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Abstract
The study investigates the performance of TiN and TiAlN coated carbide tools to improve the tool life in the limited explored 
drilling operation of difficult-to-cut Inconel 718 (IN 718). We deposited these coatings over tungsten carbide (WC) drill bits 
through the cathodic arc PVD route and evaluated their tool life at optimized machining parameters. Tool wear initiated with 
chipping at the corner of the margin and cutting edge (periphery wear), followed by coating abrasion and flank wear. In the 
case of TiAlN coated drill bit, we observed a notable built-up edge (BUE), indicating adhesive wear, which is not distinctly 
noticeable in the case of TiN coated drill bits. The comparison of the associated machining challenges between IN 718 and 
relatively softer EN 24 revealed no chipping but a significant built-up edge in the case of EN 24. At optimized machining 
parameters of 800 rpm spindle speed and 30 mm/min feed rate, TiAlN and TiN coated drill bits performed 2 and 1.6 times, 
respectively, better than uncoated drill bits in terms of the number of holes drilled. In addition, the performance of com-
mercially available TiAlN coated drill bits was also compared with that of TiAlN coated drill bits produced in the present 
study by employing identical machining conditions. The in-house TiAlN coated drill bits yielded 50% additional life than 
the commercially available TiAlN coated drill bits. Additionally, the machined surface of drilled holes with TiAlN coated 
drill bits resulted in lower roughness (Ra) than the uncoated drill bits at the end of the respective tool life. The underlying 
reasons were analyzed and discussed.
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1  Introduction

Nickel (Ni) based superalloys possess high strength, supe-
rior resistance to oxidation and corrosion, and the ability 
to retain hardness at elevated temperatures (hot hardness). 
Hence, these alloys are preferred when severe working 
conditions prevail in specific applications of aerospace, 
petrochemical, and nuclear power sectors. [1–5]. However, 
the poor machinability of these difficult-to-cut materials 
poses challenges in the manufacturing of components. The 
material characteristics responsible for the associated poor 
machinability are as follows [2, 6, 7]:

1.	 Rapid work hardening during machining due to their 
high strain sensitivity and ability to retain hardness at 
high temperature (hot hardness).

2.	 The presence of hard carbide precipitates in microstruc-
ture, causing accelerated tool wear.

3.	 Low thermal conductivity (~11 W/m–K for IN 718) lim-
its the heat dissipation from the cutting zone, steeply 
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raising the localized temperatures to the tune of 1200 
°C (at higher cutting speeds).

4.	 The high affinity of alloying elements present in Ni-
based superalloys towards the tool material (especially 
carbide tools), leading to an excessive chemical and dif-
fusion wear at higher cutting speeds.

5.	 Adhesion/welding of workpiece material onto the tool 
surface and subsequent removal resulting in chipping of 
tool material.

The poor machinability of superalloys affects the eco-
nomics of the manufacturing process. It increases overhead 
(non-value addition) costs besides resulting in production 
time loss. Therefore, several researchers have attempted to 
improve the machinability of these alloys, particularly in 
terms of extending the tool life and reducing the extent of 
surface abuse [6, 8]. The tool life is one of the most signifi-
cant factors influencing overall machining cost. Every time 
a tool requires replacement (due to failure), businesses incur 
two types of costs: (1) the cost for the new cutting tool and 
(2) the cost related to idle machine time [9]. Therefore, an 
optimum tool life associated with high productivity is desir-
able. For a given workpiece material, mechanical (hardness, 
toughness) and physical (such as geometry) properties of 
the cutting tool significantly influence the overall tool life. 
The higher temperature at the tool-workpiece interface leads 
to accelerated wear of the tool material. Because of this, 
other factors, namely, the machining parameters and cool-
ing strategies at the cutting zone, also play a significant role 
in adjudging the net tool life. Conventionally, harder tool 
materials such as ceramics (Al2O3, silicon nitride, SiAlON), 
cubic boron nitride (CBN), and polycrystalline cubic boron 
nitride (PCBN – though limited to roughing operations) are 
employed at higher cutting speed to moderate the tool life 
[9–13]. However, carbide tools are preferred for cutting IN 
718 at relatively lower cutting speeds as a trade-off between 
the tool life and cost-effectiveness of overall manufactur-
ing [9]. As the reachability of cutting fluid in the cutting 
zone is a prime concern in drilling operation, researchers 
have explored innovative cooling techniques to address 
this issue. Some of these techniques are minimum quan-
tity lubrication (MQL), cryogenic cooling, hybrid cooling, 
etc. [14]. Minimum quantity lubrication (near-dry machin-
ing condition) provides sufficient lubrication but is not as 
effective in providing adequate cooling to the cutting zone 
[5]. In cryogenic cooling, the use of liquid nitrogen (boiling 
point: −196 °C) as a cooling medium results in longer tool 
life and improved surface finish. A combination of MQL and 
cryogenic cooling (hybrid cooling: MQL + cryo) reduces the 
feed force and enhances the tool life compared with other 
cooling techniques.

Though employing advanced tool materials and innova-
tive cooling strategies lead to longer tool life, the economic 

consideration limits their use in practice. Consequently, the 
most cost-effective way to enhance the life of various tool 
materials is surface engineering, specifically the application 
of hard coatings [11, 13, 15–17]. From the cost perspective, 
coated tools are costlier than uncoated tools. But given the 
life improvement achieved in the case of coated tools, their 
potential to provide significant tangible savings per unit of 
material volume removed is indisputable. In the case of dry 
machining with coated tools, an amount equivalent to the 
overall coolant cost (coolant price, handling, and disposal 
charges) gets added up in this saving. Therefore, research-
ers have investigated the performance of numerous wear-
resistant coatings such as TiN, TiAlN (Ti–rich and Al-rich), 
TiCrN, AlCrN, TiCN, TiAlSiN, Al2O3, and TiB2 in conven-
tional and high-speed machining [15, 16, 18–20]. The pri-
mary reasons behind the improved wear resistance of coated 
tools are high surface hardness and oxidation resistance of  
the coatings [21, 22]. Multilayer/multifunctional layers  
further enhance the coating performance, especially under 
aggressive machining conditions [23, 24]. Low thermal con-
ductivity and better chip formation are also responsible for 
the demonstrated performance improvement of the coatings.

The coated tools have improved the machining perfor-
mance of hard steels, but superalloys such as IN 718 possess 
stretching challenges due to their outstanding mechanical 
properties. The previous studies have demonstrated the tool 
life improvement while cutting the Inconel grade of superal-
loys by deploying coated tools (TiN, TiAlN, etc.) in turning 
and milling operations. However, the drilling operation was 
not focused much in this direction, as implied by the lim-
ited literature available [3, 4, 6]. Drilling, mostly being the 
last machining operation performed, needs more attention 
to maintain the product quality and overall cost within the 
anticipated window [4]. To achieve such goals, quite often, 
understanding the wear mechanisms involved at various 
cutting conditions becomes vital to establish the optimum 
machining parameters resulting in improved tool life.

Given the above, the present study investigates the wear 
behavior and failure modes associated with coated (TiN, 
TiAlN) and uncoated carbide drill bits in the drilling opera-
tion (wet condition) of IN 718. Furthermore, the work dis-
cusses the surface finish obtained with and without coating 
the drill bits and rationalizes the results obtained with sci-
entific observations.

2 � Experimental details

In the present study, tungsten carbide (WC) twist drill bits 
(135° point angle) of 5 mm diameter (M/s Miranda Tools 
Pvt. Ltd., Ankleshwar, India) and flat coupons (dimensions 
25 × 25 × 4 mm3) were used as substrates for coating depo-
sition. Figure 1 shows the functional face of the drill bit 
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around its transverse axis. The drill bits that were coated in 
the present study were subjected to a pre-treatment process 
to improve the edge stability and finish of the surface [25].

The pre-treatment process was accomplished in three 
steps, namely, the micro-blasting, edge rounding, and 
cleaning. Accordingly, the drill bits were micro-blasted 
with 15 μm Al2O3 powder for 4–5 s using a microblast-
ing unit (Guyson Euroblast 2SF system, Guyson Interna-
tional Limited, UK). This was followed by edge-rounding 
in a drag-finishing machine (DF-4, OTEC Prazisions finish 
GmbH, Germany) for 10 min. Finally, we cleaned the drill 
bits and flat coupons (for the characterization of coatings) in 
an industrial-scale cleaning unit (TermoVide V300, Euro-
cold Srl, Italy) equipped with an in situ ultrasonic clean-
ing, rinsing, and vacuum-drying facilities. After the pre-
treatment, all substrates (drill bits and flat coupons) were 
coated through the cathodic arc PVD system (PLATIT π300, 
PLATIT, Grenchen, Switzerland) equipped with Ti and 
AlTi rotating cylindrical cathodes. The process parameters 
employed for coating deposition are listed in Table 1.

The coating thickness was measured using a ball crater 
abrasion tester (PLATIT CT 50, PLATIT Advanced Coating 
Systems, Switzerland). The hardness was determined using 
a Berkovich nanoindenter (Nano-Indentation Tester, CSM 
Instruments, USA) at a load of 50 mN. The hardness values 
were averaged over a minimum of 10 indents to obtain sta-
tistically reliable results. The adhesion strength of the coat-
ings was measured using a scratch tester (Revetest Scratch 
Tester, CSM Instruments, USA) by employing a Rockwell 
C indenter with a progressive load of 1–180 N at a 60 N/

min loading rate over a total scratch length of 6 mm. The 
scratch test results reported herein are mean values taken 
over four scratch tracks on different coupons drawn from 
the same batch. A scanning electron microscope (Hitachi 
S-3400 N, Hitachi, Japan) equipped with energy-dispersive 
spectroscopy was used to determine the elemental composi-
tion of the coatings. The phases formed were identified using 
grazing incidence x-ray diffraction (Panalytic X’Pert PRO 
diffractometer, Netherlands) technique. The coefficient of 
friction was determined by a pin-on-disc sliding wear test rig 
(TR-20LE-PHM400-CHM60, Ducom Instruments, Ducom 
Asia) under dry conditions (without any lubricant) at a nor-
mal load of 20 N for a sliding time of 5 min. The pins were 
made of IN 718, while the counter-face materials employed 
were TiN, TiAlN coated, and uncoated (WC) discs.

The 30 mm thick, 120 mm diameter IN 718 (nominal 
composition in wt% – Ni, 50.46; Fe, 19.31; Cr, 18.13; Nb, 
4.70; Mo, 4.24; Al, 1.31; Ti, 1.06; Si, 0.79) blocks were 
used as workpiece material for conducting the machining 
studies. The performance of drill bits was assessed using  
a 5-axis CNC (DMG HSC 55 linear, Deckel Maho, Ger-
many) machine by drilling (under wet condition) 10 mm 
blind holes in IN 718 workpiece. The criteria to determine 
tool life were the number of holes (machining time) a drill 
bit could drill until the worn-out margin length reached 67% 
of its initial value.

To accurately determine the margin wear, 3D images of 
both the margins of the drill bit were captured using a focus 
variation microscope (alicona InfiniteFocus G5, Alicona 
Imaging GmbH, Austria). We measured the initial lengths of 
both the margins (of the unused drill bit) using MeasureSuite 
software and calculated an average value. After drilling five 
holes, we captured 3D images of margins again. The lefto-
ver margin length was then measured using MeasureSuite 

Fig. 1   Typical geometry of drill bit with curved cutting edge (indi-
cated with an arrow)

Table 1   Process parameters employed for TiN and TiAlN coating 
deposition

Process characteristics Coating type

TiN TiAlN

Cathode type Ti Ti, AlTi
Substrate WC drill bits
Substrate preparation Ultrasonic cleaning, Ar etching, metal ion 

etching
Base vacuum (mbar) 3 × 10–6 4 × 10–6

Coating temperature 
(°C)

420 450

Substrate bias (V) −50 −50
N2 pressure (mbar) 5 × 10–2 5 × 10–2

Current (A) 173 Ti: 174; AlTi: 275
Deposition rate (µm/

hour)
0.7 1.8
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and subtracted from the initial value to calculate the worn-
out margin length. We repeated this procedure after drilling 
every five holes until the worn-out margin length reached 
67% of its initial value. A simple schematic of the procedure 
followed to determine worn-out margin length is shown in 
Fig. 2.

To improve the statistical reliability of results, we per-
formed machining trials at least three times. The machin-
ing parameters were selected based on a separate study 
conducted by varying spindle speed and feed rate. A 
comparative study was also conducted to understand the 
failure modes involved in relatively softer EN 24 against 
those observed in IN 718. EN 24 was machined at opti-
mized parameters of 3500 rpm and 175 mm/min feed rate 
[25].

After completing the machining trials, the last holes (at  
the end of respective tool  life) drilled with uncoated, 
TiN coated, and TiAlN coated drill bits were sectioned and 
observed under the 3D microscope. The surface roughness 
(Ra) of the machined surface (inside the holes) was meas-
ured using MeasureSuite software of alicona following ISO 

4287. The cut-off wavelength selected was 0.8 mm. The 
surface roughness measurements were made at three differ-
ent locations of a drilled hole covering the top (entry point  
of the drill bit), middle, and bottom regions. An aver-
age value corresponding to each location was separately 
reported.

For a qualitative comparison of the tool chipping, a 3D 
image of the worn-out tool (at the end of life) was aligned 
with the corresponding image of the unused tool. Then, we 
comparatively assessed the magnitude of chipping using 
MeasureSuite software of alicona. The comparison of 
two datasets obtained from measured (worn-out tool) and 
reference (unused tool) are presented in terms of dataset 
deviation with color mapping. The sequence of this post-
processing is illustrated in Fig. 3. Subsequently, the extent 
of chipping was correlated with the surface roughness of 
the machined surface (drilled holes). For establishing such 
a correlation, an area equivalent diameter of a sphere was 
considered as the chipping dimension. The projected 
area of the chipped-off region was measured using Meas-
ureSuite software of alicona.

Fig. 2   A schematic of procedure followed to determine worn-out margin length

Fig. 3   Post-processing sequence 
for dataset comparison
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3 � Results and discussion

3.1 � Characterization of coatings

In the present study, we chose the coating deposition con-
ditions that resulted in almost identical eventual thickness 
of TiN and TiAlN coatings between 3.5 and 4 µm. Table 2 
presents the composition, hardness, and adhesion strength 
of the individual coating. The XRD analysis indicates 
the formation of an FCC structure commonly among TiN 
(ICDD PDF no.: 00–038-1420) and TiAlN (ICDD PDF 
no.: 04–005-5251) coatings (Fig. 4). In the case of TiAlN 
coating, Al:Ti ratio was selected to be approximately 50:50 
as a higher ratio of Al:Ti causes a change in crystal struc-
ture from cubic to hexagonal, leading to the deterioration 
in mechanical properties [26, 27]. We assessed the perfor-
mance of coatings using optimized machining parameters as 
detailed in the following section.

3.2 � Optimization of machining parameters

In the case of uncoated drill bits, we observed excessive 
chipping at the corner (intersection of margin and cutting 
edge) and cutting edge while machining IN 718. Chipping 

being a random process brings unavoidable uncertainty in 
tool performance and may lead to abnormal (premature) tool 
failure. In contrast, while machining EN 24, there is no sign 
of chipping at optimized parameters (3500 rpm, 175 mm/
min feed rate). Furthermore, we observed the formation of 
excessive BUE (Fig. 9b), which is attributed to its relatively 
softer and more ductile nature. In this case, the absence of 
chipping and the relatively softer nature of the workpiece 
result in a much longer tool life. This observation is also 
evident in previous work [25]. As tool chipping abnormally 
affects the tool life, the drilling operation was optimized by 
varying spindle speed and feed rate to minimize the chipping 
while machining IN 718.

Two levels of spindle speed (rev/min) (800, 1200) and 
feed (mm/rev) (0.0375, 0.0875) were employed to study 
the magnitude of chipping. Table 3 shows the summary of 
experimental observations. We noticed catastrophic failure 
(breakage) of drill bits at higher spindle speeds (1200 rev/
min). Such behavior is attributed to the unstable chattering 
of the machining tool at higher cutting speeds [23]. There-
fore, we selected a relatively lower cutting speed (800 rev/

Table 2   Adhesion strength, hardness, and composition of TiN and 
TiAlN coatings deposited through CAPVD

Coating type Adhesion 
strength (N)

Hardness (GPa) Composition 
excluding N 
(at%)

Ti Al

TiN 150.15 ± 1.30 26.52 ± 0.33 100.00 -
TiAlN 102.35 ± 0.87 34.50 ± 0.97 52.64 47.36

Fig. 4   GIXRD spectra of TiN (below) and TiAlN (above) coatings 
deposited through CAPVD

Table 3   Preliminary phase observations for the selection of the best 
machining parameters

Spindle 
speed 
(rpm)

Feed
(mm/rev)

Corresponding
feed rate (mm/
min)

Observations
(After drilling 5 holes)

800 0.0875 70 Chipping at corner
800 0.0375 30 Chipping at corner 

(< 800–70 combination)
1200 0.0375 45 Drill bit failed abnormally
1200 0.0875 105 Excessive chipping

Fig. 5   Influence of feed rate on margin wear of uncoated WC drill bit 
at a spindle speed of 800 rpm
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min) for further experiments. To investigate the effect of 
varying feed with constant spindle speed, a relatively lower 
feed of 0.0125 mm/rev in combination with 800 rev/min 
spindle speed was also tested. Figure 5 illustrates the effect 
of feed rate on tool life at 800 rpm spindle speed. Figure 6a 
shows the corresponding corner chipping at the initial stage 
of machining. A feed rate of 30 mm/min and 10 mm/min 
improved the tool life by 40% and 80%, respectively, over 
tool life measured at 70 mm/min. Such an improvement in 
tool life is attributed to lesser chipping at the parameters 
employed. It is worth noting here that the extent of chipping 
at 30 mm/min is lesser than that at 70 mm/min. Although 
10 mm/min feed rate resulted in minimum chipping at the 
corner, it took a relatively long time for drilling 10 mm 
hole (1 min to drill one hole). Thus, a compromise between 
the drilling time (productivity) and the chipping phenom-
enon (associated with tool life) of the drill bit was essen-
tial. Therefore, we selected a feed rate of 30 mm/min and 
800 rpm spindle speed as preferred drilling parameters for 
further experiments. Figure 6b presents the progression of 
chipping with machining time (at initial, intermediate, and 
the final stage of machining) at selected parameters, i.e., 800 

rpm and 30 mm/min. The figure shows that the chipping at 
these parameters (800 rpm, 30 mm/min feed rate) is mini-
mized. Although the chipping progressively increased with 
increasing machining time, the drill bit ultimately failed by 
flank wear criterion. Hence, the selected parameters reduced 
the chance of a premature tool failure. Figure 6b presents the 
corner of margin and cutting edge as it is a highly stressed 
zone [4]. Therefore, chipping at this region was the maxi-
mum as compared with  other region such as cutting edge.

3.3 � Tool life and wear mechanism

Figure 7 shows the influence of TiN and TiAlN coatings on 
tool life evaluated in the present study. The TiAlN coated 
drill bit outperformed both TiN coated and uncoated drill 
bits in terms of the number of holes drilled before arriving 
at the failure criterion. While TiN coated drill bit performed 
1.6 times better than the uncoated counterpart, TiAlN coated 
drill bit outperformed all others and gave more than 2 times 
the life of the uncoated drill bit. The performance of the 
TiAlN coated drill bit, as shown in Fig. 8, was also com-
pared with the commercially available TiAlN coated drill bit 

Fig. 6   3D optical microscope 
images of drill bit corner chip-
ping with a varying feed rates at 
800 rpm constant spindle speed, 
b at different nos. of holes 
drilled with constant feed and 
spindle speed (30 mm/min and 
800 rpm)
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(assuming that the coating available in the market is the best 
in quality) for benchmarking the coating developed in the 
present study. The former (in-house coated) outperformed 
the latter (commercially available) by ~50% (75 holes as 
against 50 holes) at optimized process parameters.

In the context of underlying wear mechanisms, tool wear 
in coated and uncoated drill bits started with corner chip-
ping/periphery wear, consistent with that reported previ-
ously [4]. The chipping at the corner can be associated with 
two different phenomena: thermo-mechanical effect and 
complex geometry of drill bit. In the drilling operation, the 
corner of a drill bit is subjected to the highest stress con-
centration. In addition, the sliding friction acting between 
the margin side (corner of margin and cutting edge) and 

drilled hole wall generates a higher temperature at the mat-
ing interface. Such a phenomenon determines the overall 
drilling performance. Secondly, the rake angle of the drill bit 
varies from highly negative at the chisel point to highly posi-
tive at the corner. Such a complex geometry of the drill bit 
results in reduced included angle leading to lower chipping 
resistance [28]. Adding to these phenomena, relatively hard 
workpiece material promotes early tool chipping, leading 
to a premature fracture at the corner and the cutting edge. 
If the above arguments and explanation are correct, rela-
tively softer EN 24 should not exhibit untimely fracturing. 
The machining of EN 24 at optimized process parameters 
(spindle speed 3500 rpm, feed rate 175 mm/min) confirms 
that the absence of chipping and formation of BUE at the 
cutting edge (as shown in Fig. 9b) is in clear support of the 
aforementioned argument. Therefore, it may be generalized 
that most conventional materials (steels in general), being 
relatively softer, promote the transfer of workpiece material 
onto the tool surface during machining. However, it is note-
worthy that such an adhered layer gets removed in the subse-
quent machining cycles. The adhered layer takes part of the 
tool material along with it, resulting in attrition wear [29]. 
In contrast, as IN 718 workpiece is harder and retains hard-
ness up to higher temperatures (hot hardness), it contributes 
to the chipping of tool material. Thus, it can be concluded 
that the workpiece properties often play a considerable role 
in adjudging the wear mode and consequent tool life. This 
is especially true in the case of machining of hard materials 
such as IN 718.

Interestingly, in the case of coated drill bits, the chip-
ping and partial abrasion of the coating layer began at 
an initial stage of the machining and were followed by 
chipping at the cutting edges. Such failure modes need a  
thorough investigation of responsible mechanisms. Figure  
9a depicts the worn-out region of the cutting edge classi-
fied into BUE and three other zones. Table 4 summarizes  
the corresponding EDS (energy-dispersive spectroscopy) 
analysis. Tool wear starts with partial abrasion of the coat-
ing layer, which is evident in Zone 1. In Zone 1, the pres-
ence of W and Ni confirms that the coating abraded off 
partially, which consequently exposed the tool surface. 
An adhered (transferred) layer of workpiece material (IN 
718) is also present in this zone. In Zone 2, the presence 
of Ni and Ti confirms the combined presence of the trans-
ferred layer (adhered layer) and the coating layer. In Zone 
3, however, Ti is dominant, indicating that the coating in 
this region remains intact. We performed an EDS line scan 
across the region (Fig. 10) to confirm this aspect. Only 
major constituent elements of tool, workpiece, and coat-
ings are shown for a simple and clear graphical representa-
tion. The line scan distinctly shows the variation of W, Ni, 
Ti (main elements present in tool, workpiece, and coating, 
respectively) and demonstrates the underlying mechanism. 

Fig. 7   Margin wear of uncoated, TiN coated, and TiAlN coated drill 
bits while machining IN 718

Fig. 8   Margin wear of in-house  coated (TiAlN) and commercially 
sourced (TiAlN coated) drill bits while machining IN 718
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Therefore, it is clear that the tool wear starts with partial 
coating abrasion, later progressing into the flank wear.

The coating layer abrasion suppressed the flank wear 
of the tool at the initial stage of machining, resulting in 
improved tool life. Under current operating conditions, 
TiN and uncoated drill bits did not exhibit any signifi-
cant adhesion of the workpiece layer (Fig. 11). In con-
trast, TiAlN coated drill bit indicated the presence of the 
transferred layer (adhered layer) on the tool surface, which 
got removed later on during the progress of machining 
(Figs. 11 and 12). Generally, such an adhered workpiece 
layer protects the tool surface. At least to a limited extent, 
by delaying the abrasive action of hard particles present 
in IN 718, it results in longer tool life [30].

Therefore, in the interest of improved tool life, it is 
worthwhile to understand the reasons behind the forma-
tion of the transfer layer and its net effect on overall tool 
life. The formation mechanism of the transfer layer over the 
tool surface is attributed to the high temperatures generated 
at the cutting zone. Such high temperatures lead to micro-
welding of the workpiece over the tool surface. Generally, 

heat generation at the cutting zone depends on multiple fac-
tors of the machining system, such as workpiece, tool mate-
rial, machining parameters, and cooling media [20]. Low 
thermal conductivity of workpiece material, cutting speed, 
and higher friction at the tool-workpiece interface are other 
major contributing factors towards excessive heat genera-
tion. In the present study, the workpiece-tool combination 
and cooling scheme were maintained identical throughout 
the experiments. Hence, the only differentiating factor was 
the coating. The coating application over the tool surface 
alters the coefficient of friction between interacting sur-
faces (Fig. 13). Accordingly, the higher friction coefficient 
between IN 718 and TiN/TiAlN coatings as compared with 
the uncoated WC substrate indicates more heat generation 
during the drilling operation, especially in the case of the 

Fig. 9   Worn-out region of cut-
ting edge while drilling a IN 
718, chipping is shown by an 
arrow; b EN 24, BUE formation 
is indicated by an arrow, with 
WC drill bit

Table 4   Elemental composition of 3 zones and BUE, as depicted in 
Fig. 9a

Zone Major element (wt%) Remarks

Tool Workpiece Coating

W Ni Ti

BUE - 57 - Workpiece
Zone 1 34 36 - i. Transferred (adhered) layer

ii. coating abrasion
Zone 2 - 32 24 i. Transferred (adhered) layer

ii. coating
Zone 3 - - 61 Coating intact Fig. 10   Variation in concentration (EDS line scan) of major elements 

along the evaluation length as depicted in Fig. 9a
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TiAlN coated tool. Though a higher friction coefficient 
negatively affects the cutting-edge temperature and ease of 
machining [31], in the present case, higher coating hardness 
dominantly contributed towards the improved tool life. The 
superior performance of TiAlN also stems from its ability 
to form a thermal-resistant passive layer of Al2O3 [15]. The 
low thermal conductivity of TiAlN also helps in altering the 
heat partition between the tool and chips. Such heat parti-
tion leads to more heat dissipation through chips, thereby 
protecting the cutting-edge underneath from exposure to 
higher temperatures [27]. At the same time, the possibility 
of further improvement in tool life by reducing the coeffi-
cient of friction between the interacting surfaces may also be 
explored by resorting to new-generation coatings [5].

3.4 � Surface roughness

The surface integrity of a machined surface was assessed in 
terms of surface roughness as an attribute of surface damage 
that occurred during machining. Understanding the surface 
integrity often helps to understand the tool life as well. The 
poor surface characteristics affect the appearance, reliability, 
and functional properties of a component. For instance, the 
presence of tensile residual stresses on the surface affects 
the fatigue life of a machined component, resulting in its 
premature failure.

The surface roughness produced after machining is a 
combination of two factors, namely, the ideal roughness and 
natural roughness. The ideal roughness is the best possible 

finish obtained from a particular tool shape under specified 
machining conditions. On the other hand, natural surface 
roughness results from the inconsistency of cutting opera-
tions such as vibration and tool alignment [18, 25]. In the 
current work, since cutting parameters were identical for all 
the experiments, their contribution to the variation in surface 
roughness can be conveniently ignored. The extent of tool 
wear or tool chipping influences the tool geometry directly. 
Therefore, its effect on the final surface roughness of the 
machined surface is understandable.

Figure 14 shows the variation in Ra values of the drilled 
hole (middle part) for uncoated, TiN coated, and TiAlN  
coated drill bits at the end of the respective tool life. As the 
tool damage is the maximum at the end of tool life, we con-
sidered the worst-case scenario of surface roughness (i.e., 
the surface roughness of the last hole drilled). The roughness 
values varied between 1.12 and 2.66 µm for an uncoated drill 
bit, 1.24 and 2.05 µm for TiN coated drill bit, and 0.51 and 
2.65 µm for TiAlN coated drill bit.

Table 5 shows the variation in surface roughness at the 
top, middle, and bottom sections of a hole. The higher values 
of roughness at the entry of the drill bit are because of the 
initial tool chatter. The tool chattering is a combined effect of 
tool chipping and a relative hardness of workpiece material, 
eventually resulting in a more irregular surface. If we ignore 
these initial higher Ra values, we observe that the rough-
ness of the last drilled hole reduced in the case of TiN and 
TiAlN coated drill bits as against the uncoated drill bit. The 
roughness plots presented in Fig. 15 reveal that the surface 

Fig. 11   Corner wear images of  
uncoated, TiN and TiAlN  
coated drill bits at the end of 
tool life

Fig. 12   Optical microscope images of uncoated, TiN coated, and TiAlN coated drill bit margins depicting BUE (transferred/adhered layer) for-
mation and consequent removal. BUE in case of uncoated and TiAlN coated is shown with arrow
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finish obtained with coated drill bits is significantly better 
than that obtained with the uncoated drill bit. Though the 
extent of tool damage and built-up-edge (transferred layer) 
formation were more in the case of TiN and TiAlN coated 
drill bits, these drill bits resulted in lower roughness values. 
The underlying reason can be understood by considering 
the heat generation during the drilling operation. A higher 
amount of heat generation during cutting softens workpiece 
material, facilitating easy chip removal and smoother surface 
finish [32, 33].

Figure 16 shows the 3D optical images of the middle 
section of the last machined hole drilled with uncoated, 
TiN coated, and TiAlN coated drill bit. Accordingly, a 

relatively smoother surface can be observed in the case 
of TiAlN coated drill bit, while workpiece deposits are 
observed over the surface machined with the uncoated 
drill bit. The reason behind such an observation could be 
a higher cutting temperature in the case of TiAlN coated 
bit, as mentioned before. Such an increase in cutting 
temperature (heat generated) is attributed to a relatively 
higher friction coefficient between TiAlN and IN 718 
(Fig. 13) and the low thermal conductivity of TiAlN 
coating. Furthermore, the extent of tool damage (chip-
ping) in the case of TiN and TiAlN coated drill bits 

Fig. 13   Coefficient of friction (CoF) between workpiece material (IN 
718) and WC, TiN, and TiAlN

Fig. 14   Ra values of middle section of last hole drilled with 
uncoated, TiN coated, and TiAlN coated drill bits and dimension of 
chipped-off region of margin-cutting edge corner of drill bits at the 
end of respective life

Table 5   Ra (µm) values of last hole drilled at the end of respective 
tool life

Region Uncoated TiN coated TiAlN coated

Top 2.662 ± 0.088 2.047 ± 0.047 2.651 ± 0.034
Middle 2.094 ± 0.016 1.056 ± 0.034 0.838 ± 0.014
Bottom 1.126 ± 0.014 1.239 ± 0.024 0.509 ± 0.015

Fig. 15   Roughness plots of last hole drilled with uncoated 
(Ra = 1.708 µm), TiN (Ra = 1.102 µm) coated, and TiAlN (Ra = 0.809 
µm) coated drill bits
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was more than that observed in the case of uncoated 
(Fig. 11). Such chipping/tool damage may increase the 
contact area between the tool and the workpiece, result-
ing in higher friction and subsequent heat generation, 
which ultimately facilitates easy chip removal. To verify 
such an argument, the quantified chipped-off region of 
the last hole drilled (with uncoated, TiN coated, and 
TiAlN coated drill bit) and associated roughness values 
are plotted in Fig. 14. The figure indicates an inverse 
relationship between surface finish and the extent of tool  
damage. Figure 17a illustrates the chipped off region of  

the cutting edge of uncoated, TiN coated, and TiAlN   
coated drill bits wherein the TiN and TiAlN coated 
drill bits exhibit more intense chipping as compared 
to the uncoated drill bit. Further analysis, as shown in 
Fig. 17b, indicates that in the case of uncoated drill bit, 
the maximum deviation in the dataset (chipped tool) 
from the reference (the unused tool) is in the range of 
100–140 µm. In contrast, TiN and TiAlN coated drill 
bits exhibit deviations from 200 to 400 µm and 300 to 
500 µm, respectively. Therefore, the combination of 
Figs. 16 and 17 can provide a platform for understanding 

Fig. 16   3D optical images of 
middle section of last hole 
(at the end of the life) drilled 
with uncoated, TiN coated, 
and TiAlN coated drill bits. 
Workpiece deposits (uncoated) 
and severe feed marks (TiN) are 
indicated by arrow

Fig. 17   a Cutting-edge chipping at the end of tool life in case of 
uncoated (left), TiN coated (middle), and TiAlN  coated drill bits 
(chipped off region shown by arrow), b dataset deviation of uncoated, 

TiN coated, and TiAlN coated tools from corresponding reference 
dataset (uncoated drill bits)
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the relationship between the surface roughness and the 
magnitude of tool damage.

Based on the discussion above, we can consider the tool 
chipping as a significant factor responsible for understanding 
the variation in surface roughness of a given drilled hole. 
Based on the results obtained in the present study, it is clear 
that protective coatings such as TiN and TiAlN improve the 
tool life without degrading the surface finish. In reality, coat-
ings have improved the surface finish in the present case.

4 � Conclusions

The present work assesses the real-time performance of TiN  
coated and TiAlN coated WC drill bits while machining  
(wet condition) difficult-to-cut IN 718. The main findings  
of the investigation are as follows:

•	 The TiAlN and TiN coated drill bits performed 2 times 
and 1.6 times better than an uncoated drill bit, respec-
tively. The in-house TiAlN coated drill bit also outper-
formed the commercially available TiAlN coated drill bit 
by giving an extra 50% life.

•	 Dominant failure modes observed in all cases were cor-
ner (margin and cutting-edge) chipping, cutting edge 
chipping, and flank wear.

•	 The coated drill bits wore in 3 stages – abrasion of the 
coating layer, chipping (at the corner, cutting edge), and 
flank wear. Under the machining conditions employed 
in the present study, the predominant wear mechanisms 
were abrasive and adhesive. While we observed abra-
sive wear in all cases (uncoated, TiN coated, and TiAlN 
coated drill bits), adhesive wear was more dominant in 
TiAlN coated drill bit. Such phenomenon can be attrib-
uted to a higher amount of heat generation, caused by a 
higher friction coefficient between IN 718 and TiAlN and 
the low thermal conductivity of TiAlN coating.

•	 The surface roughness of machined holes varied along 
the depth of the drilled hole. In all cases – uncoated, TiN  
coated, and TiAlN coated drill bits – roughness at the top 
region of the hole was higher than the middle and bottom 
region. The reason behind such observation is the initial 
chattering of the tool at the start of the drilling operation. 
TiAlN coated drill bit resulted in minimum roughness 
against uncoated and TiN coated drill bits at the end of 
respective tool life.
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