiece presented in this study were measured at a distance h=0.5 mm. The 

temperature rise (ΔT) of each test was extracted as the difference between the achieved maximum temperature and the temperature at the test starting 

moment. For each hole, all the data was extracted from one point where the maximum temperature gradients were achieved. In all the experimental tests 

presented the IR camera was set with a 12µm integration time and a frame rate of 500 Hz The procedure to obtain the temperature fields with the IR 

camera was the same described by Soriano et al. [21] and Segurajauregui and Arrazola [28]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 –Experimental set-up (a) General scheme (b) 3D scheme of the detail in (a). 

The signals from the dynamometer (Fz and Mz) were introduced in the analog input module of the machine. As result these signals were visualized and 

acquired at the same time with a 250 Hz frequency. 

As shown in the Fig. 2 (a), a coolant protection device was designed for these tests. The device allowed the use of coolant in the externally lubricated tests, 

keeping dry the face where the IR camera was recording the heat flux. A detail with the 3D scheme of the solution developed to keep the recording wall 

dry is shown in Fig. 2 (b). For each test, while the Inconel 718 workpiece was drilled the upper and lower gaskets where also drilled. Thus the oil 

employed in the lubricated tests enters inside the hole, but did not wet the top of the workpiece and the recording wall. 

The set-up was mounted in a vertical CNC milling center and was completed with a Kistler 5019 amplifier and the data analysis software. 

2.2. Inconel 718 drilling tests 

The workpiece material used for these tests was Inconel 718 rolled annealed and aged (AMS 5596). Each test sample was prepared in an EDM machine to 

obtain the final rectangular 20mm x 150 mm workpieces. Table 1 shows the chemical composition of the workpieces.  
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Table 1 – Chemical composition of the employed Inconel 718. 

18.63% Cr 17.66% Fe 4.94% Nb 2.89% Mo 0.92% Ti 

0.59% Al 0.24% Co 0.13% Si 0.12% Cu 0.03% C 

0.01% Ta 0.0002% S Ni Balance   

 

In order to study the influence of the Vc , f and the application of coolant in the temperature and the acquired signals, a Design Of Experiment (DOE) with 

two levels and 3 parameters was carried out. The two Vc tested were 15 and 30 m/min and the two f tested were 0.1 and 0.2 mm/rev. Changing the 

application of the coolant, with the selected cutting conditions both industrial and severe machining conditions were taken into account. In Table 2, the 

working conditions used in the drilling tests are shown. 

Table 2 – Working conditions. 

Working material - Inconel 718 

 Hardness [±1] (HRC) 42 HRC 

Cutting conditions Vc (m/min) 15-30 

 f (mm/rev) 0.1-0.2 

 L (mm) 6.5 

Tool Material Carbide 

 Coating TiAlN 

 d drill (mm) 8 

 B0 [±1] (º) 30 

 2kt (º) 140 

 α [±1] (º) 8 

 θ (in the middle of the 

radii) [±1] (º) 

16 

Coolant  Cutting oil / Dry 

 Pressure Low pressure 

Machine-tool Milling center Lagun GVC 1000-HS 

 CNC controller Fagor 8070 

 

For each of the working conditions analyzed in this study, 3 repetitions were done. It should be noted that as the wear increase after the drilling of one 

lubricated hole is negligible, it was assumed that the 3 externally lubricated holes drilled in each cutting condition were done under the same tool 

conditions. For the dry drilling condition tests, 3 holes were also drilled one after another. The first dry drilling of each cutting condition was done with a 

tool without wear, but as the dry conditions were so severe a gradual increase in drill wear was observed during the machining of the 3 holes. In this case, 

the level of error committed due to the tool wear increase was accepted (with a final mean VB~0.1 mm). Table 3 shows the experimental plan with the 

conditions employed in each test designed for this study. 

Table 3 – Experimental plan. 

Cutting Condition (CC) Vc (m/min) f (mm/rev) Coolant/Irrigation Cutting-Tool Workpiece Nº of repetitions 

CC1 15 0.1 Yes Drill 1 Test sample 1 3 

CC2 15 0.1 No Drill 1 Test sample 1 3 

CC3 15 0.2 Yes Drill 2 Test sample 2 3 

CC4 15 0.2 No Drill 2 Test sample 2 3 

CC5 30 0.1 Yes Drill 3 Test sample 3 3 

CC6 30 0.1 No Drill 3 Test sample 3 3 

CC7 30 0.2 Yes Drill 4 Test sample 4 3 

CC8 30 0.2 No Drill 4 Test sample 4 3 
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3. Theory and calculation 

3.1. Calculation of the fraction of  heat transferred to the workpiece (b) 

A basic idea on heating in metal cutting is that temperature is a function of the fraction of heat to the chip and the ratio between the conductivity of the 

tool and workpiece [26]. Simplifying it can be said that:  

c

w

h V
T f



 
  

 

                       (1) 

For the drilling process, it seems reasonable that the temperature of the side wall of the drilled hole depends on the heat partition between the chips and the 

workpiece, thus: 

max
c

s w

h Vc
T f

K





   
    

   

                       (2) 

The workpieces were drilled at two cutting speeds and two feeds (Table 3). All the remaining parameters were kept unchanged as there are a number of 

approximations in the argument put forward here. For example if the drill geometry (e.g. point angle) changes it would result in torque variations, total 

cutting time variations and also the heat escape from beneath the drill to the sides would be different. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 – Schemes employed to calculate the (a) Heated volume (b) Removed material. 

The thermal analysis was focused on the maximum heat transferred due to the fact that it will generate the maximum thermal damage in the workpiece. 

This parameter was calculated from the maximum workpiece temperatures measured experimentally with the infrared camera. To calculate the fraction of 

heat flowing into the workpiece some assumptions were made. The drilling heat flow may be considered to be transferred instantaneously to the surface of 

the drilled hole and after that spread by conduction. When the maximum temperature is reached the temperature gradients in the region between the hole 

and the recording surface will be at a minimum. The extent of the hot region filmed lies mainly within the 8 mm projected width of the drill. As shown in 

Fig. 3 (a), the amount of heat in the workpiece may be approximated to the amount in the cylindrical annulus, outer diameter (d2=9 mm), inner diameter 

(d1=8 mm) and height (L=6.5 mm). The outer diameter (d2) is calculated as the sum of the drilled hole diameter (d1) and twice the distance between the 

drilled hole and the infrared filming surface (h). Although the IR camera had been used to obtain a point surface temperature, this data could not have 

been obtained with a thermocouple due to the impossibility to know where the maximum temperatures would be achieved. In addition, the use of the IR 

camera allows to study if the temperature field extends beyond the outline of the drill. As explained later, this study would be necessary for the 

calculations carried out in this study. 

2 2

2 1max max( 4) ( )wQ m dc T L c Td                                (3) 

Once the ΔTmax in the workpiece filming surface was obtained and for the Inconel 718 heat capacity ρ·c, the heat in the workpiece was calculated 

(equation 3). Comparing with dry drilling, the heat evacuated by the cutting fluid will be reflected by the lower ΔTmax achieved. 
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To calculate the specific cutting force, the cutting force must by divide by the cutting section. As shown in Fig. 3 (b), in the drilling process the cross-

section area of work material removed by one cutting edge is equal to the feed per tooth multiplied by the number of teeth by the radius of the drill. The 

cutting force is obtained by dividing the experimentally obtained torque by the radial distance to the center of the cut cross-section area. 

 
2

(d 4) 8

( ) (d 2) ( ) d

z drillc z
s

c z drill z drill

MF M
K

S f z f z


  

   

                                  (4) 

With the results of Ks, assuming that all the work is converted into heat and knowing that the work done in cutting is the specific cutting force multiplied 

by the volume removed by the drill, the heat generated with the drilling process (Qin), is calculated as: 

2( 4) din drill sQ W L K                                        (5) 

Once Qin and Qw are calculated, the fraction of generated heat flowing into the workpiece (b) is obtained (equation 6). 

w

in

Q
Q

                                     (6) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 – Theoretical curves (a) Temperature rise evolution during the drilling (b) Normalized cooling curve. 

The b approximation could become poor as the time drilled increases. Heat released early in the drilling process will have time to conduct away before 

the hole is completed. In those cases, in order to obtain a correct b values it is important to take into account this heat. For that purpose ΔTmax may be 

adjusted to a larger value (ΔTmax)adj to allow for decay [21]. For that adjustment the normalized cooling curve must be calculated (Fig. 4 (b)). This curve is 

obtained considering the cooling part from the temperature rise curve where ΔTmax have been achieved (Fig. 4 (a)). (ΔTmax)adj is approximately calculated 

according to the area under the normalized cooling curve (Fig. 4 (b)), for t0 to tcut. 

 

 

max

max
max

0

cut

adj cut

t

T t

T T T dt




  

                                   (7) 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 – Flow diagram for determination of b. 
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To calculate the adjusted b, Qw should be calculated again replacing ΔTmax with (ΔTmax)adj in equation 3. Finally, with the adjusted Qw values the adjusted 

b values can be obtain as it is shown in equation 6.  

Fig. 5 summarized in a flow diagram the model employed in this research to calculate the fraction of heat transferred to the workpiece. 

3.2. Calculation of the Peclet number in drilling 

The same dimensionless number that determines the proportion of heat carried away by the chip is known as the Peclet number (equation 8). In an 

orthogonal cutting operation (Fig. 6 (a)) Pe is determined by a cutting speed Vc and uncut chip thickness t1 divided by the diffusivity of the workpiece 

material αw [26]. 

1c

w

V t
Pe






                       (8) 

In the drilling process this thermal number could be calculated as the product of the axial feed velocity and the drill diameter  divided by the diffusivity 

(equation 9). The number gives the ratio of the time taken for the heat to diffuse a distance D in the workpiece (D2/αw) to the time taken for the drill to 

advance a distance D (D/(z·fz·ω)) [21] (Fig. 6 (b)). As the metal cutting theory states, the larger the ratio, smaller should be the proportion of heat that is 

transferred to the workpiece from beneath the advancing drill. Thus the portion of heat carried away by the chips is larger.  

 

 

 

 

 

 

 

 

Fig. 6 – (a) Orthogonal cutting scheme (b) Drilling heat source moving scheme. 

 

 drill drillf z

w w

V z f
P

d
e

d

 

   
                         (9) 

4. Results and discussion 

4.1. Mechanical loads 

In order to calculate the heat transferred to the workpiece, it is necessary to obtain Mz. In this case, the torque (Mz) was experimentally obtained as well as 

the feed force (Fz). A representative maximum value of Mz and Fz for each of the conditions tested was obtained as shown in Fig. 7. 

 

 

 

 

 

 

 

 

Fig. 7 – Externally lubricated Vc=15 m/min and f =0.2 mm/rev torque and feed force data. 

From the maximum torque values the specific cutting force (Ks) was calculated. In Fig. 8 the obtained and calculated values are shown. As it can be 

observed (Fig. 8 a and b), regardless of the application of coolant, both torque and feed force describe the same trend. The maximum values were achieved 

with the lowest cutting speed (15 m/min) and the maximum feed (0.2 mm/rev). For 15 m/min the tendency of the values is to raise when the feed is 

increased. On the other hand, the lowest feed force and torque values were obtained with the highest cutting speed (30 m/min) and the lowest feed 

(0.1mm/rev). Although the values in this case are lower, the trend is the same as these of the lowest cutting speed, i.e., when the feed is increased, the 

values obtained rise. Focusing on the coolant application, the dry drilling showed higher values of torque and feed force. The only exception was the 
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Vc=15 m/min and f =0.2 mm/rev drilling condition. This fact is due to the higher values obtained in the second repetition of the lubricated drilling in this 

cutting condition (maybe because of a bad chip removal and a chip entrapment). This considerably increased the calculated mean value and the deviation 

showed in Fig. 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 –Mean of the maximum values obtained: (a) Torque (b) Feed force (b) Specific cutting force. 

The effect of cutting speed and feed on the specific cutting force is shown in Fig. 8 c. The specific cutting force changes depending on the obtained cutting 

torque and the employed feed. As it is expected, the results show that the specific force decreased when the feed increase. In addition, the specific cutting 

force decreased as cutting speed increased at constant feed rate. This could be due to the reduction of the shear strength of the material caused by the 

increase of temperature in the cutting zone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 – Mean of the maximum temperature rise evolution (open symbols belong to lubricated tests and solid symbols correspond to dry tests). 

4.2. Thermal loads 

The evolution of the temperature was obtained extracting the temperature information where the maximum temperature gradient was achieved (Fig. 3 (a)). 

A mean curve was calculated for each drilling condition tested (Fig. 9). As can be observed, the cutting temperature changed as the drill advances through 

the hole. In the case of the dry drilling holes, the temperature increased rapidly and signs of the high temperatures reached were seen (smoke and red-hot 

chips coming from the cutting zone and at the end of the process the near zone of the hole was red-hot).  

Despite the external lubrication supply and the set-up that confined the workpiece and only allowed the lubrication to enter the cutting zone from the top 

of the hole, the temperatures measured in the lubricated tests decreased significantly compared to the dry drilling ones. Thi s shows that the cutting heat 

spread rapidly from the cutting area and as a consequence the temperature significantly reduced. 
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Fig. 10 –Maximum temperature rise at different Cutting Conditions (CC): (a) Lubricated tests (b) dry tests. 

In Fig. 10 the maximum values of ΔT from Fig. 9, are plotted. Taking into account the uncertainty and deviations, in general terms it seems that as the 

dimensionless Peclet number (equation 9) increased, the tendency in lubricated and dry drilling scenario was different. In the lubricated tests as Pe 

increased (as the cutting speed and feed increased) the temperature increment decreased slightly. By contrast, in the dry drilling tests (regardless of the 

feed values), for Pe 4.7 and 9.4 (when the cutting speed was 30m/min) the temperature increase was the highest. However, for Pe values of 2.4 and 4.7 

when the cutting speed was 15m/min the maximum ΔT were the lowest. These results show that the temperature observations are controversial when 

comparing the dry and lubricated scenarios. Hence, in order to obtain consistent conclusions the heat partition coefficient b was extracted. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 – Temperature fields for the lubricated Vc=15 m/min and f=0.1 mm/rev test 

4.3. Fraction of heat transferred to the workpiece 

The temperature field at the recorded thermography time of maximum temperature, extends beyond the outline of the drill (t=10s in Fig. 11). In such cases 

a correction must be made in order to obtain the correct values of the heat partition. For that adjustment, the cooling curves obtained must be taken into 

consideration (Fig. 12). After the drilling process was finished, heat was conducted away from the heated parts at a cooling rate depending on the 

geometry of the region round the hole and the diffusivity of the workpiece. The maximum temperature reached should fall with time in a manner only 

weakly dependent on the cutting conditions (Vc and f) employed for the drilling [21]. However the curves obtained for dry and lubricated drilling test have 

very different gradients. Thus an adjustment for each different situation was made. In the Fig. 12 (a) and (b), the cooling portion of the data in Fig. 9 is 

shown. The x axis (time) has been offset to fix in each case the maximum temperature with the time t=0s.  

To take into account the energy dissipated during the drilling due to the temperature field that extends beyond the outline of the dr ill at the time of 

maximum temperature (Fig. 11), (ΔTmax)adj was calculated. Thereby ΔTmax may be adjusted to a larger value (ΔTmax)adj to allow for decay [21]. As it is 

descried in equation (7), this value was approximately calculated according to the area under the curves of Fig. 12 (a) and (b), for t=0 to tcut. With the 

(ΔTmax)adj, Q was recalculated (equation 3) and finally the corrected b  where obtained (equation 6). 

In Fig. 13 the obtained fractions of heat transferred to the workpiece (b) against the Peclet number are plotted. Bearing in mind the assumed errors of the 

experimental tests and the approximations made to calculate b, the results for the lubricated tests show that the b values (after the adjustment) slightly 

decreased as the Peclet number increased. This is a physically feasible result and supports the view of a critical Peclet number below which increasing Vc 

and fz lead to increasing temperatures in the workpiece and above which temperatures reduce (Fig. 10 a). By contrast, if it is not taken into account the 

energy dissipated during the drilling (before adjusted) the trend would be the opposite. 
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Fig. 12 – Normalized cooling curves (a) Lubricated tests (b) Dry tests. 

On the other hand, b values on the dry drilling tests increased as the Peclet number does (both for the adjusted and not adjusted values). Based on theory, 

this was not the expected trend [26]. The heat flows to the workpiece proportionally to Ks. In the dry tests as the Vc and f increased, the Ks decreased and 

therefore b increased. The measured maximum temperatures on the workpiece also increased as the Peclet number did (Fig. 10 b). As it was stated, if 

chip extraction indexes decrease, the process temperatures increase due to the higher plastic deformation and friction caused by chip accumulation [32]. 

Analyzing the influence of the mechanical loads, the Ks is directly related with the obtained Mz value. The Mz results show the same trend observed by 

Kwong [33] where the Mz decreased as the cutting speed increased. So this unexpected increment in the b results could be derived from the severe 

machining cutting scenario tested. In tests carried out in dry conditions, problems such as inadequate chip removal, the friction derived from the 

interaction of the tool between the inner wall of the hole and the prevention of heat dissipation by the gasket could be the reason of the observed trend. All 

this was heightened by the set-up employed that confined the hole between the gaskets that would have resulted in problems related with the correct chip 

removal and heat dissipation. All this may have affected in an increase of the dry drilling b values as the energy introduced to the cutting process raised. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13 – Fraction of heat transferred to the workpiece (b) plotted against Peclet number (adjusted (continuous line) and not adjusted (dashed 

line)). 

The b values were also compared with the analytical values for the fraction of heat generated on the shear plane conducted to the workpiece (1-R1) [15]. 

Where R1: 

 
1

1

1

1 1.33 w sh c

R
V t 




                       (10) 

These analytical results ratified the decreasing trend observed with b in the lubricated tests and the values are close to the obtained ones (Fig. 13). As Pe 

increased the 1-R1 fraction decreased (from a mean value of 0.08 for Pe=2.37 to 0.04 for Pe=9.49). These results are significantly lower than those 

obtained in the unlubricated drilling tests where signs of the high temperatures reached were detected. This would be caused because Loewen and Shaw’s 

expression (equation 10) is limited to conditions where the influence on the temperature at the workpiece is limited to conditions in which the main 

heating source is the chip formation. In addition, this expression does not take into account the heat dissipated into the lubrication, so it is only valid for 

dry conditions. Therefore the equation does not take into account the additional heating due to the hole confinement and the problems to chip removal. It 
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should be highlighted that the b values obtained in this study considered both dry and lubricated drilling. The coolant greatly decreases the fraction of 

heat transferred to the workpiece in the ranges of 0.065 < b < 0.078. Nevertheless, in the unlubricated conditions b was around 0.20. As result, it could 

be determined that for the lower (Vc=15 m/min; f =0.1 mm/rev, Pe =2.37) and highest (Vc=30 m/min; f =0.2 mm/rev, Pe =9.49) conditions tested, between 

57% and 72% of the heat conducted to the workpiece could be reduced using the external oil lubrication. 

It should be noted that the majority of the conditions employed by industry and by researchers for testing the Inconel 718 drilling process, are in Pe<10 

conditions. When Pe<10 the deformation and friction energy affects the workpiece and alters the material properties [26]. A softening effect occurs that 

affects the plastic deformation during the cutting resulting in a reduction in the cutting forces. Taking this into account, it has been observed that both for 

feed force and torque, a clear trend could not be drawn to support this assertion. Moreover, for the tested conditions the calculated specific cutting forces 

are higher when Pe decreased. 

As the surface integrity concern is so related to the machining of Inconel 718, not only the drilling process but also the finishing processes such as reaming 

should be specially considered. If Pe is calculated for a 6 teeth reamer working in Vc= 6 m/min and f= 0.2 mm/rev it gives an approximate value of 0.08. 

As it has been observed, this could result in a smaller portion of the heat generated in that process being transferred to the workpiece, but it is important to 

remember the importance of studying all the heat generation zones. 

5. Conclusions 

In this article the thermal loads measured by IR technique affecting the drilling of Inconel 718 have been studied. Four different cutting conditions in dry 

and lubricated scenario were analyzed. A model was employed to obtain the b values based on the torque and workpiece temperature measurements. The 

maximum b values were achieved in the unlubricated tests (around 0.20). By contrast, the coolant greatly decreases the heat rate transferred to the 

workpiece with b values ranging from 0.065 to 0.078 in dependence on the cutting speed and feed. These results show maximum b differences of 72% 

(Vc=30 m/min; f =0.2 mm/rev, Pe =9.49) and minimum of 57% (Vc=15 m/min; f =0.1 mm/rev, Pe =2.37). Despite the values obtained, these differences 

provide an order of magnitude of the heat transferred to the workpiece depending on the application or not application of coolant. Although sometimes is 

not that simple (as some other thermal parameters of the interface should be considered), the determined b values could be used as input parameters of 

analytical or numerical models. 

Bearing in mind the assumed errors of the experimental tests and the approximations made to calculate b, the study presents the obtained trends of b 

relative to Peclet number that is dependent on the cutting speed and feed. In the lubricated tests, it was observed that b slightly decreased as the Peclet 

number increased. As observed in the bibliography, this is a physically feasible result. Unexpectedly, for the dry drilling tests b raised as Peclet increased. 

This fact ratified the complexity of the drilling process where it is important to considerer all the heat sources apart from the heat of the chip formation. As 

a conclusion it could be say that the cutting speeds and feed influence on the temperature at the workpiece is limited to conditions in which the main  

heating source is the chip formation. 
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A B S T R A C T 

In manufacturing aeronautical critical components, such as turbine discs commonly made of Inconel 718, 

surface integrity is crucial to ensure their fatigue life. Among the machining processes used, the drilling 

operation is one of the most critical as overheating can occur causing thermal damage to the hole. The 

amount of heat dissipated could determine the nature of deformation in the machining of Inconel 718. 

Nevertheless no detailed studies have determined experimentally the differences between the fractions of 

heat transferred to the workpiece (b) for dry and lubricated drilling. In this context, the thermal and 

mechanical loads (measured by IR technique and a piezoelectric dynamometer) affecting the drilling of 

Inconel 718 have been studied. Four different cutting conditions both in dry and lubricated conditions 

were tested. In order to obtain b, the study presents a model based on a new experimental method. The 

maximum b values were achieved in the unlubricated tests (around 0.20). By contrast, in the lubricated 

tests b range from 0.065 to 0.078. Therefore the fraction of heat conducted to the workpiece show 

maximum differences of 72% and minimum of 57% depending on the application or not application of 

coolant. Additionally, the obtained trends of b relative to Peclet number (that is dependent on the cutting 

speed, feed and drill diameter) are shown. 

© 2015 xxxxxxxx. Hosting by Elsevier B.V. All rights reserved.    

 

 

6. Introduction 

Inconel 718 is one of the most used High Strength Thermal Resistant (HSTR) materials in the manufacturing of critical parts of aircraft engines such as 

turbine discs due to its high strength/weight ratio operating at extreme pressure and temperatures. However it is difficult to machine due to the inherent 

characteristics of the material such as the work hardening generated in the machining process, the low thermal conductivity or carbides presence [1, 3, 4]. 

Tool wear condition has a remarkable influence on Surface Integrity (SI), e.g., residual stresses, undesirable alteration of machined surfaces or induced 

strain loadings on the sub-surface, which in turn affect fatigue life of a component [5, 6]. For instance, it has been observed that different types of defects 

appeared on the machined component depending on whether the machining surface is affected mechanically, thermally or chemically [7]. Heat affected 

layers (phase transformation, cracking, white layer…) reduced greatly the fatigue performance of the machined parts. Furthermore the combination of 

high temperatures and high pressures induced high stresses that generate microstructural changes. It has been observed that while thermal dominant 

machining deformation induced tensile residual stresses in the machined surface, the mechanically dominant machining deformation induced compressive 

residual stresses [7, 8]. This effect might be in relationship with the amount of heat dissipation that determines the nature of deformation in the machining 

of Inconel 718 [9]. 



  

M. Cuesta et al. / Applied Thermal Engineering 00 (2015) 000–000                                                                                                                   15 

 

It should be highlighted that the majority of studies into the influences on surface integrity have focused on turning or milling [2, 6, 8, 9, 10]. The drilling 

process has largely been overlooked [11]. This is a surprising fact, as the holes are critical features with reference to fatigue performance [7]. This 

criticality is determined by two aspects; (i) the holes are critical geometrical features of the turbine discs and (ii) the drilling process itself. Due to its 

geometry, the holes are areas with high stress concentrations where the maximum stress values could be achieved. In that sense, it is important to prevent 

the thermal damage that could be caused by the overheating during the drilling due to an inadequate chip removal and the lack of lubrication. It is for these 

reasons that critical machined parts require a validation process to ensure the quality of the pieces in fatigue life. This validation generally involves 

freezing the cutting conditions by checking metallurgical analysis and fatigue tests to ensure that the cutting conditions are “safe”. This process is 

complicated and involves high costs. Therefore, correlations between the cutting conditions and surface integrity would help to optimize manufacturing 

these components [12]. It is at this point that the monitoring and modelling of machining HSTR alloys plays a decisive role to solve problems related with 

the thermal loads [13]. 

Energetic balance distributions for machining processes have been studied since the 50’s. Most of the models are based on the same physical laws and use 

the same hypothesis, usually with the main objective to determine the amount of heat transferred to the workpiece. Stephenson analyses different energetic 

balance models [14] and states that, Loewen and Shaw’s heat distribution model [15] shows the best performance. This model treated the workpiece as a 

semi-infinite body subject to a heat flux imposed by a moving source of constant flux. It analyzes the 2D orthogonal cutting process based on Jaeger’s 

frictional theory of the moving sources of sliding contacts [16] and Blok’s principle of heat distribution [17].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 – (a) Heat generation zones in cutting process (b) Typical energy distribution model in metal cutting at conventional speed [24]. 

Looking to the drilling process, thermal aspects have long been investigated from an analytical point of view [18, 19]. These  studies are based on 2D 

orthogonal cutting theory and showed a general overview of the chip formation when drilling. Many of this researchers focused on evaluating and 

predicting the generation and flow of heat into the tool, the chips and the workpiece [20, 21, 22]. As it is shown in Fig.1 (a), the cutting heat is generated 

at three different deformation regions. Each zone has its own singularities, so the amount of heat that flows from each zone is different. In  Fig. 1 (b) an 

example of heat dissipation in metal cutting is illustrated where approximately 25 % of energy from machining converts into heat. With this assumption, 

machining performance can be affected by the high thermal gradients. Temperature in primary deformation zone influences the mechanical properties of 

the workpiece. Whilst temperature at the secondary deformation zone strongly affects tool life [23], most of the heat generated in the tool-chip contact 

zone flows to the tool (around 18% of total heat [24]). This partial heat conducted to the tool leads to the tool temperature rise and the remaining heat is 

taken away by the fixed tool holder and the air [22]. Concerning to the workpiece, the transmitted cutting heat comes from the shear deformation zone. In 

Bonos advection heat partition model for drilling [20], all the heat generated on the shear plane is conducted directly  into the workpiece. Thus, the heat 

generated by shearing is applied as a heat flux into the material below the cutting edge. This confirms that, as the drill moves into the workpiece, heat is 

continually added to the material so temperatures rarely reach a steady state and increase with the hole depth. Moreover, most of the models predict 

temperatures focus on the primary cutting edges, but other heat sources, such as friction between drill flutes and the workpiece or the influence of the 

chisel edge, should be taken into account. 

The influence of temperature is more significant when machining HSTR alloys due to their heat resistance and poor thermal conductivity. Such thermal 

behavior must also be considered for understanding the distribution of residual stresses as high temperatures are well known to induce tensile stresses on 

the workpiece surface [7]. Rech et al. [25], tested on a special tribometer several materials including the Inconel 718. They employed different lubrication 

conditions and presented results and models for the portion of heat flux transmitted to the tool. Research works as this, give valuable information, but 

when the objective is to study the surface integrity and understand the influence of the different machining parameters, the focus should be put on the 

workpiece. In that line, Soriano et al. [21] studied the heat flow into the workpiece from the experimentally obtained workpiece temperatures (by IR 

technique) and cutting forces when dry drilling bovine cortical bone. The authors showed how the heat fractions decrease as the Peclet number increase. 

They conclude that this is a physically feasible result and supports the view of a critical Peclet number below which increasing cutting speed and feed lead 

to increasing temperatures in the workpiece and above which temperatures reduce. The Peclet number (frequently used in heat transfer theory) is widely 

used for thermal study of machining process. The heat transferred to the workpiece is controlled by Peclet number and the larger it is, the less heat escapes 

and the more is convected into the chip [26]. Related to this, Fleischer et al. showed an increase of the heat flux mainly caused by reducing the feed per 

tooth, ie. the undeformed chip thickness, when dry drilling of power train castings [27]. Segurajauregui and Arrazola [28] used the inverse simulation 

technique to calculate the heat input to the workpiece when drilling aluminium with MQL. They determined that an increase of the cutting speed and feed 
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rate leads to a decrease in heat input and temperature. Biermann and Iovkov [29] also concluded that the heat input to the workpiece could be significantly 

reduced increasing the feed values when deep hole drilling aluminium cast alloy applying MQL. Furthermore, the strong dependence of the heat flux and 

the heat partition to the workpiece on the undeformed chip thickness observed by Fleischer et al., was also detected when dry milling of steel [30]. 

Davies et al. in their review work stated that different methods such as thermocouples and infrared measurements have been used to study the 

temperatures in the drilling process [31]. Brinksmeier et al. [32] measured the process temperature when drilling Ti6Al4V with an infrared camera and 

showed a direct correlation between the process temperatures and the chip extraction at different conditions. With low chip extraction the chip 

accumulation caused a surface smoothening due to the interaction between the chip and the minor cutting edges. These conditions caused the increase in 

the cutting forces and temperatures due to intensive plastic deformation and friction. Focusing on the HSTR alloys, Kwong et al. [33] conducted a study of 

tool temperature drilling in severe conditions (VB=0, Vc=25m/min, f=0.10 rev/mm, dry) of the RR1000 HSTR alloy. They used the method of 

thermocouple inserted through the internal cooling of the drill. They measured temperatures of 750 °C. In that line, temperatures between 500-650ºC have 

been reported during drilling of Inconel 718 under severe conditions (VB=0.3, Vc=35m/min, f=0.12 and 0.05 rev/mm, dry) [34, 35]. Also temperature 

distribution of the numerical simulations carried out for Alloy 718, Waspalloy, Alloy 720Li and RR100 nickel-base superalloys showed maximum 

temperatures of 700ºC at the tool/workpiece interface [36]. As it can be seen, the majority of the studies analyzing temperature during the drilling of 

HSTR alloys have been focused on severe machining conditions (high material removal rates in dry cutting conditions). In addition, the temperatures 

analyzed usually correspond to the tool temperature. There have been no detailed investigations which obtained experimentally values of the heat 

transferred to the workpiece for externally lubricated drilling. And focusing on HSTR alloy drilling, no research has been found that studies the heat 

transferred to the workpiece. It is therefore interesting to deepen the study of the heat transferred to the workpiece while drilling dry and lubricated HSTR 

alloys.  

The non-accepted thermally abused layers and the so called “white layers” can appear due the absence of coolant with or without and excessive tool wear 

[36]. Industrial surface quality standards specify that severe plastic deformations and/or thermally abused layers are not accepted on the Inconel 718 part 

surfaces drilled. In order to study the differences concerning the heat distribution in different scenarios, in this article, the temperature when drilling 

Inconel 718 with different cutting conditions in dry and externally lubricated have been studied. For that purpose a new experimental set-up was 

developed to enable the analysis of lubricated holes. To measure the workpiece temperature an infrared thermography (IR) camera was used. 

Thermography (thermal imaging) is a well-established experimental method for studying cutting tool [37] and workpiece [21] temperature distributions. 

The developed set-up enables to study the dry and lubricated drilling processes so the study of 4 different cutting conditions in dry and externally 

lubricated situations was done. Finally, the heat transferred to the workpiece for the tested different conditions was calculated. 

Nomenclature 

c Specific heat (J/kg·K) 

d1 Generated hole diameter (mm) 

d2 Diameter of the heated cylinder (mm) 

d drill Drill diameter (mm) 

f Feed per revolution (mm/rev) 

fz Feed per tooth (mm/tooth) 

Fz Feed force (N) 

Fcut Cutting force (N) 

h Distance between the drilled hole and the infrared filming surface (mm) 

Ks Specific cutting force (N/mm
2
) 

L Drilled depth (mm) 

Mz Torque (N.m) 

Pe Peclet number ( ) 

Qin Heat in introduced due to drilling process (J) 

Qc Heat in the chip (J) 

Qt Heat in the tool (J) 

Qw Heat in the workpiece (J) 

R1 Fraction of heat generated on the shear plane conducted into the chip ( ) 

Sc Cross section area of work material (mm
2
) 

tcut Cutting time (s) 

t1 Uncut chip thickness (mm) 

Vf Feed rate (mm/s) 

Vc Cutting speed (m/min) 

VB Average flank wear (mm) 

W Work done in cutting (J) 

z Teeth number ( ) 

α Rake angle (º) 

αw Workpiece diffusivity (m
2
/s) 

b Fraction of generated heat flowing into the workpiece ( ) 
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B0 Helix angle (º) 

gsh Shear strain in the primary deformation zone 

ΔT Temperature increment (K) 

2kt Point angle (º) 

θ Clearance angle (º) 

ρ Density (kg/m
3
) 

w Rotational speed of the tool (rev/s) 

 

7. Experimental procedure 

7.1. Set-up, Measure Equipment and Methods 

In this study, the temperature when drilling Inconel 718 in dry and externally lubricated condition was studied and a new experimental set-up was 

developed to enable the analysis of lubricated and unlubricated holes. The thermal phenomena of the workpiece were studied, as well as other typical 

machining parameters such as feed force (Fz) or torque (Mz). Fig. 2 (a) shows a diagram of the employed set-up for the drilling tests and Fig. 2 (b) shows a 

3D detail of the analyzed zone. To measure the cutting forces (Fz and Mz), the drilled workpieces were clamped on a Kistler 9272 piezoelectric 

dynamometer. Test samples were plates machined to obtain perpendicular faces. Then, these samples were fixed on the top of the dynamometer and 

placed correctly in front of the FLIR Titanium 550 M IR camera 0.1 m away from the focus. The filming area (one of the side surfaces of the  plates) can 

be observed in Fig. 2 (b). The length of this area was 40 mm and the height was delimitated by the depth (6.5 mm) of the test sample. 

The objective was to study the thermal phenomena as close as possible to the cutting zone (the inner wall). In that sense, in  order to avoid the lubrication 

to penetrate and disturb the recording wall, preliminary tests were carried out to define a minimum distance (h) between the drilled hole and the infrared 

filming surface (Fig. 2 (b)). This being so, the temperatures of the workpiece presented in this study were measured at a distance h=0.5 mm. The 

temperature rise (ΔT) of each test was extracted as the difference between the achieved maximum temperature and the temperature at the test starting 

moment. For each hole, all the data was extracted from one point where the maximum temperature gradients were achieved. In all the experimental tests 

presented the IR camera was set with a 12µm integration time and a frame rate of 500 Hz The procedure to obtain the temperature fields with the IR 

camera was the same described by Soriano et al. [21] and Segurajauregui and Arrazola [28]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 –Experimental set-up (a) General scheme (b) 3D scheme of the detail in (a). 

The signals from the dynamometer (Fz and Mz) were introduced in the analog input module of the machine. As result these signals were visualized and 

acquired at the same time with a 250 Hz frequency. 

As shown in the Fig. 2 (a), a coolant protection device was designed for these tests. The device allowed the use of coolant in the externally lubricated tests, 

keeping dry the face where the IR camera was recording the heat flux. A detail with the 3D scheme of the solution developed to keep the recording wall 

dry is shown in Fig. 2 (b). For each test, while the Inconel 718 workpiece was drilled the upper and lower gaskets where also  drilled. Thus the oil 

employed in the lubricated tests enters inside the hole, but did not wet the top of the workpiece and the recording wall.  

The set-up was mounted in a vertical CNC milling center and was completed with a Kistler 5019 amplifier and the data analysis software. 

7.2. Inconel 718 drilling tests 

The workpiece material used for these tests was Inconel 718 rolled annealed and aged (AMS 5596). Each test sample was prepared in an EDM machine to 

obtain the final rectangular 20mm x 150 mm workpieces. Table 1 shows the chemical composition of the workpieces. 
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Table 1 – Chemical composition of the employed Inconel 718. 

18.63% Cr 17.66% Fe 4.94% Nb 2.89% Mo 0.92% Ti 

0.59% Al 0.24% Co 0.13% Si 0.12% Cu 0.03% C 

0.01% Ta 0.0002% S Ni Balance   

 

In order to study the influence of the Vc , f and the application of coolant in the temperature and the acquired signals, a Design Of Experiment (DOE) with 

two levels and 3 parameters was carried out. The two Vc tested were 15 and 30 m/min and the two f tested were 0.1 and 0.2 mm/rev. Changing the 

application of the coolant, with the selected cutting conditions both industrial and severe machining conditions were taken into account. In Table 2, the 

working conditions used in the drilling tests are shown. 

Table 2 – Working conditions. 

Working material - Inconel 718 

 Hardness [±1] (HRC) 42 HRC 

Cutting conditions Vc (m/min) 15-30 

 f (mm/rev) 0.1-0.2 

 L (mm) 6.5 

Tool Material Carbide 

 Coating TiAlN 

 d drill (mm) 8 

 B0 [±1] (º) 30 

 2kt (º) 140 

 α [±1] (º) 8 

 θ (in the middle of the 

radii) [±1] (º) 

16 

Coolant  Cutting oil / Dry 

 Pressure Low pressure 

Machine-tool Milling center Lagun GVC 1000-HS 

 CNC controller Fagor 8070 

 

For each of the working conditions analyzed in this study, 3 repetitions were done. It should be noted that as the wear increase after the drilling of one 

lubricated hole is negligible, it was assumed that the 3 externally lubricated holes drilled in each cutting condition were done under the same tool 

conditions. For the dry drilling condition tests, 3 holes were also drilled one after another. The first dry drilling of each cutting condition was done with a 

tool without wear, but as the dry conditions were so severe a gradual increase in drill wear was observed during the machining of the 3 holes. In this case, 

the level of error committed due to the tool wear increase was accepted (with a final mean VB~0.1 mm). Table 3 shows the experimental plan with the 

conditions employed in each test designed for this study. 

Table 3 – Experimental plan. 

Cutting Condition (CC) Vc (m/min) f (mm/rev) Coolant/Irrigation Cutting-Tool Workpiece Nº of repetitions 

CC1 15 0.1 Yes Drill 1 Test sample 1 3 

CC2 15 0.1 No Drill 1 Test sample 1 3 

CC3 15 0.2 Yes Drill 2 Test sample 2 3 

CC4 15 0.2 No Drill 2 Test sample 2 3 

CC5 30 0.1 Yes Drill 3 Test sample 3 3 

CC6 30 0.1 No Drill 3 Test sample 3 3 

CC7 30 0.2 Yes Drill 4 Test sample 4 3 

CC8 30 0.2 No Drill 4 Test sample 4 3 



  

M. Cuesta et al. / Applied Thermal Engineering 00 (2015) 000–000                                                                                                                   19 

 

8. Theory and calculation 

8.1. Calculation of the fraction of  heat transferred to the workpiece (b) 

A basic idea on heating in metal cutting is that temperature is a function of the fraction of heat to the chip and the ratio between the conductivity of the 

tool and workpiece [26]. Simplifying it can be said that:  

c

w

h V
T f



 
  

 

                       (1) 

For the drilling process, it seems reasonable that the temperature of the side wall of the drilled hole depends on the heat partition between the chips and the 

workpiece, thus: 

max
c

s w

h Vc
T f

K





   
    

   

                       (2) 

The workpieces were drilled at two cutting speeds and two feeds (Table 3). All the remaining parameters were kept unchanged as there are a number of 

approximations in the argument put forward here. For example if the drill geometry (e.g. point angle) changes it would result in torque variations, total 

cutting time variations and also the heat escape from beneath the drill to the sides would be different.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 – Schemes employed to calculate the (a) Heated volume (b) Removed material. 

The thermal analysis was focused on the maximum heat transferred due to the fact that it will generate the maximum thermal damage in the workpiece. 

This parameter was calculated from the maximum workpiece temperatures measured experimentally with the infrared camera. To calculate the fraction of 

heat flowing into the workpiece some assumptions were made. The drilling heat flow may be considered to be transferred instantaneously to the surface of 

the drilled hole and after that spread by conduction. When the maximum temperature is reached the temperature gradients in the region between the hole 

and the recording surface will be at a minimum. The extent of the hot region filmed lies mainly within the 8 mm projected width of the drill. As shown in 

Fig. 3 (a), the amount of heat in the workpiece may be approximated to the amount in the cylindrical annulus, outer diameter (d2=9 mm), inner diameter 

(d1=8 mm) and height (L=6.5 mm). The outer diameter (d2) is calculated as the sum of the drilled hole diameter (d1) and twice the distance between the 

drilled hole and the infrared filming surface (h). Although the IR camera had been used to obtain a point surface temperature, this data could not have 

been obtained with a thermocouple due to the impossibility to know where the maximum temperatures would be achieved. In addition, the use of the IR 

camera allows to study if the temperature field extends beyond the outline of the drill. As explained later, this study would be necessary for the 

calculations carried out in this study. 

2 2

2 1max max( 4) ( )wQ m dc T L c Td                                (3) 

Once the ΔTmax in the workpiece filming surface was obtained and for the Inconel 718 heat capacity ρ·c, the heat in the workpiece was calculated 

(equation 3). Comparing with dry drilling, the heat evacuated by the cutting fluid will be reflected by the lower ΔTmax achieved. 
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To calculate the specific cutting force, the cutting force must by divide by the cutting section. As shown in Fig. 3 (b), in the drilling process the cross-

section area of work material removed by one cutting edge is equal to the feed per tooth multiplied by the number of teeth by the radius of the drill. The 

cutting force is obtained by dividing the experimentally obtained torque by the radial distance to the center of the cut cross-section area. 

 
2

(d 4) 8

( ) (d 2) ( ) d

z drillc z
s

c z drill z drill

MF M
K

S f z f z


  

   

                                  (4) 

With the results of Ks, assuming that all the work is converted into heat and knowing that the work done in cutting is the specific cutting force multiplied 

by the volume removed by the drill, the heat generated with the drilling process (Qin), is calculated as: 

2( 4) din drill sQ W L K                                        (5) 

Once Qin and Qw are calculated, the fraction of generated heat flowing into the workpiece (b) is obtained (equation 6). 

w

in

Q
Q

                                     (6) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 – Theoretical curves (a) Temperature rise evolution during the drilling (b) Normalized cooling curve. 

The b approximation could become poor as the time drilled increases. Heat released early in the drilling process will have time to conduct away before 

the hole is completed. In those cases, in order to obtain a correct b values it is important to take into account this heat. For that purpose ΔTmax may be 

adjusted to a larger value (ΔTmax)adj to allow for decay [21]. For that adjustment the normalized cooling curve must be calculated (Fig. 4 (b)). This curve is 

obtained considering the cooling part from the temperature rise curve where ΔTmax have been achieved (Fig. 4 (a)). (ΔTmax)adj is approximately calculated 

according to the area under the normalized cooling curve (Fig. 4 (b)), for t0 to tcut. 
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Fig. 5 – Flow diagram for determination of b. 
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To calculate the adjusted b, Qw should be calculated again replacing ΔTmax with (ΔTmax)adj in equation 3. Finally, with the adjusted Qw values the adjusted 

b values can be obtain as it is shown in equation 6.  

Fig. 5 summarized in a flow diagram the model employed in this research to calculate the fraction of heat transferred to the workpiece. 

8.2. Calculation of the Peclet number in drilling 

The same dimensionless number that determines the proportion of heat carried away by the chip is known as the Peclet number (equation 8). In an 

orthogonal cutting operation (Fig. 6 (a)) Pe is determined by a cutting speed Vc and uncut chip thickness t1 divided by the diffusivity of the workpiece 

material αw [26]. 

1c

w

V t
Pe






                       (8) 

In the drilling process this thermal number could be calculated as the product of the axial feed velocity and the drill diameter divided by the diffusivity 

(equation 9). The number gives the ratio of the time taken for the heat to diffuse a distance D in the workpiece (D2/αw) to the time taken for the drill to 

advance a distance D (D/(z·fz·ω)) [21] (Fig. 6 (b)). As the metal cutting theory states, the larger the ratio, smaller should be the proportion of heat that is 

transferred to the workpiece from beneath the advancing drill. Thus the portion of heat carried away by the chips is larger. 

 

 

 

 

 

 

 

 

Fig. 6 – (a) Orthogonal cutting scheme (b) Drilling heat source moving scheme. 
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9. Results and discussion 

9.1. Mechanical loads 

In order to calculate the heat transferred to the workpiece, it is necessary to obtain Mz. In this case, the torque (Mz) was experimentally obtained as well as 

the feed force (Fz). A representative maximum value of Mz and Fz for each of the conditions tested was obtained as shown in Fig. 7. 

 

 

 

 

 

 

 

 

Fig. 7 – Externally lubricated Vc=15 m/min and f =0.2 mm/rev torque and feed force data. 

From the maximum torque values the specific cutting force (Ks) was calculated. In Fig. 8 the obtained and calculated values are shown. As it can be 

observed (Fig. 8 a and b), regardless of the application of coolant, both torque and feed force describe the same trend. The maximum values were achieved 

with the lowest cutting speed (15 m/min) and the maximum feed (0.2 mm/rev). For 15 m/min the tendency of the values is to raise when the feed is 

increased. On the other hand, the lowest feed force and torque values were obtained with the highest cutting speed (30 m/min) and the lowest feed 

(0.1mm/rev). Although the values in this case are lower, the trend is the same as these of the lowest cutting speed, i.e., when the feed is increased, the 

values obtained rise. Focusing on the coolant application, the dry drilling showed higher values of torque and feed force. The only exception was the 
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Vc=15 m/min and f =0.2 mm/rev drilling condition. This fact is due to the higher values obtained in the second repetition of the lubricated drilling in this 

cutting condition (maybe because of a bad chip removal and a chip entrapment). This considerably increased the calculated mean value and the deviation 

showed in Fig. 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 –Mean of the maximum values obtained: (a) Torque (b) Feed force (b) Specific cutting force. 

The effect of cutting speed and feed on the specific cutting force is shown in Fig. 8 c. The specific cutting force changes depending on the obtained cutting 

torque and the employed feed. As it is expected, the results show that the specific force decreased when the feed increase. In addition, the specific cutting 

force decreased as cutting speed increased at constant feed rate. This could be due to the reduction of the shear strength of the material caused by the 

increase of temperature in the cutting zone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 – Mean of the maximum temperature rise evolution (open symbols belong to lubricated tests and solid symbols correspond to dry tests). 

9.2. Thermal loads 

The evolution of the temperature was obtained extracting the temperature information where the maximum temperature gradient was achieved (Fig. 3 (a)). 

A mean curve was calculated for each drilling condition tested (Fig. 9). As can be observed, the cutting temperature changed as the drill advances through 

the hole. In the case of the dry drilling holes, the temperature increased rapidly and signs of the high temperatures reached were seen (smoke and r ed-hot 

chips coming from the cutting zone and at the end of the process the near zone of the hole was red-hot).  

Despite the external lubrication supply and the set-up that confined the workpiece and only allowed the lubrication to enter the cutting zone from the top 

of the hole, the temperatures measured in the lubricated tests decreased significantly compared to the dry drilling ones. This shows that the cutting heat 

spread rapidly from the cutting area and as a consequence the temperature significantly reduced. 
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Fig. 10 –Maximum temperature rise at different Cutting Conditions (CC): (a) Lubricated tests (b) dry tests. 

In Fig. 10 the maximum values of ΔT from Fig. 9, are plotted. Taking into account the uncertainty and deviations, in general terms it seems that as the 

dimensionless Peclet number (equation 9) increased, the tendency in lubricated and dry drilling scenario was different. In the lubricated tests as Pe 

increased (as the cutting speed and feed increased) the temperature increment decreased slightly. By contrast, in the dry drilling tests (regardless of the 

feed values), for Pe 4.7 and 9.4 (when the cutting speed was 30m/min) the temperature increase was the highest. However, for Pe values of 2.4 and 4.7 

when the cutting speed was 15m/min the maximum ΔT were the lowest. These results show that the temperature observations are controversial when 

comparing the dry and lubricated scenarios. Hence, in order to obtain consistent conclusions the heat partition coefficient b was extracted. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 – Temperature fields for the lubricated Vc=15 m/min and f=0.1 mm/rev test 

9.3. Fraction of heat transferred to the workpiece 

The temperature field at the recorded thermography time of maximum temperature, extends beyond the outline of the drill (t=10s in Fig. 11). In such cases 

a correction must be made in order to obtain the correct values of the heat partition. For that adjustment, the cooling curves obtained must be taken into 

consideration (Fig. 12). After the drilling process was finished, heat was conducted away from the heated parts at a cooling rate depending on the 

geometry of the region round the hole and the diffusivity of the workpiece. The maximum temperature reached should fall with time in a manner only 

weakly dependent on the cutting conditions (Vc and f) employed for the drilling [21]. However the curves obtained for dry and lubricated drilling test have 

very different gradients. Thus an adjustment for each different situation was made. In the Fig. 12 (a) and (b), the cooling portion of the data in Fig. 9 is 

shown. The x axis (time) has been offset to fix in each case the maximum temperature with the time t=0s. 

To take into account the energy dissipated during the drilling due to the temperature field that extends beyond the outline of the drill at the time of 

maximum temperature (Fig. 11), (ΔTmax)adj was calculated. Thereby ΔTmax may be adjusted to a larger value (ΔTmax)adj to allow for decay [21]. As it is 

descried in equation (7), this value was approximately calculated according to the area under the curves of Fig. 12 (a) and (b), for t=0 to tcut. With the 

(ΔTmax)adj, Q was recalculated (equation 3) and finally the corrected b  where obtained (equation 6). 

In Fig. 13 the obtained fractions of heat transferred to the workpiece (b) against the Peclet number are plotted. Bearing in mind the assumed errors of the 

experimental tests and the approximations made to calculate b, the results for the lubricated tests show that the b values (after the adjustment) slightly 

decreased as the Peclet number increased. This is a physically feasible result and supports the view of a critical Peclet number below which increasing Vc 

and fz lead to increasing temperatures in the workpiece and above which temperatures reduce (Fig. 10 a). By contrast, if it is not taken into account the 

energy dissipated during the drilling (before adjusted) the trend would be the opposite. 
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Fig. 12 – Normalized cooling curves (a) Lubricated tests (b) Dry tests. 

On the other hand, b values on the dry drilling tests increased as the Peclet number does (both for the adjusted and not adjusted values). Based on theory, 

this was not the expected trend [26]. The heat flows to the workpiece proportionally to Ks. In the dry tests as the Vc and f increased, the Ks decreased and 

therefore b increased. The measured maximum temperatures on the workpiece also increased as the Peclet number did (Fig. 10 b). As it was stated, if 

chip extraction indexes decrease, the process temperatures increase due to the higher plastic deformation and friction caused by chip accumulation [32]. 

Analyzing the influence of the mechanical loads, the Ks is directly related with the obtained Mz value. The Mz results show the same trend observed by 

Kwong [33] where the Mz decreased as the cutting speed increased. So this unexpected increment in the b results could be derived from the severe 

machining cutting scenario tested. In tests carried out in dry conditions, problems such as inadequate chip removal, the friction derived from the 

interaction of the tool between the inner wall of the hole and the prevention of heat dissipation by the gasket could be the reason of the observed trend. All 

this was heightened by the set-up employed that confined the hole between the gaskets that would have resulted in problems related with the correct chip 

removal and heat dissipation. All this may have affected in an increase of the dry drilling b values as the energy introduced to the cutting process raised. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13 – Fraction of heat transferred to the workpiece (b) plotted against Peclet number (adjusted (continuous line) and not adjusted (dashed 

line)). 

The b values were also compared with the analytical values for the fraction of heat generated on the shear plane conducted to the workpiece (1-R1) [15]. 

Where R1: 
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                       (10) 

These analytical results ratified the decreasing trend observed with b in the lubricated tests and the values are close to the obtained ones (Fig. 13). As Pe 

increased the 1-R1 fraction decreased (from a mean value of 0.08 for Pe=2.37 to 0.04 for Pe=9.49). These results are significantly lower than those 

obtained in the unlubricated drilling tests where signs of the high temperatures reached were detected. This would be caused because Loewen and Shaw’s 

expression (equation 10) is limited to conditions where the influence on the temperature at the workpiece is limited to conditions in which the main 

heating source is the chip formation. In addition, this expression does not take into account the heat dissipated into the lu brication, so it is only valid for 

dry conditions. Therefore the equation does not take into account the additional heating due to the hole confinement and the problems to chip removal. It 



  

M. Cuesta et al. / Applied Thermal Engineering 00 (2015) 000–000                                                                                                                   25 

 

should be highlighted that the b values obtained in this study considered both dry and lubricated drilling. The coolant greatly decreases the fraction of 

heat transferred to the workpiece in the ranges of 0.065 < b < 0.078. Nevertheless, in the unlubricated conditions b was around 0.20. As result, it could 

be determined that for the lower (Vc=15 m/min; f =0.1 mm/rev, Pe =2.37) and highest (Vc=30 m/min; f =0.2 mm/rev, Pe =9.49) conditions tested, between 

57% and 72% of the heat conducted to the workpiece could be reduced using the external oil lubrication.  

It should be noted that the majority of the conditions employed by industry and by researchers for testing the Inconel 718 drilling process, are in Pe<10 

conditions. When Pe<10 the deformation and friction energy affects the workpiece and alters the material properties [26]. A softening effect occurs that 

affects the plastic deformation during the cutting resulting in a reduction in the cutting forces. Taking this into account, it has been observed that both for 

feed force and torque, a clear trend could not be drawn to support this assertion. Moreover, for the tested conditions the calculated specific cutting forces 

are higher when Pe decreased. 

As the surface integrity concern is so related to the machining of Inconel 718, not only the drilling process but also the finishing processes such as reaming 

should be specially considered. If Pe is calculated for a 6 teeth reamer working in Vc= 6 m/min and f= 0.2 mm/rev it gives an approximate value of 0.08. 

As it has been observed, this could result in a smaller portion of the heat generated in that process being transferred to the workpiece, but it is important to 

remember the importance of studying all the heat generation zones. 

10. Conclusions 

In this article the thermal loads measured by IR technique affecting the drilling of Inconel 718 have been studied. Four different cutting conditions in dry 

and lubricated scenario were analyzed. A model was employed to obtain the b values based on the torque and workpiece temperature measurements. The 

maximum b values were achieved in the unlubricated tests (around 0.20). By contrast, the coolant greatly decreases the heat rate transferred to the 

workpiece with b values ranging from 0.065 to 0.078 in dependence on the cutting speed and feed. These results show maximum b differences of 72% 

(Vc=30 m/min; f =0.2 mm/rev, Pe =9.49) and minimum of 57% (Vc=15 m/min; f =0.1 mm/rev, Pe =2.37). Despite the values obtained, these differences 

provide an order of magnitude of the heat transferred to the workpiece depending on the application or not application of coolant. Although sometimes is 

not that simple (as some other thermal parameters of the interface should be considered), the determined b values could be used as input parameters of 

analytical or numerical models. 

Bearing in mind the assumed errors of the experimental tests and the approximations made to calculate b, the study presents the obtained trends of b 

relative to Peclet number that is dependent on the cutting speed and feed. In the lubricated tests, it was observed that b slightly decreased as the Peclet 

number increased. As observed in the bibliography, this is a physically feasible result. Unexpectedly, for the dry drilling tests b raised as Peclet increased. 

This fact ratified the complexity of the drilling process where it is important to considerer all the heat sources apart from the heat of the chip formation. As 

a conclusion it could be say that the cutting speeds and feed influence on the temperature at the workpiece is limited to conditions in wh ich the main 

heating source is the chip formation. 
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Highlights 
 
 

 Assessment of the heat fraction to the workpiece () when drilling Inconel 718 

 Introduction of a model based on a new experimental method (that allows lubricated drilling). 

  values range from 0.23 to 0.065 depending on the cutting and cooling conditions. 

  relative to Peclet show different trends for dry or lubricated conditions. 
 


