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a b s t r a c t

The present work investigates the effectiveness of micro textures in reducing the sliding friction at the

contact surfaces and its application on drill tools for the sustainable machining of Ti-6Al-4V. Preliminary

experimental results from the pin on disc tests substantiated the tribology enhancing phenomenon of

micro textured surfaces, with a better performance in case of micro dimpled surfaces recording a friction

coefficient of 0.42. Hence for the first time, an attempt has been made to create micro textures on both

the flute and margin side of the drill tools with an objective to minimize the cutting forces by reducing

the sliding friction at the tool-chip and tool-work piece interfaces. Micro textures in the form of dimples

were created on the flute and margin side of drill tool using laser micromachining technique. Drilling

experiments were performed on Ti-6Al-4V work material by drilling a through hole of 10 mm depth

using non-textured, flute textured and margin textured tools. From the cutting forces recorded during

machining, it was observed that even at the higher cutting speed of 60 m/min and feed 0.07 mm/rev, the

margin textured tool performed better than all other tool types recording a net reduction of 10.68% in

thrust force and 12.33% in torque compared to non-textured tools. The investigations on the chip

morphology further revealed less clogging of chips in case of flute textured tool which is a clear indi-

cation of a reduction in the chip evacuation force. The experimental results from this research work

proved micro texturing of drill tool to be a viable technique for minimizing the energy loss due to

reduction in frictional forces at the cutting regime while machining Ti-6Al-4V.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Need for sustainable machining

Sustainable machining techniques are getting wide acceptance

in the industries due to its financial and environmental benefits. For

accomplishing a sustainable system, consumption of energy re-

sources has to be properly analyzed and optimized (Cai et al., 2016).

Efficient utilization of energy resources can be achieved by proper

monitoring and benchmarking the energy consumption details at

the various stages in the manufacturing units. This forms the main

criterion for achieving a sustainable manufacturing system

(ElMaraghy et al., 2017). Now a day, in the manufacturing world

there is a high demand to switch over to green machining tech-

niques with an objective to reduce the carbon emission. Usually, in

a product development cycle, the formation of carbon emission

seems to be more predominant at the stage of metal removal

processes (Cai et al., 2017). In the metal cutting processes, for

enhancing the tool life and machined surface quality cutting fluids

are extensively used in a large volume to conduct the heat gener-

ated away from the machining zone (Tazehkandi et al., 2016).

Application of this metal working fluids for cooling and lubrication

effect at the cutting regime is found to be the major sources in

greenhouse gas production (Davoodi and Tazehkandi, 2014).

Disposal of these cutting fluids along with machined particles will

pollute the environment as it contains potentially harmful chemical

constituents. Debnath et al. (2014) have reported about the health

problems arising due to prolonged exposure to cutting fluids while

machining, as most of them are petroleum based oils. Moreover, its

storage, supply, maintenance, and disposal will count the total

production cost. These factors highly demand the manufacturers to

shift the machining condition from wet to the conventional dry

environment, as it is considered to be most eco-friendly technique

due to lesser waste disposal (Chetan et al., 2015).
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1.2. Challenges in dry machining of titanium alloys

Cleaner production always demands minimum utilization of

energy resources. In manufacturing industries, energy consump-

tion is more in dry machining operations where the effect of fric-

tionwill be predominant. Frictional effect occurring at the tool-chip

interface has a significant role in increasing the energy consump-

tion. During metal removal processes about 80% of the total energy

supplied is utilized for the material deformation at the primary and

secondary zones, rest is wasted due to sliding friction occurring at

the rake and flank face of the tool (Shaw, 1957). This phenomenon

seems to be much more critical in case of machining superalloys

(difficult tomachinematerials) based on titanium, nickel etc. Hence

sustainable machining of titanium alloys is always challenging for

manufacturing industries, particularly in the field of aerospace,

medical and automobile. High strength to weight ratio and excel-

lent corrosion resistance properties makes titanium alloy a better

option for high-temperature applications. However poor thermal

conductivity of this material results in high heat generation during

machining processes, which leads to rapid tool failure (Yang and

Richard Liu, 1999) (Che-Haron (2001)). studied about the metal-

lurgical and microhardness changes while machining titanium al-

loys and described its effect in surface integrity on the machined

surface. Hence for machining superalloys like titanium in a dry

condition, a good knowledge of its microstructure and machining

conditions is required. Ezugwu (2005) reported about the impor-

tance of using proper cutting tool geometry, tool material, and

lubrication technique while machining titanium.

Drilling is usually considered to be the most complex machining

process which is usually performed at the final stages during the

fabrication of mechanical components. For the drill tools cutting

speed and rake angle varies along the cutting edge from the drill

centre. Cutting speed is almost zero at the chisel edge and

maximum at the extreme point of cutting edge (peripheral cutting

speed). At the chisel edge material experiences a larger ploughing

action under a high negative rake angle, generating more friction.

Monitoring of cutting forces during drilling is very difficult as the

material removal takes place inside the hole. Usually, for achieving

higher productivity, drilling has to be carried out at higher feed and

speed conditions which will increase the material removal rate.

Drilling of titanium alloys at higher cutting conditions is always a

challenging task for all the manufacturing industries due to higher

cutting forces (thrust and torque) which will induce vibrations in

the spindle axis, affecting the drill tool life and machined surface

quality. Reduction in sliding friction occurring at the flute side

(between tool and chip) and margin side (between tool and hole

wall) can effectively control the net thrust and torque while drilling

titanium alloy (DeVor and Kapoor, 2004). At the flute side, friction

arises from the sliding contact of the chip along the helical groove.

As the cutting depth increases more volume of chip slides through

the flute side resulting in higher chip evacuation force due to chip

clogging effect. Whereas on the margin side, friction arises due to

the sliding contact of the tool with the drilled hole surface. Sliding

friction can be controlled by various techniques like cryogenic

cooling, tool surface coatings and applying solid lubricants (Sharma

et al., 2009). Implementation of these techniques along with the

machining operation will have a direct impact on the total pro-

duction cost along with environmental risks. Hence there is a need

to implement the new sustainable technique in drilling operation

which can provide considerable reduction in sliding friction

occurring at the contact interfaces.

1.3. Surface texturing for friction reduction

Surface texturing has got worldwide attention due to its capa-

bility in reducing friction at the contact interfaces. Functionaliza-

tion of any surfaces can be improved or modified by generating

micro features using ultra-precision machining techniques. Recent

advancements in precision engineering help in generating micro

features of intricate geometries on almost all surfaces. These

structured surfaces find a wide range of applications in the areas of

optics, acoustics, microfluidic channels, medical implants and

various MEMS components (Coblas et al., 2015). Both conventional

and unconventional machining techniques can be employed for

creating micro features whose dimensions vary from sub-

millimetre to nanometre level. Leo Kumar et al. (2014) reviewed

various tool based and unconventional machining processes along

with their machining capabilities in generating micro features of

higher quality. Due to precise dimensional control and generated

feature quality, laser beam micromachining technique qualified to

be the best technique for creating micro-textures (Ahmed et al.,

2016). In automobile industries, the problem of energy loss due

to frictional heating was successfully minimized by creating micro

features on the sliding surfaces. Ryk and Etsion (2006) reported a

total reduction of 25% in friction by creating micro-textures on the

piston ring surfaces. Reduction in contact length and entrapment of

wear debris are reported to be the main reason for the friction

reduction while using textured surfaces at the contact interfaces.

1.4. Literature on surface texturing of cutting tools

In the recent years, surface texturing technology has been

introduced to cutting tools with an aim to minimize the frictional

heating at the cutting regime during metal removal processes. The

presence of micro textures on the tool surface can reduce the

contact length of chip sliding over the tool, which in turn reduces

the sliding friction (Arulkirubakaran et al., 2016). Reduction in

contact length also favors in lesser material adhesion, thereby

stabilizing the build-up edge formation resulting in improved tool

life (Kummel et al., 2015). Lei et al. (2009) also reported 30%

reduction in chip etool contact length while using micro textured

tungsten carbide inserts for machining mild steel. Their experi-

mental results revealed a reduction of 10e30% in mean cutting

Nomenclature

d Cutting depth (mm)

f Feed per revolution (mm/rev)

FT Total thrust force (N)

Ffm1, Ffm2 Frictional force at margin side (N)

Ft1 and Ft2 Net tangential force acting on the cutting lips at a

distance x1 and x2 from the centre of drill bit (N)

Fft1 and Fft2 Tangential frictional force component acting at

the margin side (N)

Fr1 and Fr2 Net radial force acting on the cutting lips at a

distance y1 and y2 from the centre of drill bit (N)

Fch Vertical component of force generating at the chisel

edge (N)

Fcl1 and Fcl2 Vertical component of force generating at

cutting lips (N)

Ffm1 and Ffm2 Vertical component of frictional force

generating at margin (N)

Fce Net chip evacuation force acting at a distance ‘a

’from the centre of drill bit (N)

M Torque (N-m)

s Cutting speed (m/min)

BUE Built Up Edge
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forces due to the formation of micro pool lubrication effect at the

cutting regime. Recent advancements in precision engineering

favor in creating surface textures of any intricate geometry which

ranges from nano scale to meso scale depending on the field of

application. Zhang et al. (2015) were successful in generating nano

scale textures on the rake face close to the main cutting edge of

carbide tools using a femtosecond laser. Their comparative studies

using textured and non-textured tools revealed a considerable

reduction in cutting forces, cutting temperatures and tool wear for

nano textured tools even at dry conditions. Surface texturing

principles were also applied successfully in the case of face milling

operations, where Sugihara and Enomoto (2012) minimized the

problem of aluminium adhesion on the tool surface by crating

nano/micro textures. The performance of nano/micro textured tools

can be further improved by incorporating solid lubricant coatings.

These coatings will help in providing lubrication effect even at

higher cutting depth thereby minimizing the cutting forces, cutting

temperatures and frictional force at the tool chip interface (Deng

et al., 2013). Similar research work was done by Sharma and

Pandey (2016a) where calcium di fluoride (CaF2) was used as the

solid lubricant to fill the hybrid textures developed on the carbide

inserts. This self-lubricating micro textured tool was found to be

successful in machining hardened steel with minimum frictional

heat generation.

Sharma and Pandey (2016b) reviewed recent advances in sur-

face texturing of cutting inserts for turning operations along with

their improved functionality in minimizing the cutting forces. Even

though many research publications are available in the field of

surface texturing of cutting tools, limited work has been reported

so far in the case of drilling operation (Arslan et al., 2016). This may

be due to the complex drill tool geometry which demands a chal-

lenging machining technique to create micro textures of higher

quality. Ling et al. (2013) were successful in controlling the titanium

adhesion on drill tool by creating micro textures in the form of

rectangular slots on the margin side. But the performance of micro

textured drill tools in controlling thrust and torque under dry

machining of titanium alloys has not been investigated till date,

which needs to be explored as dry drilling has several advantages in

terms of health and environment.

The main objective of the present work is to minimize the en-

ergy loss due to frictional forces occurring at the cutting regime by

creating micro textures in the form of dimples at the flute and

margin side of the drill tool. Minimization of frictional forces can

bring out a significant reduction in net thrust force and torque

during drilling super alloy, Ti-6Al-4V. The present work also aims at

reducing the chip evacuation force by lessening the chip clogging

phenomenon occurring at the flute side, thereby enhancing the

surface integrity of machined part and drill tool surface with lesser

surface defects, built up edge (BUE) and burr formation.

2. Force analysis during drilling

Force analysis during drilling is very challenging as the cutting

phenomenon occurs internally. During drilling, thrust force which

is axial to the tool is generated due to the interaction of tool with

the workpiece. Fig. 1 demonstrates the details of various forces

acting at the machining zone due to tool-work material interaction.

Thrust force and torque can be considered as the combined effect of

forces acting at the cutting lips (Fcl1, Fcl2), chisel edge (Fc), frictional

force at the margin side (Ffm1, Ffm2) and chip evacuation force (Fce)

acting at the flute of the drill tool.

Even though the major contribution in thrust force and torque is

by the forces acting at the cutting lips and the web, the frictional

force arising at the margin and chip evacuation force at the flute

side also have a significant effect in net force generation. Chip

evacuation force can be defined as the force required for the

removal of chips (sliding) through the helical grooves as the drill

tool advances into the work material. The magnitude of chip

evacuation force is greatly influenced by the frictional force

generating at the flute side due to the interaction of chip along the

helical grooves. Minimum chip evacuation force is always favorable

for the easier disposal of the chip from the tool surface. The sig-

nificance of chip evacuation becomes more critical while

machining at higher depths, where the chip gets clogged together

due to high temperature and pressure arising at the tool-chip

interface (Mellinger et al., 2002). This impedes the further move-

ment of chips resulting in higher cutting forces during machining.

Moreover, chip blockage can result in adherence of chip on the tool,

which triggers build up edge formation leading to rapid failure of

the tool. Chip evacuation performance can be improved further by

reducing the contact area of the chip on flute surface (Mellinger

et al., 2003). Reduction in contact area can offer free movement

of the chips along the flute side with less sticking effect. At the

margin, friction results from the sliding contact occurring between

the tool surface and drilled hole wall. This makes the entrapped

chips to get adhered to the tool surface leading to tool failure by

Fig. 1. Schematic diagram illustrating various forces acting during drilling process.
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build-up edge formation (Ling et al., 2013). As the tool advances

into more depth (in the case of high aspect ratio drilling), sliding

friction becomes severe, resulting in higher thrust and torque

generation.

The details of tangential, radial and vertical components of

various forces acting at the cutting lips, chisel edge, margin side and

flute side during drilling process is shown in Fig. 2. The total thrust

force (Ft) generating during drilling can be expressed as a function

of vertical component of forces acting at the two cutting lips (Fcl1
and Fcl2), vertical component of force at the chisel edge (Fch), ver-

tical frictional force components acting on the margin side (Ffm1

and Ffm2) and the vertical component of chip evacuation force at

the flute side of the drill tool (Fce) as shown in Equation (1).

Ft ¼ Fch þ Fcl1 þ Fcl2 þ Ffm1 þ Ffm2 þ Fce (1)

During drilling torque is generated by the influence of tangential

component of cutting forces (Ft1 and Ft2) and radial component of

cutting forces (Fr1 and Fr2) acting at the cutting lips, frictional force

components acting at the contact interface of margin side (Fft1 and

Fft2) and chip evacuation force (Fce) at the flute side. Hence the total

torque (M) during drilling can be expressed as shown in Equation

(2).

Fig. 2. Schematic representation of force components acting on tool during drilling process.
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M ¼ Ft1X1 þ Ft2X2 þ Fr1Y1 þ Fr2Y2 þ Fft1
D

2
þ Fft2

D

2
þ Fcea (2)

It is evident from Equations (1) and (2) that the total thrust force

and torque during drilling can be minimized by reducing the fric-

tional effect at the margin and flute side. From the literature, it has

been observed that the frictional force occurring due to sliding

contact can be reduced by providing micro textures at the in-

terfaces. Hence in this work margin and flute surface of the tool has

been chosen for creating micro textures in the form of dimples and

its effect in cutting force reduction has been investigated in detail.

3. Materials and methods

3.1. Methodology

The present work mainly comprises of two phases, in the first

phase tribological experiments were carried out for finding out the

variations in friction coefficient while using textured and non-

textured surfaces using a pin on disc tribometer. Laser micro-

machining technique was applied for creating the micro textures in

the form of dimples and grooves on the test specimens and the

same was tested under dry sliding conditions. In the second phase,

the micro texturing principle was applied on the drill tools. Flute

andmargin sides of the drill tool were chosen for creating themicro

textures in the form of circular dimples using laser micromachining

technique. Drilling experiments were performed on Ti-6Al-4V

material using non-textured, flute textured and margin textured

tools under dry environment. Thrust and torque generated during

drilling experiments were recorded using a cutting force dyna-

mometer under all machining conditions. Chip morphology anal-

ysis was carried out for understanding the effect of micro textures

in altering the chip shape along with the morphological changes

occurring at the free and back surface. Experimental investigations

were further extended in terms of surface integrity analysis of drill

tool and machined surface by analyzing the formation of surface

defects, built up edge and burr. The detailed description of the

tribology and drilling experiments is explained under the following

sections.

3.2. Tribological evaluation

Tribology experiments were carried out as a preliminary study

for evaluating the effectiveness of micro textures in controlling the

frictional force at the contact interfaces. Friction tests were per-

formed using tribometer having a pin on disc configuration (Make

Ducom Instruments Ltd) as shown in Fig. 3. The pin was kept sta-

tionary which slides over a rotating disc specimen. The pins used

for the experiments were made of a Ti-6Al-4V alloy having a

diameter of 10 mm and the disc specimens were made of tungsten

carbide with 50 mm diameter. Micro textures in the form of dim-

ples and grooves were fabricated on the flat surface of the disc

using laser micromachining technique. Neodymium-doped

Yttrium aluminium garnet laser having a wavelength of 1064 nm

was used with a repetition rate of 2.5 kHz and pulse duration of

20 ns. The geometrical features of the micro textures were char-

acterized using stereomicroscope (Make: Zeiss Stemi 2000 CS) and

3D optical profilometer (Make: Wyko NT 1100) as shown in Figs. 4

and 5. An array of micro dimples with an average diameter of 90 mm

and depth 60 mmwere created with a pitch of 50 mmwhereas micro

grooves with an average width of 50 mm and 40 mm depth were

created with an average spacing of 80 mm. It should be noted that in

this study depth of the micro features were characterized by the

distance from the deepest bottom surface to the initial specimen

surface. Recast layers formed during ablation resulted in bulges

along the boundaries of micro textures. All the test specimens were

grounded properly using fine silicon carbide (Sic) paper and pol-

ished using diamond paste to achieve perfect flat surface before

using the same for tribo test. The sliding friction tests were carried

out using both textured and non-textured surfaces at a normal load

of 10 Nwith the disc rotating at 1990 rpm for a sliding time of 120 s.

The coefficient of friction was obtained based on the relation m ¼ F/

Fig. 3. (a) Tribometer setup for friction test (b) Close-up view of sliding area (c) Control unit along with data acquisition system.
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N, where F is the frictional force measured using load cell and N is

the normal load applied.

3.3. Micro texturing of drill tools

Conventional twist drills having 8mmdiameter, 30� helix angle,

and point angle of 118� were used in this study for drilling Ti-6Al-

4V. Laser micromachining technique was opted for creating micro

textures in the form of circular dimples on the flute andmargin side

of the drill tool. Fig. 6 shows the schematic representation of micro

dimples at the flute andmargin side. Due to complex tool geometry,

the positioning of tool surface with respect to laser pulses was a

challenging task. Material ablation takes place by the conversion of

excitation energy provided by the laser pulses, where the material

undergoes three stages of removal mechanism i.e. melting, vapor-

ization and chemical degradation. Ejection of molten material de-

pends on the recoil pressure building up by the vapor and plasma.

Circular dimples having an average diameter of 80 mm and depth

60 mmwere successfully created at the flute and margin side of the

carbide twist drill tool. The quality of the generated micro dimples

was examined using scanning electron microscopy (Make: FEI,

Model: Quanta 200) Fig. 7(a) and (b) depicts the details of micro

dimples generated at the flute and margin side. Fig. 8 shows the

depth profile of micro dimple measured using optical profilometer.

The geometry of the circular dimples was affected by debris and

recast layer formation (spatter deposition along the surface). Hence

the drill tools were ground, polished using diamond paste and

cleaned (ultrasonic cleaner) for removing the bulges and trapped

particles in the dimples before using the same for machining.

3.4. Drilling set up and machining conditions

Drilling experiments were carried out on Ti-6Al-4V work ma-

terial under dry condition using flute textured, margin textured and

non-textured carbide drill tools in a vertical machining centre

(Model: DTC-300, Make: Micromatic). The machine tool is having a

speed range up to 6000 rpm andwith a maximum traverse range of

350 mm (X-axis), 300 mm (Y-axis), and 300 mm (Z-axis). Fig. 9

depicts the details of the drilling set up along with the cutting

force monitoring arrangement. A six component dynamometer

Fig. 4. Characterisation of surface with micro dimples.
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(Make Kistler, Model: 9257B) with eight channel charge amplifier

was used for recording the thrust force and torque generated dur-

ing drilling. The details of drilling experiments used in this study

are shown in Table 1. A total of sixteen holes at various cutting

speed and feed conditions were drilled using each type of drill tool

for a depth of 10 mm. Force details were recorded separately for all

the three types of tools (non-textured, flute textured and margin

textured) while drilling Ti-6Al-4V. The performance of textured

and non-textured tools was evaluated based on the thrust force and

torque developed during drilling.

4. Results and discussion

4.1. Coefficient of friction

From the pin on disc experimental results, it was observed that

the non-textured surface (smooth surface) found to have the

highest coefficient of friction among the tested surfaces. Using the

recorded frictional force data and applied load, the coefficient of

friction (m) was calculated and plotted against the sliding time as

shown in Fig. 10. The trend seems to be similar for all surfaces with

a rapid rise at the initial time and a stable profile at the remaining

period of sliding test. From the profile, it can be noted that a lot of

fluctuations in friction coefficient were found for all the surfaces.

This indicates the spots of severe deformation occurring due to

debris (wear particles) getting squeezed between the contact sur-

faces. Rapid rise at the initial stage was due to the dry contact of the

stationary pin over the rotating disc where the friction increases

and gets stable after 15 s of sliding contact, these stable regions

(15e120 s) was considered for calculating the average friction co-

efficient and are reported in this study. The average coefficient of

friction obtained for the non-textured surfacewas 0.49, whereas for

textured surfaces it has reduced to 0.42 in the case of micro

dimpled surface and 0.41 for the micro grooved surface. Hence a

reduction of 14.29% in friction coefficient was obtained for micro

dimpled surfaces, 16.33% reduction in case of surface with micro

Fig. 5. Characterisation of surface with micro dimples.
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Fig. 6. CAD drawing of micro textures at the flute and margin side.

Fig. 7. SEM image of micro dimples created on drill tool.
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grooves. Even though a higher percentage of friction reduction was

achieved in the case of grooved surfaces, the performance of sur-

faces with dimples seems to bemore significant as a uniform profile

with lesser fluctuation in friction coefficient was observed during

the entire sliding time.

Micro scale analysis of surface is required for understanding the

mechanism of friction over sliding surfaces. Fig. 11 shows the

schematic representation of a sliding surface alongwithmicro scale

Fig. 8. Depth profile of micro texture measured using 3D optical profilometer.

Fig. 9. Experimental setup for drilling with cutting force dynamometer.
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demonstration of asperity interaction. From the micro scale illus-

tration, it can be observed that contact of surfaces occurs only at

certain points along the summit of micro asperities. Adhesion and

deformation are the two main factors which contribute to friction

generation between dry contacting surfaces. When two surfaces

are in contact, bonding between the lower and upper materials

occurs which requires a finite force (adhesion force) to separate the

elements. Cold welding of micro asperities over the contacting

surfaces under the normal load is responsible for the adhesive

component of friction. Deformation component of friction occurs

due to the oblique contact of micro asperities (interlocking of sur-

faces) which causes ploughing action resulting in the removal of

material from the surface. The macroscopic ploughing of soft ma-

terial by hard material generates debris having a size greater than

that of micro asperities. This removed material (debris), entrapped

in the sliding zone gets squeezed between the sliding pairs building

more friction on the surfaces. The total friction depends on the size,

shape, and hardness of wear debris. The magnitude of deformation

friction force is usually higher than the adhesion friction. Hence the

total frictional force equals to the force required for shearing the

adhered material and the force required for deformation due to

ploughing action. The magnitude of friction also depends on the

applied load, sliding velocity, heat generation and the mechanical

properties of the sliding surfaces.

The mechanism of friction reduction while using textured sur-

faces is shown in Fig. 12. Microscopic observations at the contact

zone show the entrapping mechanism of wear particles into the

micro textures. During sliding, cracks originating on the contact

surfaces will get widened progressively with time and results in

material peeling from the surfaces. Micro textures can entrap these

particles and avoid further rubbing and squeezing between the

sliding pairs, which is not found for non-textured surfaces.

Geometrical features of micro textures also play a vital role in

friction reduction. Frictional force significantly depends on the

sliding area between the moving pairs. Micro textures created on

the sliding surface can reduce this area of contact which reduces

the frictional force. Fig. 13 depicts the details of sliding area for

smooth andmicro textured specimens. As the area of micro grooves

is more than that of micro dimples, better reduction in contact

length can be obtained in the case of surfaces with micro grooves.

4.2. Thrust force

Fig. 14 shows the details of three stages in thrust force genera-

tionwhile drilling Ti-6Al-4V using carbide tool. Point A denotes the

initial contact of the tool with theworkpiece surface. Stage I (A to B)

represents the advancement of the tool from the initial contact to a

distance (drill point length) where the tool gets fully engaged with

the workpiece. The rapid rise in thrust force was observed in stage I

due to extrusion action of the chisel edge. Thrust force seems to be

almost steady at Stage II, where the tool gets fully engaged with the

workpiece (B to C). Stage III represents the disengagement period (C

to D after 10 mm depth), where the tool tip clears the bottom

surface of work material bringing the thrust force to zero. In this

paper average thrust force was calculated from the stage II for all

machining conditions.

From the recorded force data it was observed that during all

machining conditions the textured tools performed better than the

non-textured one (Table 2). This indicates the effect of frictional

force during machining has overcome considerably by the micro

dimples at the contact interfaces. Micro dimples created on the drill

tool helped in reducing chip contact length at flute side and sliding

contact (between the tool and drilled hole wall) at margin side.

Reduction in chip contact length at the flute side favors easier chip

disposal resulting in lower chip evacuation force. Generally drilling

at higher feed will produce more volume of material, which gets

clogged together due to high temperature and pressure at the tool-

chip contact interface. Fig. 15 depicts the details of thrust force

generated while drilling at higher machining condition (cutting

speed ¼ 60 m/min and feed ¼ 0.07 mm/rev) using non-textured,

flute textured and margin textured tool. At this condition, an

average thrust force of 627 N was recorded for the non-textured

tool, 578 N for flute textured tool and 560 N for the margin

textured tool. Hence a reduction of 10.68% in average thrust force

was obtained by the presence of textures at the margin side and

7.81% reduction while machining using flute textured tool.

Reduction in thrust force was noticed for all types of tools with

the rise in cutting speed. This is due to the reduction in coefficient

of friction and material hardness as a result of temperature rise at

higher cutting speeds. Also, there will be a reduction in shear plane

area due to the increase in the shear angle at higher cutting speed,

which reduces the stress required for material deformation at the

cutting zone. But the thrust force was found to be increased with

Table 1

Details of drilling experiment.

Machine tool

specification

Make Ace Manufacturing Systems

Model DTC 300

X axis, Y axis,

Z axis

350 mm, 300 mm, 300 mm

Spindle speed 80 to 6000 (RPM)

Main motor 5.5 KW

Table Length 600 mm

Table width 350 mm

Control FANUC

Dynamometer

specification

Range �5 to 5 kN

Sensitivity Fx, Fy (�7.5 pC/N),

Fz (�3.7 pC/N)

Cross talk �±2%

Work material Material Ti-6Al-4V

Dimension 200 mm � 100 mm � 10 mm

Cutting tool

specification

Make YG Carbide drills

Diameter 8 mm

Helix angle 30�

Point angle 118�

Machining

conditions

Cutting

speed (s)

30, 40, 50 and 60 (m/min)

Feed (f) 0.04, 0.05, 0.06 and

0.07 (mm/rev)

Tool type Non textured, Flute textured

and Margin textured

Fig. 10. Variation of friction coefficient with sliding time for textured and non textured

surfaces.
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increase in feed rate from 0.04 mm/rev to 0.07 mm/rev. Fig. 16

depicts the details of the effect of feed on thrust force during

drilling using non-textured, flute textured and margin textured

tools at different cutting speeds of 30 m/min, 40 m/min, 50 m/min

and 60m/min. At the higher cutting speed of 60m/min, thrust force

increased from 431 N to 627 N for the non-textured tools with the

increment in feed rate from 0.04 mm/rev to 0.07 mm/rev. Whereas

the thrust force increased from 418 N to 578 N in the case of flute

textured tool and 379 Ne560 N in the case of margin textured tools.

A similar trend showing an increase in thrust force was also

observed at other cutting speeds (30 m/min, 40 m/min and 50 m/

min). This is due to the chip thickening effect occurring at the

higher feed rates due to more volume of material removal. More-

over, at the higher feed rates chip evacuation force and sliding

friction will be severe, adding up the total thrust force. Under all

cutting conditions, margin textured tool performed better than

flute textured and non-textured tools. As the drilling experiments

were carried out at low aspect ratio under dry condition, sliding

friction occurring between the tool and drilled hole wall seems to

havemore influence on total thrust force than chip evacuation force

at flute side, which was successfully overcome by the micro dim-

ples at margin side.

4.3. Torque

The main contribution to torque while drilling is by the

tangential force acting at the cutting lips. The extrusion torque

acting at the chisel edge is usually neglected as it is of smaller order.

But during drilling, frictional force acting at the margin and flute

side also have significant contribution in the net torque generation.

This effect becomes critical as the tool advances more depth into

the material. As the textured tool helps in controlling frictional

force, a considerable reduction in torque was obtained while

machining Ti-6Al-4V (Table 3). Fig. 17 depicts the details of the

torque obtained while machining using non-textured, flute

textured and margin textured tool at cutting speed 60 m/min and

feed 0.07 mm/rev. Average torque recorded at this condition for the

non-textured tool was 2.61 Nm, 2.346 Nm for flute textured tool

and 2.288 Nm for the margin textured tool. 10.11% reduction in

torque was obtained for flute textured tool whereas a total reduc-

tion of 12.33% was achieved while drilling using the margin

textured tool.

Due to the reduction in the contact area and specific cutting

energy, low torque was observed at higher cutting speed. Chip

evacuation torque has a significant effect at higher feed conditions

due to increase in material removal rate. Fig. 18 depicts the details

of the increase in torque as the feed rate varied from 0.04 mm/rev

to 0.07 mm/rev for different cutting speed conditions (30 m/min,

40 m/min, 50 m/min and 60 m/min). At the higher cutting speed of

60 m/min, the drilling torque was recorded to be maximum in the

case of non-textured tools which increased from 2.053 Nm to

2.61 Nm with the increment in feed rate from 0.04 mm/rev to

0.07 mm/rev. Under the same condition, the drilling torque was

observed to be reduced in the case of flute textured tool

(2.019 Nme2.346 Nm) and margin textured tool

(2.01 Nme2.28 Nm). Drilling at higher feed rate will always result

in chip thickening and clogging, which requires higher torque for

chip removal. Moreover, due to material interaction at contact in-

terfaces, tool adhesion will take place which generates higher

tangential force at the cutting lips adding up the net torque.

Fig. 11. Schematic representation showing the mechanisms of dry friction.

Fig. 12. Mechanism of friction reduction using textured surfaces.
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Fig. 13. Effect of geometrical features in friction reduction.

Fig. 14. Various stages in thrust force development during drilling operation.

Table 2

Average thrust force values during drilling at various conditions.

Trial Cutting

speed (s)

(m/min)

Feed (f)

(mm/rev)

Thrust force (N) Percentage

reduction (%)

Non-

textured

Flute

textured

Margin

textured

Flute

textured

Margin

textured

1 30 0.04 521 509 458 2.30 12.09

2 40 0.04 475 454 418 4.42 12

3 50 0.04 443 430 404 2.93 8.80

4 60 0.04 431 418 379 3.01 12.06

5 30 0.05 520 497 477 4.42 8.26

6 40 0.05 503 478 452 4.97 10.13

7 50 0.05 499 449 446 10.02 10.62

8 60 0.05 497 473 445 4.82 10.46

9 30 0.06 610 583 567 4.42 7.04

10 40 0.06 535 499 474 6.72 11.40

11 50 0.06 528 485 462 8.14 12.5

12 60 0.06 510 487 465 4.50 8.82

13 30 0.07 828 747 734 9.78 11.35

14 40 0.07 746 670 650 10.18 12.86

15 50 0.07 684 625 597 8.62 12.71

16 60 0.07 627 578 560 7.81 10.68



Adhesion strength will get further increased due to squeezing and

rubbing action between drilled hole wall and margin side resulting

in tool build up. Micro textures created on the margin side helped

in controlling this adhesion by reducing the chip contact length.

Under all cutting conditions, margin textured tool performed better

than flute textured and non-textured tool in drilling torque

reduction. This reduction in thrust force and torque under all cut-

ting conditions substantiated the phenomenon of improved cutting

performance while using micro textured cutting tools. Similar

findings in terms of drilling force reductionwere reported by (Sahu

et al., 2003). They were successful in reducing thrust force and

torque while drilling 1018 steel using HSS drill by creating chip

breakers having the geometry of grooves at the flute side of the

twist drill. Nath and Kurfess (2016) also reported a reduction of 5%e

9% in cutting forces while machining Inconel by creating ribs and

pins on the flute side of the drill tool.

Fig. 15. Comparison of the thrust force during drilling (s ¼ 60 m/min and f ¼ 0.07 mm/

rev).

Fig. 16. Variation of thrust force with feed at different cutting speed.

Table 3

Average torque values during drilling at various conditions.

Trial Cutting

speed (s)

(m/min)

Feed (f)

(mm/rev)

Torque (Nm) Percentage

reduction (%)

Non-

textured

Flute

textured

Margin

textured

Flute

textured

Margin

textured

1 30 0.04 3.49 3.226 3.01 7.56 13.75

2 40 0.04 3.281 3.1 2.851 5.51 13.10

3 50 0.04 2.07 2.02 2 2.41 3.38

4 60 0.04 2.053 2.019 2.01 1.65 2.09

5 30 0.05 4.102 3.502 3.463 14.62 15.57

6 40 0.05 3.179 2.901 2.811 8.74 11.57

7 50 0.05 2.7 2.668 2.551 1.18 5.51

8 60 0.05 1.95 1.669 1.651 14.41 15.33

9 30 0.06 4.11 3.732 3.63 9.19 11.67

10 40 0.06 3.86 3.566 3.299 7.61 14.53

11 50 0.06 3.32 3.22 3.182 3.01 4.15

12 60 0.06 2.36 2.18 2.03 7.62 13.98

13 30 0.07 4.576 4.49 3.99 1.87 12.80

14 40 0.07 3.7 3.449 3.425 6.78 7.43

15 50 0.07 2.728 2.553 2.39 6.41 12.39

16 60 0.07 2.61 2.346 2.288 10.11 12.33
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4.4. Chip morphology

Chip morphology in drilling mainly depends on the shearing

action occurring at the cutting lips and extrusion process at the

chisel edge. As the rake angle and cutting speed varied from inner

to the outer cutting edge of twist drills, shape and thickness of the

chip also changed. Due to low thermal conductivity, chip burning or

sparking is a common phenomenon arising during dry machining

of titanium alloys (Li et al., 2007). As the drilling experiments were

carried out in dry environment burning effect was witnessed in

almost all machining conditions. Chip sparking is an indication of

chip clogging (chip welding) owing to high temperature and con-

tact pressure at the cutting regime. During machining, chips got

entangled around the flutes of the drill tool, which were removed

and analyzed in detail for understanding its morphology. Fig. 19

gives the chip morphology details at various stages of machining

obtained while drilling Ti-6AL-4V using carbide twist drill (cutting

speed ¼ 30 m/min and feed ¼ 0.04 mm/rev).

The initial shape of the chip seems to be conical (from 1 to 2)

with a gradual increase in size. From 2 to 3 chips starts getting

clogged each other losing its conical shape, due to rise in temper-

ature at the cutting zone. Cutting temperature will be extreme

while machining at higher depths resulting in highly clogged chips

with thick ribbon like structure (3e4). For understanding the effect

of micro textures in chip morphology further analysis was done at

the initial and final stage of the chip using scanning electron mi-

croscopy (Fig. 20). Chips obtained while machining at higher cut-

ting condition (cutting speed¼ 60 m/min and feed ¼ 0.07 mm/rev)

were used for the analysis. Clogged chips with lesser spacing be-

tween the conical stacks were observed in the case of the non-

textured and margin textured tool. The spacing between the

conical stacks was more for flute textured tool due to the reduction

in contact length, making chip disposal easier. Whereas at the final

stage (machining at higher depth), severely clogged chips with

ribbon like structure were observed for all type of tools.

Further investigations were carried out at the free and back

surface of the chips formed at the initial stage of drilling (Fig. 21). A

clear lamellar structure was observed at the free surface in all

Fig. 17. Comparison of the torque during drilling (s ¼ 60 m/min and f ¼ 0.07 mm/rev).

Fig. 18. Variation of torque with feed at different cutting speed.
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Fig. 19. Details of chip morphology at various stages of machining.

Fig. 20. SEM analysis of chip morphology at the initial and final stage.



cutting conditions due to shear localization. The lamellar structure

seems to be much stronger with thick bands in case of the non-

textured tool and margin textured tool resulting in higher chip

cross-sectional area. Whereas at the back surface, due to high

contact pressure and shear stress generating at the rake face of the

tool, a smooth and shiny surface was observed for all drill tools.

Higher chip evacuation force (due to chip adhesion) resulted in

material peeling and formation of burned spots on the chip back

surface for non-textured and margin textured tools.

4.5. Surface integrity of drilled hole and tool surface

Surface integrity of the drilled hole and tool surfaces were

analyzed using HRSEM for understanding the surface quality under

all machining conditions. As the heating effect will be greater at a

higher feed rate due to higher frictional forces, the surface integrity

details are provided for the experiments carried out at the cutting

speed of 60 m/min and feed 0.07 mm/rev as shown in Fig. 22. The

drilled holes were sectioned to understand the effect of machining

parameters on the surface quality of drilled hole wall. From the

microscopic analysis, excessive smearing of materials from the hole

surface was noticed in the case of drilling using non-textured tools.

Whereas due to the reduction in frictional forces and hence heating

due to the presence of micro scale textures at the contact interfaces,

quality of machined surface seems to be better in the case of drilling

using flute textured and margin textured tool with little chip

adhesion and side flow. Further analysis of drilled hole was carried

out in terms of burr formation which revealed the formation of

crown type burrs in all conditions while using textured and non-

textured tools. But the burr height seems to be limited in the case

of micro textured tools owing to the faster dissipation of heat

resulting from reduced contact length. Ogawa and Nakayama

(1985) also reported about the similar mechanism in minimizing

the surface defects and burr formation with the help of chip split-

ting nicks due to the easier chip disposal. The micro textured tools

used in the current work were also found to be successful in

minimizing the built up edge formation due to lesser adhesion of

titanium on the tool surfaces. As the contact area at the helical

groove is shortened by the micro textures, chip disposal will be

faster resulting in lesser adhesion on the tool surfaces., which will

favor inminimizing the cutting forces alongwith improved tool life.

Similar results in terms of tool life improvement with minimizing

material adhesion by creating micro textures in the form of rect-

angular slots at the margin side were reported by Ling et al. (2013).

The experimental results from the present work substantiated

the cutting force reduction mechanisms while using flute and

margin textured tools. This can be attributed to the phenomenon of

contact length reduction, wear debris entrapment, and lower work

Fig. 21. SEM details at the free and back surface of the chip.
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material adhesion offered by the micro scale textures presented on

the tool surfaces. From the comparative studies using non-textured,

flute textured and margin textured tools, it was observed that un-

der all machining conditions the margin textured tool performed

better than all other tool types. This is due to the fact that at low

aspect ratio machining (10 mm depth used in this study) the

contribution of sliding friction occurring at the margin side will be

more predominant in drilling forces than the frictional effect

occurring at the flute side. Moreover, the surface integrity study

revealed the formation of lesser built up edge in case of textured

tools when compared with non-textured tools, which is a clear

indication of adhesion reduction phenomenon of textured surfaces.

Chip morphology investigations further revealed the formation of

less clogged chip at the initial stage of machining while using flute

textured tool which is the clear indication of lower chip evacuation

force. Hence the findings from this research work demonstrate the

feasibility of using micro textured drill tools in dry machining of Ti-

6Al-4V for better productivity.

5. Conclusion

This study demonstrated the feasibility of using micro textured

surfaces for tribology enhancement by controlling the frictional

force occurring at the sliding pairs. The major findings of this

research work are mentioned below.

� Pin on disc experimental results justified the concept of friction

reduction mechanism while using textured surfaces at the

contact interfaces, which recorded a net reduction of 16.33% in

coefficient of friction while using micro grooved surface and

14.29% reduction in case of micro dimpled surfaces.

Fig. 22. Surface integrity analysis of tool and drilled hole using HRSEM.
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� From the drilling experimental results, the percentage reduction

in cutting forces seems to be better in the case of margin

textured tools under all cutting conditions. A net reduction of

10.68% in thrust force and 12.33% in torque was achieved in the

case of margin textured tool even at higher cutting speed of

60 m/min and feed of 0.07 mm/rev.

� Micro dimples at the margin side were effective in reducing the

sliding friction occurring between the drill tool and machined

hole wall surface, thereby minimizing the work material adhe-

sion (BUE formation).

� Flute textured tool was successful in minimizing the contact

length of chip sliding over the helical groove thereby controlling

the chip clogging phenomenon leading to a lower chip evacu-

ation force.

� Contact length reduction and entrapment of wear debris are

found to be the underlying mechanisms in enhancing the

tribological properties of the micro textured surfaces under dry

sliding conditions.

6. Scope for future work

Even though the textured drill tools performed better in

reducing cutting forces while machining Ti-6Al-4V under dry

condition, better performance can be achieved by applying envi-

ronmental friendly cutting fluids at the cutting regime, as the micro

textures can retain the lubricant throughout the machining oper-

ations. This concept can be applied for high aspect ratio drilling

operations (deep hole drilling), where the reachability of cutting

fluids near the machining zone at higher depth is always a chal-

lenging task. Successful implementation of this technique can bring

out revolutionary changes in terms of environmental and economic

factors as high aspect ratio machining are widely applied in the

manufacturing industries for creating turbine blade cooling chan-

nels, diesel fuel injection nozzle etc.

Other related information

The authors have provisionally filed a part of this research idea

for a patent under the application number “201641024215”.
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