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Abstract 

During metal removal operations, friction occurs at the interface between the rake 

face of the cutting tool and the chip. Tool rake face friction adversely influences the chip 

formation process and consumes about 25% of the total cutting energy. Friction in cutting 

can be controlled and reduced by introducing a lubricant into the tool-chip interface, 

however the effectiveness of this is a function of the cutting speed and uncut chip 

thickness, among other factors. Lubricant penetration was determined in the 1970's to be 

a result of capillary action through channels resulting in part from the roughness of the 

tool rake face and the mating chip face. Recent investigations have looked at increasing 

the penetration and effectiveness of lubrication by engineering the tool surface to 

promote and retain lubricants by introducing a texture on the tool rake face. 

This thesis details methods used for surface engineering the rake face of cutting 

tools focusing on the novel application of electrical discharge machining (EDM) to obtain 

the desired texture, with a view to facilitating lubricant penetration and retention. A 

significant enhancement in machining performance consequent to such tool face texturing 

is demonstrated. The functionality of such surfaces is di scussed as well as the texturing 

process, application areas and limitations. 
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M.A.Sc. Thesis 

Chapter 1 

Introduction 

McMaster University - Mechanical Engineering Josh M. Tovey 

The industrial trend in machining over the last couple decades has been a move 

towards miniaturization and sustainability. Dwindling resources coupled with increasing 

energy prices have promoted industrial processes that are more efficient. In machining 

processes this trend has been towards machines that are more efficient and smaller while 

still having the same capabilities as their older counterparts. 

Most industrial processes can be improved by reducing the negative effects of 

friction and the forces experienced which have generally led to reduced efficiency. This 

reduction in efficiency has large economic repercussions in most instances, and has been 

sought to be reduced and controlled since the indu strial revolution. A prime example of 

undesired efficiency losses can be seen in automobiles. The friction experienced between 

the piston and piston sleeves causes increased fuel consumption, wear in the assembly, 

and eventual loss of engine compression resulting in a complete rebuild or replacement. 

The way in which friction is reduced is by use of an applied oil film separating the piston 

and sleeve. 

In machining a source of friction is the interaction between the cutting tool and 

the chip. By reducing this undesired force there can be a substantial increase in the 

efficiency of the process. Less loading on the cutting tools corresponds to less material 

1 
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required in the manufacture of the tool , a more efficient use of cutting fluids , as well as 

smaller drive systems and power requirements for the machine tool. 

1.1 Metal Cutting Basics 

There are four basic cutting operations; shaping, turning, milling, and drilling, 

shown in Figure 1.1 below. 

IV- 1 

Shaping Tmning 

Drilling I-dilling 

Figure 1.1 Basic Metal Cutting Operations Showing Chip Formation [I] 

Looking at the appropriate sections (X-X) in Figure 1.1 , it can be seen the chip 

formation and cutting processes are geometrically similar regardless of the operation, and 

2 
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can be reduced to a simple two dimensional form as seen in Figure 1.2, known as 

orthogonal cutting. 

Sh~al _-\ngl~ 

Rak~ _-\ngl~ 

\\ 'olkpi~c~ 

~ Cl~alanc~ 
.-\ngl~ 

Figure 1.2. Geometry of Orthogonal Cutting 

As the geometry of the cutting process and tools is similar regardless of the 

process, enhancements to one process can generally be extended to others, as long as 

cutting parameters such as cutting speed, uncut chip thickness, lubrication , etc are held 

similar. 

In cutting operations, there are two zones of deformation , the shear and friction 

zones that influence the cutting response, as shown in Figure 1.3. The shear (primary 

deformation) zone is where the work material plastically deforms along the shear plane in 

3 
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either a continuous or discontinuous fashion. The friction (secondary deformation) zone 

is where the chip moves over the rake face of the tool, resulting in the highest 

temperature in the cutting tool due to the friction between the chip and the tool. This 

friction and heat generation negatively impacts the cutting process, leading to increased 

loading and tool wear. 

FllCtiOll 

Shem 

Figure 1.3. Deformation Zones in Cutting 

The maximum temperature in the secondary deformation zone can be quite high , 

in the range of 1000 DC as it moves over the rake face, depending on the work and tool 

materials and cutting conditions [1]. The high temperature on the tool rake face can lead 

to softening of the tool material, and affects machining productivity, and dimensional 

accuracy and tolerances of the machined part [2]. For a general perspective, high speed 

steel starts to soften at approximately 550 DC. As such the cutting tool temperature must 

4 
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therefore be moderated and controlled. The forces experienced in the friction and shear 

zones can also be quite significant, influencing the cutting process and chip formation. 

The friction in the secondary deformation zone further influences and chip 

formation at the shear zone. Two models are generally accepted in showing the influence 

of the friction zone on the shear zone: the Lee and Shafer Shear Angle Solution and 

Merchants Shear Angle Solution. If qJ is the shear angle, ~ is the friction angle (as defined 

in Figure 1.4), and a is the tool rake angle (Figure 1.4), the following shear angle 

solutions show the relation between friction angle and shear angle; 

Merchants Shear Angle Solution 

2rp + f3 - a = 90° (1.1 ) 

Lee and Shaffer Shear Angle Solution 

rp + f3 - a = 45° (1.2) 

By changing the friction angle fJ at a constant rake angle a, the direct 

influence on <p can be seen. The shear angle qJ influences the force required to shear the 

chip as seen in the following equation , where Fs is the shear force, T is the shear strength 

of the workpiece material, t is the thickness of material being cut and b is the width of the 

cut ; 

rbt 
F =--s . 

sm rp 

( 1.3) 

A decrease in ~ causes an increase in <p and a corresponding decrease in the shear 

5 
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force required to form the chip. 

The relation between cp , ~ , a and the forces acting on the tool can be seen in the 

free-body diagram of the chip in Figure 1.4 below, where Fs and Ns is the forces acting 

parallel and perpendicular on the shear plane, Fe and Ne are the forces acting parallel and 

perpendicular to the tool rake face, Fp and Fq are the cutting and feed forces respectively, 

and R is the resultant force acting between the tool and chip ; 

R 

Figure 1.4. Free Body Diagram of Chip 

The friction angle ~ is related to the forces acting parallel and normal to the tool 

rake face, Fe and Nc respectively, and is given by the following equation; 

j3 = tan - ) (Fe / N J 

6 

(1.4) 
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Representing the forces acting on the chip in the form of a Merchants circle 

diagram (Figure 1.5), the relation between forces acting on the tool rake face, Fe and Ne, 

and the feed and cutting force, Fq and Fp respectively, can be determined. 

Figure 1.5 . Merchant's Circle Diagram 

~ can be related to the feed force, Fq, and cutting force Fp as seen below: 

( ) 
Fq 

tan fJ-a =
Fp 

(1.5) 

A decrease in tool face friction leads to a decrease in the energy required for chip 

formation , thus improving the efficiency of the process. 

7 
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1.2 Friction in Cutting 

Friction is the force opposing sliding motion of surfaces in contact. Classical 

friction theory gives the coefficient of friction as the ratio of the tangential force and 

normal force between the surfaces in contact. In classical friction applications due to the 

moderate normal forces , contact occurs at only a very few asperities between the 

opposing surfaces , and as such the real area of contact is actually far less than the 

apparent surface area. Thus the apparent area of contact does not affect the coefficient of 

friction. Figure 1.6 shows a representation of two surfaces in contact under similar 

conditions, where P is the normal load and F is the friction force . 

P 
\ 
~F 

....... .. . . • . :-
• • 

t ••••••• • 

I 
I 

cJ\ 
\ 

, , , , , ... ... 

.. -- -- --

.... _-----"" 

Figure 1.6. Localized Contact of Asperities 

... ... , , , , 

I 
I 

; 

In metal cutting thi s frictional force opposes the motion of the chip on the tool 

rake face, accounting for approximately 25% of the specific cutting energy [I]. This leads 

to high tool temperatures that limit process productivity. 

8 
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This friction force and high temperatures encountered due to friction causes several 

types of tool wear. Crater wear is experienced on the rake face of the tool. This wear can 

cause catastrophic failure on the tool as it can lead to fracture of the tool tip if much 

material is worn away, which increases with temperature and friction. Adhesion also 

occurs at the chip to tool interface due to the high pressure and temperature at junctions 

of the asperities in contact, which can adhere to the tool and subsequently fracture 

removing bits of the tool and hardened chip. These hard pieces of metal can then cause 

abrasive wear on the tool as they are embedded in the chip and moved along the rake face 

wearing away the tool. Diffusion occurs between tool and chip, which increases 

exponentially with temperature. Diffusion refers to atoms moving from hi gh 

concentration to low concentration, from the tool to chip and chip to tool , causing a 

change in tool composition and reduction in hardness [1]. As such reducing friction 

forces experienced would improve not only tool life resulting in savings in tool costs but 

also reduce tool changeovers thus improving productivity. 

1.3 Friction Reduction 

Surfaces in sliding contact can be tai lored to reduce fr iction with several methods. 

A popular method is to use coatings, such as non stick coatings used on fryin g pans, or 

coatings with low shear strength used on tool surfaces such as drill bits that promote 

sliding between surfaces in contact by reducing adhesion . Another popular method is by 

using liquid and solid lubricants, such as oil and graphite. 
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1.3.1 Coatings 

Coatings have been used to improve frictional properties, spurred on by the 

development of new types of coatings and the recognition of how surface properties 

affect wear. Coatings help reduce adhesion at the chip-tool interface and chemical 

interactions between chip and tool , improving tool life, and in some cases reducing 

cutting forces, however the primary result is improved tool life. Metal cutting speeds can 

be governed by the temperature at which the tool starts to disintegrate, which can be 

increased by the use of coatings. It is estimated that approximately 20% of the heat 

generated during cutting is transported into the tool [3] , as such improving the thermal 

properties of the tool can also improve tool life. Successful coatings must lower adhesion 

to the workpiece material , have good abrasive wear resistance and high chemical 

stability. These coatings influence the chip flow and formation allowing for cutting at 

higher speeds. The coatings should be optimized for a specific process, and have been 

shown to increase tool life by more than 10 times when optimized for the specific cutting 

condition [3]. 

1.3.2 Cutting Fluids 

Cutting fluid s are generally used to offset some of the negative effects associated 

with friction in cutting. There are two types of cutting fluids, lubricants and coolants. 

Lubricants are primarily used for friction reduction at low cutting speeds with minimal 

cooling capacity whereas coolants are used at higher cutting speeds for heat control , with 

minimal friction reducing properties. 
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In conventional metal cutting, fri ction cannot be greatly reduced by the 

application of coolants, however the heat generated between the tool and material being 

machined by friction can be reduced by introduction of a lubricant. Coolants work 

primarily at higher speeds to cool the workpiece and tool to increase tool life. 

Dimensional accuracy of the workpiece and tool hardness is maintained by the removal 

of the heat generated during the process . Coolants are sufficientl y stable as to not 

chemicall y breakdown due to the high temperatures experienced. 

Lubricants work by chemically reacting with the fresh surface of the chip created 

during machining, forming a film of luw shear stress separating the chip and the tool. 

Lubricants are primaril y effecti ve at low speeds for friction reduction and tend to break 

down during hi gh speed operations due to heat generation . Lubricants can reduce the 

forces experienced thus allowing work on less powerful machine tools with less energy 

used and less tool failure. Temperature has a large effect on the effecti veness of the 

lubricant being used. Lubricants can provide a solid film protection until the temperature 

increases sufficientl y that the film melts and breakdowns completely decreasing the effect 

of the lubricant [5] . 

Oils adhere better and react under high pressures than water based lubricants and 

therefore offer better lubricity [5]. Surfaces in contact can be adapted fo r lubricants, such 

as in journal bearings to optimize the process by minimizing the amount of lubricants 

used while relating to the smallest possible fri ctional force. 
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1.4 Scope and Organization of Project 

This thesis focused on improving lubrication at the chip-tool interface in metal 

cutting for improved frictional behavior. The innovative approach adopted was to 

appropriately texture the rake face of the tool using the electrical discharge machining 

(EDM) process . The motivation for using EDM was to create an isotropic texture that 

facilitates both the penetration and retention of lubricant in the tool-chip interface thus 

reducing the friction in cutting. 

A comprehensive literature review is presented in Chapter 2. The experimental 

procedures are outlined in Chapter 3. Chapter 4 discusses results of the experimental 

work that was calTied out to characterize the effectiveness of the EDM texturing process 

in reducing forces. Experiments referred to continuous and interrupted cutting with 

reference to cutting parameters as well as EDM parameters used to texture the tool. 

Chapter 5 includes conclusions derived and recommendations for future work. 
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Chapter 2 

Literature Review 

Josh M. Tovey 

There are several current and relevant technologies that are applicable to the topic 

of enhancing lubrication in tribological systems. These will be discussed in this chapter 

along with the method by which lubricants work to reduce friction. 

2.1 Lubrication in Metal Cutting 

The action of lubricants in reducing the frictional effects in metal cutting was first 

published in as early as 1881 , when Mallock [6] mentioned in his paper The Action of 

Cutting Tools the following statement; "Lubricants seem to act by lessening the friction 

between the face of the tool and the shaving, and the difficulty is to see how the lubricant 

can get there, since the only apparent way is round the edge of the tool , and there it might 

be expected that the contact between the tool and the substance would be too close to 

admit of its passage. Somehow or other, how-ever, some of the lubricant does find its 

way between the shaving and the tool, and perhaps also into the substance of the 

shaving". Mallock realized the effect of lubricants in reducing friction in metal cutting, 

however the mechanism by which lubricant penetration was realized was unknown to 

him at that time. 
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2.1.1 How Lubricants Work 

Considering two surfaces in contact as shown in 

Rcal arc a (If 
~t-- ((Intact 

L-\R) = : aj 

.-\pparcnt arca (If cuntact (.-\) 

Josh M. Tovey 

Figure 2.1 , the real area of contact AR is a summation of the individual areas 

associated with asperities in contact, which is significantly less than the apparent area of 

the surfaces. The friction force Ff is simply the force required to shear these asperities at 

their contacts and is a function of the real area in contact and shear strength of the weaker 

materi al T, as shown in equation (2.1). 

Rcal arc a (If 
~+--- ((Intact 

('-\R) = :aj 

.--Ff 

Figure 2. 1. Real and Apparent Contact 
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(2.1 ) 

On application, lubricants can penetrate through the gaps between asperities, and 

under the pressure experienced can react chemically with the metal substrates to form a 

solid film. The normal contact pressure is now supported by both the base materials and 

the solid lubricant film as represented in Figure 2.2. 

Fr
- --·· 

Figure 2.2 . Sliding Between Surfaces with Solid Lubricant Layer 

The force required to shear the two surfaces is therefore now a function of the real 

area in contact, and shear strength of the weaker material and lubricant. If YI11 is the 

proportion of this area over which metallic contact occurs, and '[I and '[2 are the shear 

strengths of the softer metal and softer lubricant layer respectively, the friction force is 

gIven as; 

(2.2) 

15 



M.A.Sc. Thesis McMaster University - Mechanical Engineering Josh M. Tovey 

By introducing a lubricant, the solid film that forms reduces the metallic contact YIll, 

as the film now supports some of the load. If the film has a lower shear stress (12) than 

the base material (1,), the friction force is now reduced. It should be noted that lubricants 

that reduce friction when machining one material may increase friction when used on 

another. If the lubricants used were not chemically reactive with the formed chip no solid 

lubricant film may be formed. Thus the metallic contact YIll equals unity and the load is 

supported entirely by the base material. Negative lubrication can also be found due to 

exclusion of oxygen which can act as a lubricant by reacting with the new surface. An 

oxide that forms may have weaker shear strength than workpiece material, thus acting as 

a lubricant by reducing metallic contact [7]. 

In metal cutting however, the normal stresses experienced on the tool rake face can 

be high enough that the real area of contact approaches the apparent area of contact. No 

lubricant would be able to penetrate into the interface in this region as the asperities are 

plastically deformed significantly enough that no gaps exist for lubricant ingress. This 

was mentioned by Mallock [6] when pondering the mechanism of lubricant penetration. 

The stress distribution in machining can be measured using a split tool technique. 

A split tool is made of two segments (Figure 2.3) separated by a gap that is small enough 

to prevent extrusion of chip material but large enough to render them independent of each 

other. 
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_-'I. B Chip 

S",gm~nt 1 

Figure 2.3. Split Tool to Measure Cutting Forces 

Segment I is connected to a dynamometer to measure the two components of the 

cutting force. By systematically changing the length AB of segment 1, usuall y by 

grinding away the clearance face, the normal and shear forces for various di stances AB 

from the cutting edge per unit width are measured to calculate the distribution of normal 

and shear stress experienced by the tool. 

What has been determined by utilizing the split tool technique is there are two 

separate regions on the tool face as shown in Figure 2.4, the sticking and sliding zones. 

The sticking zone is characterized by high normal stress, as high as 3.5 GPa [I]. In thi s 

zone the surfaces plasticall y deform to such an extent that the area in contact between the 

chip and tool at the interface equals the apparent area. The shear stress experienced is that 

of the shear stress of the work material. The sliding zone is characterized by lower 

normal stress . The shear stress becomes a function of a constant coefficient of friction , 

and the total area in contact is less than the apparent area allowing for lubricant 
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penetration. It was found there is a sharp divide between the zone of sliding and sticking 

[8]. 

Tool Tip 

Normal Stress 

/ 

Sticking Zone 
(constant t) 

Shear Stress 

/ 

Tool 

Sliding Zone 
(constant ~l) 

~~~--------~~~------------~ 

Tool-Chip Contact Length 

Figure 2.4. Stress Distribution on Rake Face of Cutting Tool 

It has been experimentally determined by Childs [9] that lubrication is only 

possible in the sliding zone as lubricants are unable to penetrate the sticking zone. 

If lubricant can penetrate into the chip-tool contact area in the sliding zone it can 

decrease the cutting forces experienced and reduce the contact length between chip and 

tool, improving the surface finish and reduce formation of the built up edge [10]. 

Lubricant penetration is an effect then of the asperities in contact, penetrating through 

micro channels by capillary action. These channels for fluid penetration have been found 

to be anywhere from one micrometer to one chip thickness long and to be dependent on 
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the normal stress distribution and surface irregularities between chip and tool [11][7]. 

Referring to Figure 2.5 the lubricant penetration can be seen into the sliding zone over a 

penetration length L. 

Figure 2.5 . Fluid Penetration Through Micro Channels of Length L at Interface [9] 

It was found that only milli seconds were required for fluid penetration into the 

sliding zone through capillary action [1 2]. Penetration of the lubricant can be partially 

improved by increasing the pressure driving the lubricant into and through the micro 

channels, and will be discussed in the following section. 

2. 1. 2 Application of Lubricants 

The mode of application of lubricant is important in determining the volume of 

lubricant that could potentially penetrate the sliding zone. The conventional way of 
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application is flooding of lubricants, which requires large volumes of lubricant used 

compared to the area being cut [10], which may be completely unnecessary. For instance 

cutting tests carried out at Warwick University [10] mentioned no change in roughness of 

the surface finish of a machined workpiece using reduced lubrication compared to 

conventional flood lubrication . When the lubricant was applied in drops with a 

hypodermic needle, the surface roughness was found to be similar to when lubricated as a 

flood. Substantial reductions in rake face friction can result from relatively modest 

penetration of the lubricant into the interface, which implies that the volume of lubricant 

may be minimized without comprising performance [13]. 

It should also be noted there is a difference in the effectiveness of lubrication 

between continuous cutting operations such as turning and interrupted operations such as 

milling. In continuous cutting the lubricant is being continually wiped away and there is a 

balance between machining pressure removing the lubricant and lubricant pressure 

introducing the lubricant [9]. In interrupted cutting lubricants have better periodic access 

to the complete tool face, and are continuall y repleni shed. 

De ChiffI·e [14] conducted a turning test using carbon tetrachloride vapor as a 

lubricant, reducing the coefficient of friction from 0.5 to 0.25 when using the lubricant as 

opposed to a dry cutting tool. A balance existed between vapor pressure and machining 

pressure, and there existed a maximum vapor pressure past which no improvements could 

be found. 
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Lubrication models indicate that the rate controlling step in lubrication is the 

transport of the lubricant molecules into the tool chip region, as opposed to the rate of 

chemical reaction between the lubricant and chip [7][ 15]. Experiments conducted by 

Shirakashi [15] with a vapor lubricant tetra chloromethane at various vapor pressures and 

cutting speeds ranging from 1.5 to 105 mmls found that the coefficient of friction 

decreased with increasing vapor pressure similar to work by De Chiffre [14], as the 

ability of the lubricant to penetrate the intelface increased with pressure. Full lubrication 

was achieved when the rate of transportation into the interface was equal to the rate of 

consumption, at which point no further improvements could be realized. 

2.].3 Effect afCutting Parameters 

Unfortunately the effectiveness of lubricants in reducing forces is also limited by 

the cutting parameters. It has been found when using carbon tetrachloride in a copper 

turning operation that at low cutting speeds lubricants are effective at reducing the cutting 

forces, as reported by Childs [9]. Childs determined that at low speeds lubricants help 

moderate the effect of the rake face adhesion between the chip and the tool , and with the 

proper lubricant for the material being cut boundary lubrication can be realized [7]. The 

results can be seen in Figure 2.6 which outlines the effectiveness of lubricated cutting 

compared to dry cutting as a function of cutting speed. The effectiveness of the lubricant 

is greatly reduced as cutting speed increases to a point where all effectiveness of lubricant 

is lost. 
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Figure 2.6. Effect of Carbon Tetrachloride as a Lubricant in a Copper Turning Experiment [9] 

At low cutting speeds, typically less than 10m/min, the effectiveness of the 

lubricant in reducing friction was considerably more than at higher speeds. At a cutting 

speed of approximately 30 m/min the friction of the lubricated tool approached that of the 

non lubricated tool and the lubricant lost all effectiveness [9] . Any lubricant action would 

be reduced by an increase in cutting speed which will reduce the rate of lubricant access 

and the reaction time between the lubricant and the metal chip. The influence of interface 

temperature with cutting speed can also lead to the breakdown of the lubricant, thus 

affecting its function. 

The effects of cutting speed become more pronounced as the uncut chip thickness 

increases. Childs [9] found that lubrication was possible only over a range of cutting 

speeds and uncut chip thickness, which decreased with increasing uncut chip thickness as 
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seen in Figure 2.7. Increasing the uncut chip thickness increases the length of the path 

down which the lubricant molecules must travel, thus reducing effectiveness at a given 

speed and reducing the speed range over which lubrication is possible [13]. 
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Figure 2.7 Lubrication Range as a Function of Uncut Chip Thickness and Cutting Speed [9] . 

Due to the surface roughness and light loading in the sliding zone, the real area in 

contact is less than the nominal area, as such lubricant penetration is possible through 

micro channels and capillary action at this interface [9] [11] [13]. It was determined by 

Childs [9] that even at extremely low cutting speeds, around 0.25 mm/min tested, that 

lubricant never penetrated into the sticking zone [10] [9]. 

It is clear that lubricants are effective only at low cutting speeds on the order of 

only a few tens of meters per minute. These speeds correspond to operations such as 

broaching, threading and shaping where the cutting speeds are on the order of 10m/min 
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or less, significantly less than cutting speeds used in processes such as milling and 

turning wherein cutting speeds are on the order of several hundred meters per minute 

[16][ 17] [18]. Broaching operations are common in industries such as aerospace for 

machining internal gears or splined shafts in difficult to machine aerospace alloys , where 

cutting forces experienced can be quite significant. Improved lubrication would be of 

signifi cance in these operations, and it will be such low-speed processes that can benefit 

the most from enhanced lubrication. 

2. ].4 Dependence on Asperity Contact for Lubrication 

Lubrication is only accessible to the sliding zone through capillary action. The 

asperity contact not only creates micro channels for the lubricant to flow, but also 

influences chemical reaction between lubricant and metal substrates. It was found in tests 

by Shirakashi [1 5] that the reactivity between lubricant and metal substrate increases with 

pressure. Average normal stress increases with spacing of asperities of two surfaces in 

contact, thus with increased roughness and pressure, which is similar to observations 

made by Childs [9] that controlled roughness is significant in enhancing lubrication . 

Carbon tetrachloride used in most literature is an excellent lubricant and can 

provide sign ificant reductions in friction . Unfortunately it is toxic and thus not practical 

in industri al applications, and onl y used for testing purposes. Most industrial lubricants 

are not as effecti ve thus the range of effectiveness is more limited, and methods to 

improve the application of practical lubricants is needed. 
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2.2 Engineered Surfaces 

Surfaces can be engineered to have a specific texture to optimize the effectiveness 

of lubrication. Surface texturing is an idea that has been applied to bearing and 

automotive applications already. Used in piston ring assemblies , texturing allows engine 

systems to operate with lower viscosity oil. Texturing is also used in bearings, seal s, etc 

to act not only as a lubricant reservoir, but also to trap debris that can disrupt and 

breakdown the tribological system by interfering with the relative motion of the surfaces 

[ 19]. 

Two types of surface textures have been reported in the literature recently: dimpled 

textures and linear textures. 

2.2.1 Dimpled Textures 

Dimpled texturing refers to a pattern of dimples of a given size and spacing on the 

face of an object, to aid in lubricant penetration and retention. 

For textured surfaces, small cavities or dimples uniformly di stributed over the 

sliding surface have been found to have the best tribiological effect, which serve the 

function of a serious of small micro bearings, each acting as a reservoir. In gears and 

pistons rings, as the contact pressures experienced are extremely hi gh, hydrodynamic 

equations predict that the film thickness in these instances is too small to prevent the 

contact of opposing asperities, much like in metal cutting operations. However in reality 

this has been found to be not the case, and thick films are present. This is due to the 

variation of viscosity with high pressure and elastic deformation of the bearing surfaces 
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and the surface roughness. These results indicate that even if it is numerically predicted 

that no fluid film will be present between the chip and tool in metal removal operations, 

there may still be a film that can beneficially influence the process. 

Kovalchenko [20] tested di sks textured with dimples that maintained 

hydrodynamic lubrication even with increasing loads, from 0.16 to 1.6 MPa. He found 

that higher viscosity oil caused increased friction compared to lower viscosity oil. 

Approximately 50% reduction in friction was found , generally at all speeds used (0.15 to 

0.75 m/s). This experiment involved no plastic deformation and the stresses were 

insignificant compared to machining. An example of a dimpled surface can be seen in 

Figure 2.8. 

Figure 2.8 Representative Dimpled Texture [28]. 

Ryk [22] tested dimpled surfaces on automotive components , with dimples of 
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diameter 100 micrometer and depth 10 micrometer, and a textured area density of 13%. 

Even in lubricant starved conditions there existed a reduction in the frictional force, as the 

textures were able to retain lubricants and wear particles. When tested on piston rings 

there was a reduction in friction of up to 25% at normal speed applications, however an 

optimum speed was required for the maximum benefit of a 30% to 40% reduction in 

friction. 

Ryk [22] tested several dimple depths and found that an optimum dimple depth 

ex isted, and that dimples deeper than the optimum were detrimental in maintaining 

hydrodynamic pressure. There was an optimum oil viscosity and dimpie depth that could 

yield maximum friction reduction, which is similar to work by Kovalchenko [20] who 

found an optimum oil viscosity. Ryk found that the actual shape of the micro dimples did 

not playa role and the most significant parameter for optimum load capacity was the 

ratio of dimple depth to diameter. 

Vihena [23] investigated textured and non-textured steel samples, testing with a 

reciprocating pin against a stationary disc using samples that were textured with a dimple 

density of 6.7% and 26.8%. At a constant load on a pin on disk test with variation of 

speeds between 0.0 I and 0.12 mis , he demonstrated that the textured samples provided 

10% less friction than the non-textured surfaces. 

Etsion [24] conducted a ball on disk test using textured disks and found that the 

lifetime of the textured sample disks could be similar in magnitude to using coatings and 

as much as eight times longer than that of non-textured samples [3], due to the improved 
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lubrication provided by the textures and the ability to trap wear particles. The shape of 

the dimples was again found to not playa significant role, with the most significant 

parameter being the ratio of depth to diameter of the dimples [24]. 

Zhu [25] used micro dimples on the surface of a chrome coated iron substrate. The 

dimples tested were 240 micrometers in diameter, and varied in depth from 4 to 22 

micrometers. The sliding contact zone was soaked in diesel oil to act as a lubricant. An 

optimum dimple depth of 10 micrometers was found , leading to a reduction in frictional 

forces by up to 30%. 

Qian [26] tested micro dimples also on a chrome coated surface. A micro dimple 

alTay with hundreds of micrometers in diameter and several micrometers in depth were 

produced, and again a reduction of friction on the order of 30% was feasible with 

textured surfaces. Deeper dimples provider greater reduction in the coefficient of friction , 

which is counter to some of the previously mentioned experiments, however this sti ll 

leads to the suggestion that there is an optimum depth and diameter of dimples for 

specific operating conditions for optimal friction reduction. 

It was found by GaIda [27] when using a bronze block contacting a steel rotating 

ring that the surface texturing of the block with an area density between 20% and 26% 

resulted in significant improvement in wear resistance. Spherical shaped dimples were 

found to be better than drop shaped dimples with regards to wear resistance, and there 

was an optimum dimple area ratio and shape that provided maximum force reduction. 

This is counter to experiments by Etsion [24] who determined the shape of dimples was 
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not important. It is more likely that specific shapes may better suited to certain operating 

conditions. 

As mentioned, dimple depth and diameter, speed, load, and oil viscosity all have an 

effect on friction reduction. GaIda [27] looked at the effect of surface roughness on 

Stribeck curves. Stribeck found the possibility of a point of minimum friction with 

respect to journal bearings and load and speed characteristics. Stribeck curve shows 

friction varying with velocity and load, as seen in characteristic Streibeck curves such as 

that in Figure 2.9. The graphs are based on several regions based on the speed and load 

characteristics. \Vitli a low speed or high loads ihe bearings experience boundary 

lubrication. With increasing speed or decreasing load mixed lubrication is experienced 

where the interface constitutes some points of surfaces in contact and some areas 

separated by fluid. At high speeds or low loads fluid film lubrications is experienced 

where the surfaces are completely separated by a fluid. 
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Figure 2.9. Characteristi c Stribeck Diagram 
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GaIda [27] found that surface roughness greatly influences friction on the Stribeck 

curve. Rough surfaces show the highest friction coefficient followed by medium and fin e 

surfaces, however dimple textures can act as micro hydrodynamic bearings by providing 

lift while increasing the roughness of a surface as previously mentioned by Qi an [26], 

Etsion[24] and Zhu [25]. Surface texturing can expand the range of hydrodynamic 

lubrication for high and low viscosity oil lubricants on the Stribeck curve. It should be 

noted that the friction reduction depends on the specific case, taking into account all 
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parameters such as load, speed, oil vi scosity resulting in an optimum dimple or roughness 

configuration. 

Prev iously mentioned research has focused on the effects of liquid lubricants, 

however in respect of environmental benefits the application of solid lubricants needs to 

be considered. Voevodin [28] applied solid lubricant of MoS2 and graphite to a dimpled 

texture which were between 10 and 20 micrometers in diameter with depth of 3-5 

micrometer, over a dimpled surface area between 0.5% to 50%. The coefficient of 

friction was found to be between 0.2 and 0.4 with the texturing and lubricant, compared 

to about 0.6 when untextured and unlubricated. There was again an optimum dimpie area 

and size that provided the maximum reduction in coefficient of friction and provided 

sufficient lubricant while still supporting the pressure. Wear was considered and found 

that after 13,000 cycles there was still lubricant in the reservoirs, suggesting a potentially 

effective replacement for liquid lubricants [28]. 

A multilayer coating was tested by Jiang [29] on a titanium nitride substrate. The 

engineered coating was integrated with controlled surface roughness, similar to specific 

dimple sizes, to utilize the wear resistance of coatings with the benefits of an engineered 

smface. He found that the combination of the soft lubricating layer on an engineered hard 

layer can effecti vely reduce fr iction and improve wear performance increasing tool life. 

A review of the literature related to the subject of dimpled textures indicates that 

based on application specific operating conditions such as rel ative velocity and load, 
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different dimple diameter, depth, and spacing are required for maximum friction 

reduction. 

2.2.2 Linear Textures 

In place of dimpled texturing, linear texturing can also be used in the form of fine 

slots or grooves across the surface. Piston surfaces in hydraulic motors were textured by 

Pettersson [30] who used parallel grooves and crossed grooves each of four different 

spacing which were tested and compared to a polished surface and a non textured sample. 

He found that friction levels were marginally influenced by textures however friction 

nucluations were reduced. Less fluctuation in friction could be explained by the reduction 

in contact area between surfaces. After 1000 cycles of testing, the textured surface and 

polished surface had the same level of friction as the non textured samples suggesting 

that the texture had worn out. 

Linear textured surfaces have also been used in the strip drawing process. Costa 

[31] conducted drawing tests at a speed of 22 mm/s with parallel groove patterns on the 

surface of the die, oriented parallel and perpendicular to the drawing direction. 

Significant reduction in friction was found with grooves perpendicular to the drawing 

direction. 

Experiments were performed by Kawasegi [32] with cutting tools that had 

nanometer or micrometer scale texturing on the tool rake face, consisting of lines running 

parallel and perpendicular to the chip flow direction , as seen in Figure 2.10 below. 
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Figure 2. 10. Linear Textures on Cutting Tools [32]. 

It was determined that significantly lower friction could be achieved when the 

scale of texturing was on order of nanometers rather than micrometers as seen in Figure 

2. 11 below. 
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Figure 2. 11 . Cutting Forces Based on Scale of Texturing [32]. 

The reduction in fr iction was found to strongly depend on the direction of texture. 

Lower cutting forces were achieved when the texture was perpendicular to the chip flow 

direction rather than parallel , simi lar to Costa [31 ] who noted the same effect. Texturing 
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direction was also important in the amount of materi al that adhered to the tool face. It was 

found that more material adhered to the parallel texture while the perpendicular texture 

had minimal adhered material. The texture on the order of micrometers were also found 

to be filled with work material after cutting, however this was not the case with the 

nanometer textures. See Figure 2.12 below for a micrograph of tooling fill ed with work 

materi al [32]. A non- textured tool was used at cuttings speeds of 60 m/min , 300 m/min 

and 600 m/min in fi gures a) through c). Work materi al adhered to the rake face of the tool 

can be seen. Figures d) through f) represent the same cutting speeds using a nanoscale 

textured tool, showing less material adhesion with an increase in speed. 

Figure 2. 12. Performance of Tex tured Tool [32] 

It was found that texturing was beneficial only above cutting speeds of 420 m/min 

due to adhesion of the material. At low speeds more materi al adhered to the tool than at 

high speeds. The experiments were also performed without lubrication, and a decrease in 

cutting forces was experienced, which suggests that the reduction in forces could be due 

34 



M.A.Sc. Thesis McMaster University - Mechanical Engineering Josh M. Tovey 

to thermal softening of the workpiece material rather than the texture enhancing coolant 

penetration . 

Some materials such as aluminum alloys are easy to cut however due to high 

material adherability chips adhere strongly to cutting edge of tool leading to increased 

tool breakage. Sugihara [33] demonstrated that textures promoted anti-adhesive effects at 

the interface, reducing the amount of aluminum adhered. Grooves were created on the 

rake face of a cutting tool 100- 150 nm deep spaced 700 nm apart and tested at a cutting 

speed of 380 m/min. The rake face of the tool was observed after cutting 1800 m of 

material , and found grooves parallel to the main cutting edge decreased materiai 

adherability. Compared to wet cutting, when no cutting fluid was used adhesion effects 

increased, thus wet cutting with the texture was superior compared to non textured and 

polished tool s. 

As a result of experiments using linear textures, it can be seen that they are 

effective in enhancing friction reducing properties of lubricants, however linear textures 

perpendicular to the sliding direction are more beneficial than those parallel to the sliding 

direction. Scale of the textures was also found to be important, similar to characteristic 

dimple size required for maximum friction reduction. 

2.3 Texturing Processes 

There are several processes used to generate the previously mentioned textures 

which will be di scussed in this section ; 
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2.3. 1 Laser Surface Texturing 

Lasers machining has been the most popular method used to texture sliding 

surfaces for improved lubrication . Kovalchenko [20] used laser machining to texture 

di sks with dimpled patterns and successfully improved lubrication effects in sliding tests. 

An example of a laser textured surface can be seen in Figure 2. 13. 

Figure 2. 13 Example Laser Textured Surface [28] 

Ryk [22] tested laser textured surfaces on automotive components , again finding 

laser surfaces could be used to improve lubrication . A UV laser beam was used to surface 

texture several TiCN coated cutting tools with dimple tex turing by Voevodin [28] and 

nano/micro textured surfaces were created using femto second lasers by Sugihara [33]. 

Kawasegi [32] used lasers operating with femosecond pulses to create linear grooves on 

cutting tools. In all cases the laser textured surfaces resulted in a reduction of friction. 
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Etsion [24] conducted a ball on disk test using laser textured disks and found the lifetime 

of the textured disks to also significantly increase. 

Laser machined surfaces may involve some recast material at the edges of the 

textures which require a secondary operation for removal similar to that experienced by 

Vihena [23], who used high intensity laser pulses to texture components. This can be seen 

in Figure 2.14. The melted material that was recast needed to be polished and removed 

prior to experimentation as it led to increased friction in some cases [23] [28]. 

, , - ,~ , + , i - i 

Figure 2.14. Laser Surface Dimpling and Corresponding Formtracer Profile [23] 

The advantage of lasers over other types of machining is that they are 

environmentally clean, requiring no oils or mediums for machining, and have excellent 

control and precision for dimple generation. However they may have an issue with recast 

material as previously mentioned and require a secondary finishing operation to remove 

any recast prior to application. 
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2.3.2 Electrochemical Machining 

Electrochemical machining (ECM) has been also used to texture surfaces in sliding f 

contact for friction reduction. ECM works by passing a high cunent from a movable 

cathode through a electrolytic fluid to the workpiece, which is the anode from which 

material is removed by electrolyte dissolution .zhu [25] used ECM to create micro 

dimples on the surface of a chrome coated iron substrate. Using an insulating mask 

coated on the surface of the test sample a dimpled pattern was created as seen in Figure 

2.15, creating a test sample as seen in Figure 2.16. Dimples with a diameter of 240 11 m 

were machined, ranging in depth from 4 to 22 11 m resulting in a reduction in the 

coefficient of friction. 

etallayer } 
(Cathode) Mask 
nsulationlayer 

Anodeworkpiece 

Figure 2.15 Through-Mask Electrochemical Machining [25] . 
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Figure 2. 16. Dimpled Pattern as a Result of ECM [25 ]. 

Qian [26] performed a similar test using through mask electrochemical 

micromachining, again resulting in a reduction in fri ction. The key advantage of ECM is 

that no residual stress or cracks are associated with the ECM process as with process like 

laser machining which remove materi al through intense heat generation. 

2.3.3 Other Processes 

There are processes other than the two previously mentioned that can be used to 

texture surfaces. 

Piston surfaces in hydraulic motors were textured by Pettersson [30] using 

embossing tool s creating di amond tex tured surfaces of parallel and crossed grooves . 

BerI et [34] noticed a correlation between grinding fo rce and fri ction coeffi cient 

when testing a pin on disk test. Multiple tests were conducted using a vari ation of coolant 

composition (sulphur and phosphorous additives), contact forces, and contact time on 

grinding the surface of the disk. All factors influenced the coeffici ent of friction when 
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used on the pin on di sk test. The result of changing these factors was a change in surface 

composition of the di sk as well as a change in the surface topography and roughness. 

With optimization of these factors a disk with a specific surface topography resulted in a 

minimum coefficient of friction . 

Franzen [35] used a rolling process to texture tooling to increase friction to 

influence and control material flow during deep drawing process. The textures were 

linear in nature and of multiple configurations. The textures were created using a CNC 

milling machine and a ball point tool mounted on the spindle. The textures increase the 

friction locally on the sheet to influence the drawing procedure. 

The disadvantages of using mechanical texturing procedures as compared to a 

process such as laser machining or ECM are the wear on the tooling required to create the 

pattern causing the need for potentially complex and expensive consumables, as well as 

an increase in manufacturing time. 

2.4 EDM Texturing 

Electrical Discharge Machining (EDM) can produce textures on cutting tools 

possibly at a higher production rate than the previously mentioned methods. EDM has 

been found to also be effective in reducing friction in cutting tools. 

2.4. 1 Previous Work with EDM 

Cemented carbide cutting tool s were used by Jianxin [36] with micro holes 

created by EDM on the rake and flank face of the cutting tools, close to the cutting edge 
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as seen in Figure 2.17, of di ameter range between 200-250 micrometers and depth of 250 

micrometers. Hardened steel workpieces were used without any cutting fluids at a cutting 

speed of 11 5 m/min , with a solid lubricant of molybdenum di sulfide fill ed in the 

micromoles to create a self lubricated cutting tool. The cutting forces were reduced by 

creating a lubricating film between tool and workpiece. After cutting a thin lubricant film 

was vi sible on the wear tract of the tool [36]. As such the possibility of using EDM in 

some form to texture cutting tool s for friction reduction is possible, however thi s has not 

been significantl y explored. EDM process can include wire and die sinking and a vari ety 

of different types of textures can be generated. 

Figure 2. 17 EDM Micro Hole on Rake Face of Cutting Tool [36]. 

2.4.2 How EDM Works 

EDM uses two conductive surfaces separated by a di-electric fluid for machining. 

One surface is the electrode, machined into the negative of the desired profil e to be 
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created, and the other surface is the workpiece to be machined, both of which must be 

electrically conductive. When a voltage is applied across the surfaces the dielectric fluid 

breaks down and allows energy to flow through a plasma channel between surfaces. This 

plasma channel is extremely hot causing a crater to be melted in the workpiece and the 

electrode. The process can be seen in Figure 2. 18 below for a single spark. The diagram 

shows the charged electrode, creation of plasma channel, breakdown of plasma channel 

when the voltage is turned off, and finally the flu shing and remaining crater shape left. 

Dlelectnc Filled 
Gap 

Figure 2. 18. EDM Process 

Millions of sparks can occur per second during EDM, texturing a surface faster 

than laser machining, leaving a workpieces with a crater filled surface, which are 

positively skewed as seen in Figure 2.19 . The positively skewed surface acts like a 

serious of reservoirs that can retain lubricants. Each reservoir acts as a micro bearing, 

reducing friction. 

PositivelY SkeWed Negatively SkeWed 

Figure 2. 19. Positive and Negatively Skewed Surfaces 
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During EDM operations the size of each crater depends on the amount of energy 

expended for each spark. The energy is dependent on the intensity of the spark and the 

time it flows, both of which affect the metal removal rate and surface fini sh. Less 

di scharge energy means better surface fini sh but lower removal rates [37]. 

Material removal rate and surface texture parameters are determined mainly by the 

time between two pulses and the pulse width of the spark. The shorter the time between 

two pulses and the greater the spark di scharge power the greater the material removal 

rate [38]. Higher CUITent is used for roughing operations. Higher current will improve 

material removal rates, but at cost of surface fini sh leaving a rougher surface with deeper 

craters [39]. 

With longer pul se on time more workpiece metal is melted away. The resulting 

crater is broader than with a shorter pulse time. Longer pulse time also means more heat 

and larger recast layer to be considered [39]. 

Some consideration has to be taken for the effect of the heat generation during 

EDM on the workpiece structure. After and EDM operation, a top white layer crystallizes 

from the liquid cooled at high speed. Below the top layer is a chemically affected layer 

with change in chemical composition and phase changes. The surface is also spattered 

with expelled molten material that is recast, much like laser machining which may need 

to be removed prior to testing. Due to the intense heat generation micro cracks can form 

in the white layer affecting the strength of the machined surface [39]. 
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To control the depth of the craters the gap size between workpiece and electrode 

must also be considered. Gap size between the electrode and workpiece is on the order of 

1 to 50 micro meters, and increases with increase in peak discharge current due to 

production of more debri s in gap. Pulse on time has slight increase on machining gap also 

due to increase in machining debri s. Duty factor and peak discharge CUlTent are most 

important factors that affect gap size, increase in either causes increase in gap size [40]. 

Dimpled and linear textures have been shown to be effective at reducing friction 

in multiple applications, under different speed, load, and oil viscosity conditions. 

Optimuln texture configurations were found to be based on the operating conditions, 

resulting in dimple textures and linear textures specific to operating conditions. The 

textures have been manufactured by several different processes , such as laser machining, 

ECM, grinding, etc, which can be time consuming and expensive. EDM can produce 

similar textures rapidly. An isotropic surface can be easily manufactured, and the 

characteristics of the texture quickly modified by changing the EDM process parameters. 

A significant reduction in friction will be demonstrated using EDM textured cutting tools 

in Chapter 4. 
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Chapter 3 

Experimental Details 

Josh M. Tovey 

This thesis is experimental in nature. The objectives of this work were too: 

1. Prove the concept of texturing cutting tools using EDM 

2. Characterize the associated force reduction 

3. and examine aspects of texturing and cLltting parameters towards 

maximizing force reduction 

The techniques and equipment that were used in texturing cutting inserts and testing 

them are outlined in this chapter. 

3.1 EDM Setup 

EDM texturing of cutting inserts was performed on an Agietron Impact 2 Sink Ram 

EDM system (Figure 3.1), using electrical grade copper electrodes. 
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Figure 3. 1. Aigetron Impact 2 Ram EDM 

The machine tool used EDM Super Supreme dielectric fluid manufactured by 

Common Wealth Oil. 

3.2 Textured Cutting Inserts 

As previously reviewed in Chapter 2 the effectiveness of both dimpled and linear 

textures for improving lubrication was tested. 

3.2.1 Cutting Inserts 

Cutting inserts used for experimentation were of SPG 432 geometry and made of 

T -15 grade high speed steel manufactured by Arthur R Warner Co. This configuration 

was chosen for the simple geometry, featuring a 0 degree rake angle and 11 degree 

clearance angle. This allowed for orthogonal cutting, and the unobstructed flat rake face 

facilitated simple EDM texturing. 
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3.2.2 Dimpled Texturing of Cutting Inserts 

The rough dimpled pattern used was manufactured by die sinking an electrode 

onto the surface of the cutting insert, as seen in Figure 3.2 below. Electrical grade copper 

electrodes were used in with the face of the electrodes of size 1 cm x Y2 cm. 

Elechodc Illselt 

Dielectric Fluid Nozzle 

Figure 3.2. Insert Texturing Setup 

For a given cutting edge on an insert, only half the face was textured as shown in 

Figure 3.3 such that textured and non textured surfaces with a similar cutting edge radius 

could be realized for proper comparison. EDM parameters used will be mentioned in 

specific sections as appropriate. The inserts were textured such that the grinding direction 

was perpendicular to the chip flow direction as this has been found to correspond to 

minimal cutting forces [30][31] [32]. A graphical representation of a cutting insert with 

textured and non textured edge can be seen in Figure 3.3 below. 
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Figure 3.3 . Insert Showing Textured Region 

3.2.3 Linear Texfurcc! Inserts 

Josh M. Tovey 

Cutting inserts with linear textures on the rake face were also manufactured and 

tested. All procedures and the machine tool used were similar to the dimpled textured 

inserts however the copper electrode used was shim stock of 75 flm thickness. Each slot 

was created individually with the electrode moved over a given di stance between slots, to 

create the slotted texture. A representation of the linear texture can be seen in Figure 3.4. 

Again a comparison between textured and non textured inserts was completed using a 

single insert. 
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Textmed N(ln - Textmed 

Cutting Edge Cutting Edge 

Figure 3.4. Linear Textured Insert with Textured and Non Textured Cutting Edge 

3.2.4 Texture Characterization 

Surface profiles of the dimpled and linear textured inserts were acquired using a 

Mitutoyo Formtracer CS-5000, with a Cone Stylus F4227 I 31200074 with a tip radius of 

5.0 11m and tip angle of 40 degrees. Profile measurements were taken across the surface 

of the insert with a spacing of 0.25 mm between passes and a measurement pitch of 5.0 

11 m. A measuring speed of 2.0 11m/sec was used, with 10 passes being recorded for each 

insert in both directions in order to capture the variability in the surface. 

3.3 Experimental Test Setup 

The purpose of the experimentation was to determine the types of textured cutting 

tools manufactured that were most effective in reducing the friction and forces, and to 

identify the machining conditions under which such force reductions were materialized. 

As such various test conditions were used and will be li sted in their respective sections. 
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All inserts were tested on a Nakamura SC- 4S0 Lathe with oil lubricant. Cutting 

Oil 2S0 A (see Table 3.1 for properties) manufactured by Chern Ecol, which is a light 

duty cutting oil with synthetic fat additives for improved cutting on metals such as 

aluminum. The Nakumura SC-300 Lathe test setup is shown in Figure 3.S. 

Table 3.1. Properties of Chern Ecol 250 A Cutting Oil 

Viscosity @ 40 C 37 cSt 

Specific Gravity 0.9 

Tool Holder i Dynamometer 

Textured Insert 

Ribbed 
WorkPiece 

I 

Taibtock 

Chuck 

Figure 3.5. Nakumura Tome Sc-459 Lathe Test Setup 

A Kistler 3 Force Toolholder Dynamometer Type 9121 was used to measure 

cutting forces, in conjunction with three Kistler Type SOlO Dual Mode Amplifiers and 
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Labview program to record cutting forces. Sampling rates of 100 to 500 samples per 

second were used. 

3.3. J Oil Supply 

Oil supply for lubricated cutting was from the rear along the rake face of the tool , 

shown in Figure 3.6 as per research conducted by Childs, De Chiffre, and Shaw 

[11][14][41] , which corresponded to optimal lubricant penetration through micro 

channels and capillary action. 

Uil Supply 

Figure 3 .6. Oil Supply Direction 

This was confirmed by testing the direction of the lubricant nozzle relative to the 

tool rake face from above, rear, side and both sides to determine their effectiveness. The 

test was performed at a 0.1 mm uncut chip thickness and cutting speed of 2 m/min with 

initial EDM parameters and X di stance 0.2 mm to test variations of the nozzle direction. 
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Table 3.2. Cutting Forces with Various Nozzle Configurations 
Continuous Cutting 1045 Steel t = 0.1 mm V c = 2 In/min X = 0.2 mm 

Josh M. Tovey 

Percent Percent Reduction 
Nozzle Configuration 

Reduction in in Cutting Force 
Feed Force 

One Nozzle Above 27 12 

One Nozzle Side 27 1 1 

One Nozzle Each Side 27 11 

Both Nozzles From Rear 27 11 

As can be seen the nozzle configuration has minimal effect on the force reduction , 

and the process is very similar to flood lubricant Even a minimal amount of lubrication 

can affect friction as determined by da Silva [iO], and as such rear mounted lubrication 

will be used as per standard machining practice. 

3.3.2 Calibration 

The Kistler Dynamometer was calibrated with weights and compared to a Microtest 

Strain Gauge Model CTC/3kN to confirm the accuracy of the calibration data provided 

by the manufacturer. The Dynamometer was found to be accurate within 1.5% with 

weights ranging from 11 to 80 kilograms and within 1 % of values obtained with the 

Microtest Strain Gauge. The weights were measured with an Intercomp E-Z WEIGH 

Scale Model SW500. 

A drift analysis was performed on the measurement setup. 10 tests of 10 minute 

durations were performed with a sampling rate of 200 samples per second with no load. It 

was found the signal drifted consistently by 1.4% after 10 minutes and the drift was linear 
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in nature and thus easily compensatable. Most cutting tests conducted were less than 1 

minute in duration. 

3.3.3 Test Samples 

Ribbed test samples of 1045 Steel and 6061 Aluminum ranging from 50 to 127 mm 

in diameter were used. The rib width was 3 mm which was less than the width of the tool 

(12.5 mm) allowing for orthogonal testing, and spacing between the ribs was 18 mm to 

allow for sufficient room to position the toolholder between ribs without cutting into 

adjacent ribs, as shown in Figure 3.7 and Figure 3.8. Sampling rate used for continuous 

cutting was 200 samples/second. 

~l Fw l Du, ctwll 

j L j 
~ nun 1 S nun 

Figure 3.7. Dimensions of Workpiece 
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Figure 3.8 . Ribbed 1045 Steel Test Sample 

3.3.4 Interrupted Cutting 

To test the effect of cutting over finite distances intenupted cuts were also tested. 

Intenupted cutting on the lathe was accomplished by milling slots along the length of the 

test samples. Four slots of 12.7 mm wide were milled at 90 degrees apart, as seen in 

Figure 3.9 . Figure 3.10 shows a photograph of the actual workpiece. By varying the 

diameter of the workpiece the frequency of intenuption changes. This allows for 

simulation of intenupted cuts such as those in broaching operations to determine if there 

was a minimum length of material for effectiveness of the inserts and for comparison 

with continuous cutting, as those experienced in low speed cutting operations such as 

broaching. The sampling rate for intenupted cutting was 500 samples/second to allow for 

the small cutting distances 
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1 ~ Inch l'dilled Slot 

Figure 3.9. Cross Section ofInterrupted Test Samples Showing the Slots 

Milled Slot 

Figure 3.10. Interrupted Cutting Test Sample 

3.4 Test Procedure 

3.4.1 Preliminary Testing 

Childs [9] indicated that the effectiveness of cutting lubricants maximized at low 

speed cutting. As such initial testing was conducted at a low cutting speed of 2 m/min, 

with uncut chip thickness ranging from 0.025 mm to O.lmm. 
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All inserts were textured on the EDM with a gain of 15, compression of 20, and 

voltage of 160 V. EDM parameters were modified to vary the surface created. Discharge 

and Pause Time modified the width of the craters formed. The CUlTent modified the depth 

of dimples created. The polarity changed the dominant wear pattern from insert to 

electrode. Cutting parameters initially tested were as seen below; 

Table 3.3. Cutting Parameters of Initially Tested Insert 

Discharge Pause Current 

Time(fJs) Time(fJs) (Amps) Polarity 

42 42 39 + 

A polished insert with a roughness Ra 6.3 x 10-7 Ilm was also used for 

companson. 

The change in cutting forces experienced was computed using the following formula: 

P R d 
. . F Force of Textured Inserts - Force of Non Textured Inserts (3.1) 

ereent e uetlOn In oree = ---'--------------=---------
Force of Non Textured Inserts 

The force of the textured and non textured insert refers to the either the cutting or 

feed force of the respective insert. 

3.4.2 Non-Textured Edge Testing 

The effect of the di stance between the cutting edge and the location of the texture, 

as seen in Figure 3.11 was also experimentally tested. Initial EDM test parameters were 

used to determine the optimum di stance X required for maximum force reduction. The 

di stance X was measured on the Mitutoyo Formtracer CS-5000. 
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Figure 3. 11 . Defi nition of Non Textured Gap Size X 

Josh M. Tovey 

The distance X varied (from 0 to 0.4 mm), giving a varying space between cutting 

edge and texture, a representation of which can be seen in Figure 3.12 below. 

Texture 

Texture 
Texture 

i i i 
Cntting Edg-= Cntting Edg-= 

Figure 3. 12. Progression of Non Textured Gap Size 

The samples were tested on 1045 steel, with an uncut chip thickness of 0.025, 0.05 , 

and 0.1 mm, at a cutting speed of 2 m/min. 
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3.4.3 Tool Chip Contact Length 

The tool chip contact length at the interface between the tool and chip was 

experimentally determined using Dykem Blue applied to the rake face of the cutting 

inserts. The face of the inserts was cleaned prior to application of the Dykem Blue with 

alcohol swabs. When the chip passes over the face of the tool the blue is worn away 

allowing for easy visual measurement of the max imum contact length. 

3.4.4 EDM Parameter Comparison 

The Di scharge Time and CUlTent was varied based around the previously 

mentioned preliminary starting parameters to determine if different EDM parameters may 

prove more beneficial by influencing depth and diameter of the formed dimpled textures, 

as has been noted in prev ious experiments with lasers [23] [24][25] [26][27]. The 

following EDM Parameters were used, with a previously determined effective non 

textured gap size. By increasing the on time T, textures with wider dimple features were 

created. Increasing current I leads to dimple features with increased depth. Modification 

of these parameters determined if there was an optimal EDM setting, and thus surface 

features formed . The uncut chip thickness and cutting speed used were 0.1 mm and 2 

m/min respectively, with a di stance X optimized for the uncut chip thickness, which will 

be mentioned further. 
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Table 3.4. EDM Parameter Testing 

T(ps) J(Amps) 

42 10 

42 2 1 

42 52 

42 72 

42 39 

10 39 

24 39 

87 39 

133 39 

3.4.5 Linear Textures 

Work conducted by Sugihara [33] and Berl et [34] indicated the possibility of 

using linear textures on cutting inserts to reduce friction. These inserts were tested by 

using slots of increasing area density to determine an optimum textured smiace area for 

force reduction . The following inserts were used with different slot densities as seen in 

Table 3.5. The EDM parameters used were those of the initial testing. 

Table 3.5. Linear Tex ture Configuration 

Slot 
Texture % Surface 

X(mm) Width 
Spacing (mm) Removed 

(nun) 

0.2 0.1 One Line N/A 

0.2 0.1 0.35 22% 

0.2 0.1 0.3 25% 

0.2 0.1 0.08 53% 

0.2 N/A Solid 100% 
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3.4.6 Cutting Parameters 

The cutting parameters, namely cutting speed and uncut chip thickness, were varied 

to determine the range in which lubrication could be effective, as per the work of Childs 

[9] who noted the effectiveness of lubricants decreased with increasing cutting speed. He 

also noted based on uncut chip thickness and cutting speed there was a range of the two 

parameters where in lubrication could be effective. The affect of the textured inserts on 

the operating range was determined. 

3.5 Surface Roughness 

Aside from a reduction in friction , the textured surfaces might also maintain or 

reduce the surface roughness of the workpieces. Machined surfaces were compared at 

different uncut chip thicknesses to study the difference in resulting surface roughness. 

All results referring to the use of EDM textured insert can be seen in Chapter 4. A 

significant force reduction using textured inserts is demonstrated, as well as the cutting 

parameters pertaining to such reductions. Appropriate tool geometry required is 

determined and resulting surface fini sh data is presented. 
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Chapter 4 

Results and Discussion 

The application of using EDM to texture cutting tools is a novel one. To the best 

of the author's knowledge there is no previous work reported on this innovative approach 

that expands the application of EDM in tool manufacture. The different components of 

the experimental work conducted are depicted below: 

PreliminalY Testing 
(Lublicated vs Non-Lublicated Cutting) 

Continuous vs Intenupted Cutting 

Effect of Tool GeometIy on Force Reduction 

Effect of Cutting Parameters on Force Reduction 

Effect of Textured Tool on Workpiece Surface Finish 

Figure 4.1 . Flow Chart Outlining Experimental Work Presented in Chapter 4 
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4.1 Force Relation Between Measured Forces and Tool Forces 

The geometry of the inserts used and the tool holder were chosen such that cutting 

test pertained to an orthogonal (2 dimensional) configuration. The Fx and Fz forces 

measured with the dynamometer referred to the Feed (Fq) and Cutting Force (Fp) 

respectively. 

Representing the cutting forces in the form of a Merchants Circle (Figure 4.2), the 

relation between the feed and cutting forces to the force tangential (Fe) to the rake face of 

the cutting tool can be determined as: 

~OOI 

Figure 4.2. Merchant's Circle Diagram 

(4.1) 
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where a is the rake angle. With a zero degree rake angle as used in this work, the friction 

force (Fc) works out to be the same as the feed force (Fq), as shown below. 

Fc=Fq (4.2) 

Figure 4.3. Merchants Circle Diagram with a = a 0 

4.2 Force Time Plots for Lubricated and Non Lubricated Cutting 

Figure 4.4 and Figure 4.5 show the time evolution of feed and cutting forces 

respectively, to compare the performance of texture and non-textured inserts, under 

lubricated and non-lubricated conditions. Lubrication was applied at the beginning of the 

test, and then turned on and off intermittently during the course of cutting. Cutting was 

conducted at a speed of 2 mlmin and an uncut chip thickness of 0.1 mm, with a tool 

optimized for this uncut chip thickness using initial EDM parameters (T = 42 I-I s, P = 42 

I-Is, 1= 39 Amps, V = 160 V) and a X distance of 0.2 mm. Oil penetration was from the 
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rear of the tool as per research conducted by Childs, Shaw, etc [11][ 14][ 41], for better 

lubricant penetration. 
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Figure 4.4. Comparison of Feed Force between Non Textured and Textured Inserts - Continuous Cutting 
1045 Steel t =0.1 mmVc=2m!minX=0.2 mm 

The data in Figure 4.4 and Figure 4.5 are very conclusive in showing the 

effectiveness of the EDM texturing process in terms of force reduction. It is clear that the 

drop in forces is rather instantaneous with the application of the lubricant, and that the 

reduction in the feed force is more marked as compared to the reduction in the cutting 

force . 
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Figure 4.5. Comparison of Cutting Force between Non Textured and Textured Inserts - Continuous Cutting 
1045 Steel t = 0.1 mm Vc= 2m/min X = 0.2 mm 

There is a reduction of the machining forces when lubrication is applied for both 

the textured and non textured inserts however the textured insert corresponded to 

significantly less force. The texture helps promote the penetration and retention of 

lubricant at the chip-tool interface. It is also evident that there is a slight reduction in 

forces when using a textured tool with no lubricant. This is likely due to the texture acting 

to some extent as a restricted rake face tool owing to material removed off the rake face 

of the tool , limiting the contact area between the chip and tool. 

It was discussed by Kawasegi [32] that textured inserts used in high speed cutting 

reduced forces by reducing the contact length, and lubrication was not required. He found 

the effectiveness of textures in reducing cutting forces occUlTed only at high speeds with 
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or without external cutting fluids. This is thought to be in part due to the tool acting as a 

restricted rake face tool , and as the workpiece softening and acting as a lubricant, as it has 

been demonstrated that lubrication is required for significant forc e reduction. 

It is to be noted that that just the sufficient material needs to be removed from the 

rake face of the tool but fo r which it acts as a restricted contact tool that could correspond 

to higher tool stresses despite a reduction in cutting forces. 

4.3 Effect of Textures on Continuous and Interrupted Cutting 

The effect of the texture in reducing forces was seen for both continuous and 

interrupted cutting. All cases use lubrication for the entire test as the negati ve result of 

dry cutting has been demonstrated and such will not be discussed any further. 

4.3. J Continuous Cutting 

A textured cutting insert was compared to a non textured insert and polished insert 

at an uncut chip thickness of 0.1 mm and cutting speed of 2 m/min for continuous cutting, 

with an insert textured using initial EDM parameters (T = 42 J..I s, P = 42 J..I s, 1= 39 Amps , 

V = 160 V) and X distance 0.2 mm. 

A compari son of the average cutting forces and standard dev iation of the forces is 

shown in Figure 4.6, with comparison to a insert with a polished rake face. As can be 

seen, in addition to a reduction in forces the standard deviation of the forces for the 

textured inserts is somewhat less than that of the non textured insert. This is due to less 

adhesion between the tool and chip, reducing the number of welded asperities, reducing 
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the variation of the signal. A similar effect is reported by Pettersson [30] who noted a 

reduction in the variation of forces due to less adhesion between surfaces. The average 

forces of the textured insert were significantly less than that of the non textured and 

polished inserts. 
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Figure 4.6. Average Feed and Cutting Force Comparison of Inserts - Continuous CUlling 1045 Stee l t = 0.1 
mm Yc = 2 m/min X= 0.2 mm 

4.3.2 Interrupted Cutting 

Interrupted cutting was performed to test the effectiveness of the inserts for 

lubricant retention and penetration when cutting repeatedly over finite cutting distances. 
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Most of the work on textured tools in the literature has been conducted in continuous 

cutting operations. As such the effect of cutting with textured inserts in interrupted 

cutting is not as common. Interrupted cutting was performed at a cutting speed of 2 

m/min and uncut chip thickness of 0.1 mm, with a geometrically similar tool as used for 

the continuous cutting experiment, on a 76 mm diameter workpiece, that resulted in 

cutting engagement length as seen in Table 4.1. 

Table 4. 1. Engagement Length of Interrupted Test 

Diameter (nun) Engagement (nun) Disengagement (mm) 

76 46.9 12.7 

A comparison between feed and cutting forces relating to textured and non textured 

inserts can be seen in Figure 4.7 and Figure 4.8 , respectively with a significant reduction 

in forces noted when using a textured insert. The textured inserts also resulted in a 

decrease in the standard deviation of the forces, as seen in Figure 4.9, similar to the 

continuous cutting. Polished inserts were not compared as they have been shown (Figure 

4.6) to be ineffective in reducing forces significantly and considering this is an operation 

that adds substantially to the cost of tool manufacture. 
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Figure 4.7. Feed Force Comparison between Textured and Non Textured Inserts - Interrupted Cutting 1045 
Steel t = 0.1 rnm Vc= 2 m/min X= 0.2 mm 
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Figure 4.8. Cutting Force Comparison between Textured and Non Textured Inserts - Interrupted Cutting 
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Figure 4.9. Feed and Cutting Force Comparison of Inserts - Interrupted C Ull ing 1045 Steel t = 0. 1 mm 
Vc= 2 m/min X= 0.2 mm 

4.4 Components of Force Reduction when using Textured Inserts 

A comparison can be seen in Figure 4 .10 between continuous cutting with no 

lubrication, continuous cutting with lubrication, and intelTupted cutting with lubrication. 
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Figure 4.10 Percent Reduction in Feed and CUlling Force D ue to Forms of Cutting - Continuous and 
Interrupted Cutting 1045 Steel t = 0 .1 mm Vc= 2 m/min X= 0 .2 mm 

With continuous cutting and no lubrication a slight reduction in the cutting forces 

(Figure 4.10) can be seen, due to the tool acting as a restricted rake face tool. When 

manufacturing the texture, the electrode can be sunk sufficiently past the rake face of the 

tool such that no contact will occur between the chip and the texture surface when 
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machining, restricting the size of the rake face. 

When continuous cutting with lubrication the force reduction (Figure 4.10) was 

due to the penetration of the oi l and the restriction of the rake face. The reduction of 

cutting forces when performing intel1'upted cutting with lubrication (Figure 4. 10) was due 

to enhancing the lubricant penetration but also due to the restriction of the rake face. By 

removing the effect of the texture in reducing cutting forces with no lubrication , the effect 

of lubricant penetration and enhanced penetration can be seen in Figure 4.1 1. 
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Lubricant penetration results in almost a 25% and 10% reduction in feed and 

cutting force respectively (Figure 4.11). Enhanced penetration and retention of the fluid , 

due to the increased rake face access from interrupted cutting, accounts for almost a 40% 

and 20% reduction in feed and cutting forces (Figure 4.11). In an application with finite 

cutting distances, such as broaching, a significant reduction in cutting forces can be 

realized compared to continuous cutting. 

4.5 Texture Geometry 

The geometry of the texture, in terms of its location with respect to the cutting 

edge along the direclion of chip flow, the percent of the tool surface area textured, and 

texture surface properties all play an important role in determining the effectiveness of 

the texture. This is discussed in this section. 

4.5. J Texture Location 

Preliminary testing involved cutting inserts with a non textured edge length of 

approximately 0.1 mm to retain cutting edge integrity, as per similar work by lainxin 

[36] who did not texture all the way to the cutting edge to retain cutting edge integrity. In 

all cases [32] [33][36] where texturing was used in cutting tools, the spacing of the 

beginning of the texture was arbitrary or nonexistent, simply to retain tool edge integrity 

when required. Childs [9] mentioned that in no conditions would lubricant penetrate into 

the sticking zone, and as such any texture in the sticking zone may hinder the force 

reduction. Some testing needs to be considered to determine the size of the sticking and 

sliding zones , which depends on uncut chip thickness . The effect of the non textured edge 
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length X (Figure 4.12) is presented in thi s section. Cutting inserts were used with various 

non textured edge lengths X to determine the spacing between the texture and cutting 

edge that is most effective. 

L Texture 
1-------' 

X 

t t 
O.!tt1n g F.dge 

Figure 4. 12 Texture Location with Respect to Cutting Edge 

The effects of this non textured space as a function of the uncut chip thickness is 

shown in Figure 4. 13. 
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With increasing uncut chip thickness the length of the non texture edge length 

required for maximum force reduction increases. The optimum non textured edge length 

X also corresponds to the minimum friction angle resulting in the lowest shearing force 

required for chip generation. The value of X was non dimensionalized by diving by the 

uncut chip thickness and plotted to show optimum friction angle as seen in Figure 4.14. 
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Figure 4. 14 Friction Angle as a Result of Uncut Chip Thickness and X - Continuous Cutting 1045 Steel 

Vc= 2 m/min 

As can be clearly seen in Figure 4.13 and Figure 4.14 there is an optimum 

placement of the texture X for a particular uncut chip thicknesses. A maximum reduction 

of cutting forces and friction angle was found for each uncut chip thickness. 

At an uncut chip thickness of 0.025 mm a reduction of over 30% in the feed force 
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and 17% in cutting force was found at an X value of 0.1 mm. At an uncut chip thickness 

of 0.1 mm a reduction of about 30% in the feed force and 15% in cutting force was found 

at an X value of 0.2 mm (Figure 4.13). 

With increasing di stance X past the optimum value the reductions in cutting 

forces decreased towards those experienced by the non textured tool , as the tool tends to 

be non-textured 

It is interesting to note the texture that extends to the cutting edge slightly increases 

the forces (Figure 4.13). Cutting force also increased demonstrating that cutting edge 

integrity is important and should be maintained. The cutting edge radius was measured by 

the confocal microscope method for the insert that extended the texture to the cutting 

edge. The edge radius was measured to be 23 micrometers with a standard deviation of 5 

micrometers over 20 samples , as compared to 6 micrometers for the non textured tool 

with a standard deviation of only 0.8 over 20 samples. This indicated that the increase of 

the cutting edge radius negatively affected the performance of the tool. 

As can be seen the optimum placement of the texture (X) is dependent on the 

uncut chip thickness. With increasing uncut chip thickness, as there is an increasing 

sticking zone, an increasing non textured gap size is required to maximize the force 

reduction. 

4.5.2 Contact Length Test 

A tool-chip contact length test was performed to determine relation between the 
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placement of the texture (X) and the size of the sticking zone. Dykem Blue was coated on 

the insert to determine the contact length . 

Consideration was also given to the textures creating restricted rake face tool s, by 

reducing the height of the tool rake surface. This test confirmed that the chip-tool contact 

length extended into the textured surface, as shown in Figure 4.1 5, and that the tool was 

hence not acting as a restricted rake tool. 

f 1 
T~xhu~ 

--= .• Bllf.I..-~ J Contact 
L~ngth 

Cutting Edg~ 

Non T~xtm~d 
Edg~ 

Figure 4 .1 5 Result of Impingement of Chip on Rake Face of Tex tured Insert - Continuous CUlling 1045 
Steel t = I mm Vc= 2m/min X = 0.2 mm 

The tool-chip contact length test was conducted at an uncut chip thickness of 

0 .025 and 0.1 mm . The results are shown in Table 4.2 and Table 4.3 . 
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Table 4.2. Chip Contact Length Comparison at Uncut Chip Thickness of 0.025 mm - Continuous Cutting 
1045 Steel Vc= 2 mJmin X = 0.09 mm 

Insert Contact Length (mm) 

Non - Textured 0.45 

Textured 0.239 

Table 4.3. Chip Contact Length Compari son at Uncut Ch ip Thickness of 0.1 mm - Continuous Cutting 1045 Steel 
V c = 2 mimin X = 0.2 mm 

Insert Contact Length (mm) 

Non - Textured 0.99 

Textured 0.636 

A reduction of contact length between textured and non textured samples was 

seen (Table 4.2 and Table 4.3) as expected, and previously reported by da Silva [10] who 

noted the effect of reduced contact length with enhanced lubrication. 

Assuming 50% of the contact length is sliding and 50% is sticking, the sticking 

zone incorporates a length of approximately 0.10 mm when testing at an uncut chip 

thickness of 0.025 (Table 4.2), making the non textured edge length X and sticking zone 

approximately the same size. 

The same trend is seen when testing at an uncut chip thickness of 0.1 mm (Table 

4.3), where the non textured edge length X is approximately 33% of the sticking zone 

when lubrication was applied slightly less than expected but sti ll reasonable. The 

reduction of friction is not as significant comparing an uncut chip thickness of 0.025 mm 

(Figure 4.13). A greater reduction of friction should be expected when using an insert 

with a non textured edge length X closer to 50% of the contact length. 
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4.5.3 Linear Textures 

Cutting Inserts with linear textures were also machined and tested as per research 

conducted by Kawasegi [32], who investigated the effectiveness of linear textures in 

cutting applications using laser texturing. The effect of linear texturing the inserts using 

EDM in reducing forces can be seen in Figure 4.17 and Figure 4.18. By decreasing the 

spacing between slots (Figure 4.16), the percentage of the surface that was textured was 

increased. This resulted in the reduction of forces, with the maximum attainted when the 

whole surface was textured. 

Cutting Edge 

Figure 4. 16 Increased Percent of Surface Textured 
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As can be seen (Figure 4. 17 and Figure 4.18) , the greater the area of the insert 
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textured the greater the reduction in forces, and a completely textured surface is more 

effective in reducing forces than a slotted textured surface (Figure 4.19) . 

Linear Texture Solid Texture 

Cutting Edge 

Figure 4.19 Comparison Between Linear Texture and So lid Texture 

During the course of running the tests one of the inserts fractured, as seen in 

Figure 4.20. EDM process results in cracks and thermal stresses in the material being 

machined. The fracture that occurred could primarily be a result of the EDM process. It is 

hence recommended that the texture may be introduced during the compaction process 

and not with a secondary operation like EDM or laser texturing. It should also be noted 

that only one insert fractured in this form during the course of completion of this 

research. 
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Figure 4.20. In sert Damaged During Cutting 

4.5.4 Effect ofEDM Parameters 

The ED~v1 parameters, specifically the pulse on-time and current, \vere varied to 

test their effect when continuous testing with lubrication to determine an optimum 

roughness. The pulse on-time largely varies the aspect ratio of the formed crater, by 

increasing the diameter of crater formed , where as the cUITent increases the depth of 

crater formed. The uncut chip thickness and speed used were 0.1 mm and 2 m/min 

respectively, with an X length of 0.2 mm. The effect of varying cUITent and pulse on time 

can be seen in Figure 4.21 and Figure 4.22, with an optimum current and pulse on-time 

combination being determined. 
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The surface of the EDM texture was characterized to determine what parameters 

can be used to optimize the texture. The roughness Ra, skewness and kurtosis of the 
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EDM surfaces was calculated using the following formulas, where n represents the 

number of samples and Yi is the vertical distance from the mean line to the point; 

Roughness Ra 

Root Mean Squared 

Skewness 

Kurtosis 

1 II 

Ra=-LIY; I 
n ;=1 

1 II 

Rq= - LY/ 
11. ;=1 

1 II 

Rsk =--3 LY/ 
nRq ;=1 

1 II 

RkU=--4 LY/ 
nRq ;=1 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

The values of Ra, skewness, and kurtosis calculated in this work (Table 

4.4) are similar in magnitude to those found by Londardo [57] for EDM surfaces. 

Table 4.4 Surface Characteri sti cs of EDM Texture as a Functi on of EDM Parameters 

Pulse 
Ra Skewness Kurtosis 

Current on 
Ra Standard Skewness Standard Kurtosis Standard 

(amps) Time 
Deviation Deviation Deviation 

(us) 
10 42 6.6 0.523 0.002 0.013 2.234 0.1 60 

2 1 42 6 1.114 0.493 0.01 3 3.646 0.099 

52 42 11.7 1.169 0.355 0.024 2.971 0.088 

72 42 19.65 0.92 1 0.200 0.019 3.332 0.1 24 

39 42 10.4 1.284 0.102 0.020 2.568 0.071 

39 10 4.2 0.827 -0.01 2 0.016 1.838 0.082 

39 24 4.245 1.43 1 0.445 0.03 1 3.433 0.178 

39 87 5.95 1.323 0.079 0.010 2.358 0.1 92 

39 133 8.6 1.266 0.073 0.016 2.356 0.110 
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The result of the surface parameters can be seen plotted in Figure 4.23, Figure 4.24, 

and Figure 4.25 . 
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Figure 4 .23. Percent Reducti on of Feed Force as a Result of EDM Surface Roughness Ra - Continuous 
Cutting 1045 Steel t = 0. 1 mm Yc = 2 mlmin X = 0.2 mm 

As can be seen in Figure 4.23, there appears to be no direct correlation between the 

EDM surface roughness and reduction of forces. This is likely due to multiple surface 

configurations corresponding to similar Ra values. More information is hence required to 

define a surface, such as skewness and kurtosis. 
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Figure 4 .25. Percent Red uction of Cutti ng Force as a Result of EDM Surface Kurtosis - Continuous Cutting 
1045 Steel t =0.1 mm Vc=2 m/min X= 0.2 mm 

A trend can be seen when looking at fo rce reduction in terms of skewness and 

kurtosis of the EDM surface. As seen there ex ists an optimum value for both skewness 

and kurtosis, suggesting also an optimum crater size as to be expected from all work 
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conducted on dimpled texturing mentioned in Chapter 2. All publications on the subject 

of texturing using crater shapes result in different di ameter, depth , roughness, and density 

for each application, suggesting the process is very specific to the loads and cutting 

conditions experienced. As can be seen there is an optimum skewness value, being 

positive as in a cup shaped surface, as expected to act as a micro bearing. Any variation 

from the optimum value results in a decrease in effectiveness suggesting an optimum. 

There is also an optimum value of kurtosis, which is a measure of the peakedness of 

the surface, which suggests an optimum height to width ratio. Again , this was expected as 

the ratio of dimple to depth is important for optimum force reduction. 

4.6 Cutting Parameters 

The cutting parameters also have an effect on the extent of force reduction and 

will be di scussed in the followin g sections: 

4.6.1 Effect of Cutting Speed and Feed in Continuous Cutting 

To determine the range of effectiveness of a textured insert it was tested at uncut 

chip thickness of 0.025 and 0.05 mm and speeds of 2, 10, 25,40 and 75 m/min. It can be 

clearly seen in Figure 4.26 and Figure 4.27 that the inserts are effective only at low speed 

cutting and uncut chip thickness. Any dev iation from the optimal speeds and uncut chip 

thickness results in a decrease in the effectiveness of the tool. 
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As can be seen the effectiveness of the texture decreases with increasing cutting 

speed as expected based on the works from Shaw, Childs [11][13][14][41] , indicating the 

negative relation between cutting speed and lubricant effectiveness. With an increase in 

cutting speed the time available for penetration and reaction with the workpiece material 

to form a solid lubricant is now decreased. The effectiveness also decreases with 

increasing chip thickness as the oil penetrates less towards the cutting edge. 

4.6.2 Effect of Cutting Speed - Continuous and Interrupted Cutting Comparison 

A textured insert was tested at an uncut chip thickness of 0.1 mm for comparison 

at various cutting speeds, with initial EDM parameters and X dislance of 0.2 mm, for 

both continuous and interrupted cutting. As can be seen in Figure 4.28, the textured 

surface reduces forces at all speeds tested for both continuous and interrupted cutting, and 

extended the range of effectiveness of the lubrication, however the effectiveness 

decreased with increased speed. The results also indicate the better ingress of lubricant 

into the tool-chip interface in the case of interrupted cutting. Due to safety concerns 

associated with prolonged high speed testing with lubrication, specifically the flammable 

nature of the lubricant, no such testing was completed past 20 m/min. It should be noted 

that due to the low speed nature of lubricated cutting this should not be an issue, as 

lubricated cutting generally operates under cutting speeds of 10 m/min [16][ 17][ 18]. 
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Figure 4.28 Percent Reduction in Feed and Cutting Force as a Function of Cutting Speed - Continuous and 
Intenupted Cutting 1045 Steel t = 0. 1 mm X = 0.2 mm 

4.6.3 Engagement Length 

The engagement length of a cut was tested using intelTupted cutting at various 

diameter workpieces. For a single rotation of an intelTupted workpice, there are 4 cuts 

that occur. The engagement length refelTed to the length of a single cut. A sample was 

tested with a non textured edge length X of 0.4 mm and preliminary EDM parameters. As 

previously determined an edge length X of 0.4 mm would use an uncut chip thickness 

between 0.15 to 0.2 mm (Figure 4.14). The optimum uncut chip thickness was 

determined to be 0.175 mm . In continuous turning no reduction in cutting forces between 

the textured and non-textured samples was realized. Testing using the interrupted 

workpiece and utilizing a speed of 2 m/min and uncut chip thickness of 0.175 mm a 

considerable reduction of force was found. However the force reduction was found only 
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at a low level of tool engagement in the workpiece, using the workpiece of diameter 38 

mm, as seen in Figure 4.29. 

Table 4.5. E ngagement Length of Test 

Diameter (nun) Engagement (nun) Disengagem,ent (mm) 

58 32.7 12.8 

48 24.8 12.9 

38 16.9 12.9 
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Figure 4 ,29, Percent Reduction in Average Feed and Cutting Force based on Length of Test - IntelTupted 
Cutting 1045 Steel t = 0, I mm V c = 2 rnJmin X = OAO mm 

No reduction was noted using continuous testing. This can be explained by 

research conducted by Childs [9] . At an increased uncut chip thickness, lubrication 

penetration is minimal and loses effectiveness. However in an interrupted cut, lubricant 

can enter and be retained in the textured surface. During the cut the oi l is transported 

away, as such is only effective over a finite di stance before this effect is being dissipated. 
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4.6.4 Testing on Aluminum Workpiece 

A textured insert was also tested on 6061 aluminum workpiece for comparison 

purposes, at a cutting speed of 2 mlmin and uncut chip thickness of 0.15 mm, with a non 

textured edge length X of 0.2 mm and initial EDM parameters. The comparison between 

textured and non textured inserts can be seen in Figure 4.30 and Figure 4.31. The figures 

show a significant reduction in both the forces and associated variability between 

textured and non textured inserts. It should be noted at this point that the lubricant used in 

this thesis was tailored towards cutting aluminum. 

250 

,--.. 200 

6 
Q) 
u 
2; 150 
~ 
"0 

Q) 
Q) 

~ 100 

50 

o 

--Textured 
--Non Textured 

5 10 15 20 25 

Time (s) 

Figure 4.30. Feed Force Comparison between Textured and Non Textured Inserts - Continuous Cutting 
6061 Aluminum t = 0.15 mm Vc= 2 mlmin X = 0 .2 mm 
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Figure 4.31 Cutting Force Comparison between Textured and Non Textured Inserts - Continuous Cutting 
6061 Aluminum t = 0.15 mm Vc= 2 mlmin X = 0.2 mm 

4.6.5 Texture Location When Cutting Aluminum 

A test was conducted using continuous turning on a 6061 aluminum test sample at 

varying uncut chip thicknesses to compare with the results of using various non textured 

edge lengths X on steel. A textured insert with a non textured edge length X of 0.2 mm 

was tested at a cutting speed of 2 m1min at various uncut chip thicknesses. 

Much like the variable length gap test on steel, there is an optimum uncut chip 

thickness as seen in Figure 4.32 that corresponds to the maximum force reduction for a 

given non textured gap size. For an X value of 0.2 mm, the optimum uncut chip thickness 

was 0.15 mm. At this uncut chip thickness the chip-tool contact length was 0.98 mm. 

Chip formation in aluminum is significantly different from steel as such more research is 

required. It is also interesting to note the reduction variation of the forces, as expected 
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due to the lubrication and reduction of contact length as per research by Sugihara [33] 

who demonstrated the anti-adherability of such textures when machining aluminum. 
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4.7 Workpiece Surface Roughness 

In addition to force reductions, the quality of the machined surface is critical in 

determining if the tex tured cutting inserts are feasible in manufacturing processes. It was 

fo und that there was no significant difference in the roughness between surfaces 

machined using textured and non-textured surfaces machined using textured and non 

textured inserts (Figure 4.33) . 
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Chapter 5 

Conclusions and Future Work 

5.1 Conclusion 

Based on the research conducted in this thesi s it can be seen that inserts textured 

using EDM are capable of reducing cutting forces on an average of 30% in the feed 

direction and 15% in the cutting direction when continuous cutting 1045 steel. Larger 

reductions in forces were realized in interrupted cutting: almost 50% in the feed direction 

and 40% in the cutting direction , at uncut chip thickness greater than that possible when 

using continuous cutting. 

The textured tools provided some reduction in cutting forces during non 

lubricated cutting as well, as the tool likely acted to some degree as a restricted rake face 

tool. 

Textured tools must be properly designed with regard to uncut chip thickness . 

Extension of the textured surface onto the sticking zone of the tool-chip contact length 

can in fact lead to an increase in cutting forces. For best results the optimum placement of 

the texture is close to the beginning of the sliding zone of the contact length , which is 

about roughly 50% of the tool-chip contact length. 

The linear textured inserts showed the advantages of having the rake face of the 

insert completely textured as opposed to only over a finite area. Increasing reduction of 

forces was realized with greater area of the surface textured. 
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An optimum value of skewness and kurtosis corresponds to maximum reduction 

in forces. 

Cutting parameters and workpiece material are of significance in terms of force 

reduction. The force reduction is maximum at low cutting speeds (on the order of 50% of 

feed force and 40% of cutting force) and decreases with increasing speeds. EDM 

textured tool s are hence most beneficial in operations such as broaching. In interrupted 

cutting engagement length is important at higher (on the order of 0.175 mm) uncut chip 

thickness, as maximum force reduction occurs at smaller cutting lengths. The tool s must 

also be designed for specific material s with respect to location of the texture, as noticed 

when cutting 6061 aluminum whose chip formation characteristics are different from 

that of 1045 steel. 

Lubricant application direction was found to be largely unimportant as under 

essentially flood lubricant condition the capillary action was almost instantaneous in 

promoting the ingress of the lubricant into the tool-chip contact zone. 

No change in surface roughness between surfaces machined using textured and 

non textured tool s was noticed. 

EDM creates surfaces with thermal stresses and cracks that render them prone 

to surface cracking. Initially the edge of the cutting insert was left intact with no texturing 

for thi s reason, however, the additional benefits of force reduction quickly became 

apparent. During testing one of the cutting edges fractured catastrophically most likely 

due to these affects. For future testing it should be included that there is the possibility of 

fracture of inserts textured using EDM due to the cracks and thermal stresses. For large 
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scale production the texture should hence is better generated during the die compacting 

process. 

5.2 Future Work 

At low uncut chip thicknesses, usually 0.1 mm and smaller, the chip formation 

was primarily continuous; however at larger uncut chip thicknesses the possibilities of 

discontinuous chip formation was realized. This was due to the size and stability of the 

workpiece used for testing, and any deflections in the test setup. During operation smaller 

diameter workpieces were able to bend and deflect more than larger diameter workpieces, 

giving rise to more di sconiinuous chip [ormalion. This should be noted for future testing, 

for comparable results continuous chip formation must be present in all cases, which lead 

to the most favorable results for the cutting tool s. 

Future work could investigate the use of solid lubricants that can be applied 

directly to the textured surface. As lubricants are expensive and environmentally 

sensitive, solid lubricants such as graphite may be applied specifically in intenupted 

cutting as they have shown to be effective. In operations such as broaching and tapping 

where a solid lubricant could easily be applied during cuts thi s may prove to be beneficial 

in terms of both force reduction , and reducing costs associated with liquid lubricants. As 

determined, the tooling, texturing and process must be optimized for all cutting 

conditions including the specific lubricant. 

High speed cutting may also be considered. In most high speed cutting operations 

coolants are used as opposed to lubricants, which would not be beneficial in providing 
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force reduction on materials such as steel, however it may be beneficial for materials 

such as aluminum which experience high adhesion. In an operation such as milling where 

the cuts are interrupted the ability of coolants to penetrate and be retained in the texture 

increases, thus possibly impeding the tendency of the work material to adhere to the tool 

surface. 

A correlation between dimple parameters, material parameters, and operating 

conditions may be determined with extensive research and should be considered to 

provide a database of conditions where texturing may be beneficial. 

A wear test was considered to compare tool life between textured and non textured 

tools. Unfortunately the test cannot be accelerated due to the very specific uncut chip 

thickness and cutting speeds required for the texture to reduce forces. As such the test 

requires a considerable amount of time and material. A reduction in forces though should 

lead to a reduction in wear and thus an improvement in tool life. If a textured tool is to be 

considered for industrial applications some thought must be given to tool life, perhaps 

coupled with a coating to further improve tool life. Wear of the texture over time should 

also be considered to determine how the shape of the texture changes and if the 

lubrication properties of the textures changes with use. 
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