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ABSTRACT 
 
 

 Ever since composite materials have been used in the aerospace industry, there have been 

problems with cutting and machining them. One of the reasons for this problem was the dearth of 

available tooling to machine composites. As research in composites progressed and as 

composites found wide application in the aerospace industry, efforts have been made to develop 

good and efficient tools to machine them. Nevertheless, this effort is still ongoing to develop 

better tools, as the problems faced during machining have not been totally eliminated. Of the 

different machining operations performed on composite materials, drilling is the most common.  

The major problems faced during the drilling of composite materials are delamination and fiber 

pull out. Delamination reduces the strength of the composite. Another problem that persists is the 

effect of excess cutting temperatures on the quality of the drilled hole. Excess cutting 

temperatures affect the dimensional accuracy of the drilled hole and deteriorate its surface finish. 

Excess cutting temperatures during drilling may melt the matrix and char the drilled hole. 

Research and experiments conducted on drilling of composite materials have shown that as the 

cutting edges of the drill bit wear out, the heat generated and the thrust force produced increases. 

Increase in thrust force gives rise to delamination. Also tool geometry plays a big role in 

producing a hole with an acceptable quality. Hence, it is important to thoroughly investigate the 

performance of the drill bit in terms of producing a good hole quality.  

The objective of this research work was to evaluate the performance of drill bits when 

drilling carbon-fiber composites. Drill bits were evaluated for temperature, Hole oversize, 

surface roughness, roundness, thrust force, torque, damage area, and tool wear. By conducting 

experiments using different drill bits, the drill bit performance was determined for every 

parameter in question. Based on the results of these experiments, it was possible to determine 
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which drill bit performs optimally for the different parameters investigated in this research work. 

Also by evaluating the Hole oversize, roundness, and surface roughness, it was be possible to 

study the effect of speed and feed rate on these parameters. Also tool wear analysis was carried 

out as a part of this research work.  
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CHAPTER 1 

INTRODUCTION 
 
 

 Composites are a combination of several materials acting in concert. Composites are 

called upon to provide properties unattainable in the constituents by themselves. Composites take 

many forms. They may consist of particles or fibers distributed in a matrix; they may be layered 

materials that are laminated together, and they may be organic, metallic, ceramic, or a 

combination of these [1].  

 Space vehicles, heat shields, rocket propellants, deep submergence vessels, buildings, 

vehicles for water and land transport, aircraft, pressure tanks, personnel armor, and many 

applications impose requirements that are best met, and in many instances met only, by 

composite materials [1].  

 In a composite, the constituents retain their identities, that is, they do not dissolve or 

otherwise merge completely into each other; they act in concert with each other [1]. Properties of 

the composites are strongly influenced by the materials of their constituents, the distribution of 

the constituents, and the interactions among constituents [1]. 

Composites are often classified as fibrous, laminar, or particulate.  

• Fibrous composites – composed of fibers, usually in a matrix. 

• Laminar composites – composed of layers of materials. 

• Particulate composites – composed of particles, usually in a matrix [1]. 

Particulate composites are further classified as follows: 

• Skeletal – consisting of a continuous skeletal structure filled with one or more 

 additional materials [1].  
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• Flake – consisting of flat flakes, usually oriented parallel to each other, generally in a 

 matrix [1].  

For many applications not only strength and stiffness are important, but also the ratios of these 

values to the density of the material may be even more significant, especially in space 

applications and others where weight is important [1]. 

 Fine elements or fibers by themselves have limited engineering use. They need support, 

something to hold them in place in a structure or device. This is accomplished by embedding the 

fibers in a continuous supporting matrix sufficiently rigid to hold its shape, to prevent buckling 

and collapse of the fibers, and to transmit stress from fiber to fiber. The matrix may be, and 

usually is, considerably weaker, of lower elastic modulus, and of lower density than the fibers. 

By itself, the matrix would not withstand high stresses. When fibers and matrix are combined 

into a composite, a combination of high strength, rigidity, and toughness frequently emerges that 

far transcends these properties in the individual constituents. Strength is approximately the same 

in all directions, that is, the material is essentially isotropic in its own plane [1].          

 The highest strength in one direction is achieved when fibers in the form of continuous 

filaments are laid down parallel to each other in a unidirectional pattern. The highest strength and 

elastic modulus occur in the longitudinal direction, but the strength in the traverse direction is 

essentially the strength of the matrix, and the elastic modulus, while higher than that of the 

matrix alone, is lower than the longitudinal. Composites of a matrix plus unidirectional fibers are 

essentially orthotropic [1].  

1.1 Fibers 

Fibers are one of the oldest engineering materials in use. Jute, flax, and hemp have been used for 

such products rope, cordage, nets, water hose, and containers since antiquity. Other plant and 
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animal fibers are still used for felt, paper, brush, or heavy structural cloth. The fiber industry is 

clearly divided between natural fibers (from plant, animal, or mineral resources) and synthetic 

fibers. Many synthetic fibers have been developed specifically to replace natural fibers, because 

synthetics often behave more predictably and are usually more uniform in size. Synthetic fibers 

are frequently less costly than their natural counterparts. In the garment industry, for example, 

polyacrylonitrile and rayon fibers were developed to replace the most costly fibers, silk and 

wool. For engineering purposes, glass, metallic, and organically derived synthetic fibers are most 

significant. Nylon, for example, is used for belting, nets, hose, rope, parachutes, webbing, 

ballistic cloths, and reinforcement in tires [2]. 

1.2 Carbon Fibers 

 Carbon fibers are characterized by a combination of light weight, high strength, and high 

stiffness. Their high modulus and (to a lesser extent) strength depend on the degree of preferred 

orientation, i.e., the extent to which the carbon-layer planes are oriented parallel to the fiber axis. 

All carbon fibers are made by pyrolysis of organic precursor fibers in an inert atmosphere. 

Pyrolysis temperatures can range from 2012°F to 5432°F (1,000°C to 3,000°C); higher process 

temperatures generally lead to higher-modulus fibers. Only three precursor materials, rayon, 

polyacrylonitrile, and pitch have achieved significance in commercial production of carbon 

fibers [2].  

 The first high-strength and high-modulus carbon fibers, discussed above, were based on a 

rayon precursor. These fibers were obtained by being stretched to several times their original 

length at temperatures above 5072°F (2800°C). The high cost of this stretching and some 

uncertainty about the continued supply of suitable rayon precursors have essentially made these 
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fibers obsolete. Nevertheless, considerable quantities of rayon-based carbon cloth, which is not 

hot-stretched in processing, continue to be used in aerospace applications [2]. 

 The second generation of carbon fibers is based on a polyacrylonitrile (PAN) precursor 

and has achieved market dominance through a combination of relatively low production costs 

and good physical properties. In their most common form, these carbon fibers have a tensile 

strength ranging from 350 to 450 kips/in2 (2413 to 3102 MPa), a modulus of 28 to 75 x 106 lb/in2 

(0.2 to 0.5 GPa), and a shear strength of 13 to 17 kips/in2 (90 to 117 MPa). This last property 

controls the transverse strength of composite materials [2].  

 PAN-based carbon fibers are offered as yarns containing 1,000 to 12,000 filaments and 

tows containing up to several hundred thousand filaments. The lower filament-count (1,000 to 

6,000) yarns are also woven into fabrics of various constructions for making composites (see 

Figure 1). The higher-modulus carbon grades are naturally higher in cost [2]. 

 

Figure 1. Single tow of PAN fiber spread to show individual filaments [2]. 
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1.3 Fiber Factors 

 What factors contribute to the engineering performance of a fiber-matrix composite? 

Among the most important are the orientation, length, shape, and composition of the fibers; the 

mechanical properties of the matrix; and the integrity of the bond between fibers and matrix. Of 

these, orientation of the fibers is perhaps most important [2].  

 Fiber orientation (how individual strands are positioned) determines the mechanical 

strength of the composite and the direction in which that strength will be greatest. There are three 

types of fiber orientation: one-dimensional reinforcement, two-dimensional reinforcement 

(planar), and three-dimensional reinforcement. The one-dimensional orientation has maximum 

composite strength and modulus in the direction of the fiber axis. The planar orientation exhibits 

different strengths in each direction of fiber orientation. The three-dimensional type is isotropic 

but has greatly decreased reinforcing values (all three dimensions are reinforced but only to 

about one-third of the one-dimensional reinforced value). The mechanical properties in any one 

direction are proportional to the amount of fiber by volume oriented in that direction. As fiber 

orientation becomes more random, the mechanical properties in any one direction become lower 

(see Figure 2) [2]. 

         

Figure 2. Three types of orientation reinforcement [2]. 
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1.4 Matrixes and Their Role 

 Depending on the application, it is possible to view the role of the matrix in two distinct 

ways, namely, as the binder that contains the major structural elements (fibers) and transfers 

load, or as the primary phase which is merely reinforced by the secondary, fiber phase. The first 

approach is the traditional one, since most composites to date have used a relatively soft matrix, 

a thermosetting plastic of the polyester, phenolic, or epoxy type. The strength of such composites 

is almost entirely of that of the fibers, and for efficiency, it is desirable to maximize the fiber 

content. Thus, with some important exceptions, small improvements in the matrix’s structural 

properties are of little value; its adhesion and processing characteristics are paramount [2].  

 The matrix binds the fibers together, holding them aligned in the important stressed 

directions. Loads applied to the composite are then transferred into the fibers, which constitute 

the principle load-bearing component, through the matrix, enabling the composite to withstand 

compression, flexural, and shear forces, as well as tensile loads. The matrix must isolate the 

fibers so that they can act as separate entities. The reason being that when the fibers are separated 

from each other by the matrix, cracks are unable to pass unimpeded through sequences of the 

fibers in contact [3].  

 While the quality of the prepreg depends somewhat on the impregnation method, the 

quality of the fabricated composite depends on the following prepreg properties and resin 

processing parameters: 

• State of resin cure 

• Wettability to filaments 

• Processing and/or curing temperatures and pressures 

• Shrinkage during cure 
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• Liberation of volatiles in processing and/or curing 

The applications that call for significant improvements in matrix properties are those subject to 

environmental extremes, particularly of temperature. Elevated-temperature applications, such as 

high-acceleration missiles and re-entry vehicles, may require matrix materials with a high degree 

of heat resistance [2]. 

 Thus, matrix design is rather tightly constrained, not only in its mechanical properties but 

in its weight. To optimize composite weight without sacrificing structural integrity the matrix 

portion is usually pared to the minimum giving adequate shear strength and low void content [2].  

1.5 Thermoplastic and Thermosetting Resins 

 Thermoplastic resins include polyesters, vinyl esters, epoxies, bismaleimides, and 

polymides. Thermosetting polyesters are commonly used in fiber-reinforced plastics (FRPs), and 

epoxies make up most of the current market for advanced composite resins [2].  

 Thermosets because of their three-dimensional cross-linked structure, tend to have high 

dimensional stability, high temperature resistance, and good resistance to solvents [2]. Thermoset 

matrix systems dominate the composite industry because of their reactive nature. These resins 

begin in a monomeric or oligomeric state, characterized by quite low viscosity (i.e., high flow). 

This allows ready impregnation of fibers, malleability into complex forms, and a means of 

achieving high-strength, high-stiffness cross-linked networks in a cured part. Thermosetting 

epoxies, unsaturated polyesters and vinyl esters, bismaleimides, polymides, and phenolics have 

been developed to provide specific cost/performance balances [2].  

 Epoxy resins are more expensive than polyesters, but their high adhesion makes them 

useful in many high-performance applications. Epoxy resins also have excellent water resistance 
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and low shrinkage during cure (about 3%), properties conducive to good fiber-matrix adhesion 

[2]. 

 Thermoplastic resins, sometimes called engineering plastics, include some polyesters, 

polyetherimide, polyamide, polyphenylene sulfide, polyether ether ketone (PEEK), and liquid- 

crystal polymers. They consist of long, discrete molecules which melt to a viscous liquid at the 

processing temperature, typically 500°F to 700°F (260°C to 371°C), and after forming, they are 

cooled to an amorphous, semi crystalline, or crystalline solid. The degree of crystallinity has a 

strong affect on the final matrix properties [2].  

 Thermoplastics, while generally inferior to thermosets in high-temperature strength and 

chemical stability, are more resistant to cracking and impact damage. However, it should be 

noted that recently developed high-performance thermoplastics such as PEEK, which have a 

semi crystalline microstructure, exhibit excellent high-temperature strength and solvent 

resistance [2].    
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CHAPTER 2 

LITERATURE REVIEW 
 
 

 One of the major problems faced during the drilling of composite materials is the effect 

of cutting temperatures. Much research is still underway to alleviate this problem. The heat 

generated during the drilling process adversely affects the dimensional accuracy and the surface 

finish of the drilled hole. Research and experiments conducted on drilling of composite materials 

have proved that as the cutting edges of the drill bit wear out, the heat generated and the thrust 

force produced increases and the dimensional accuracy of the hole decreases. Much research has 

been conducted and many papers written in this area.  

 C. Dandekar, et al., [4] of the Center for Lightweighting Automotive Materials and 

Processing, University of Michigan-Dearborn, have made a comparative study of the drilling 

characteristics of an E-glass fabric-reinforced polypropylene composite and an aluminum alloy. 

Their research presents an experimental study on the drilling characteristics of an E-glass fabric 

reinforced polypropylene composite and an aluminum alloy 6061-T6. Here the drilling 

characteristics they have considered are axial thrust force, torque, temperature increase during 

drilling, and chip morphology. Their study found that both axial thrust force and torque were 

significantly higher for the aluminum alloy but were independent of the cutting speed for both 

materials; however, both increased linearly with increasing feed rate for the composite but non-

linearly for the aluminum alloy. The study found that the temperature rise decreased with 

increasing feed rate as well as increasing cutting speed; however, the maximum temperature rise 

in the composite was significantly lower than that in the aluminum alloy. Among the cutting 

parameters considered important for drilling operation, feed rate has the greatest effect on the 

maximum axial thrust force and maximum torque during the drilling of composites [4]. This is 
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one observation made in this thesis work. It was noticed that lower values of thrust force and 

torque were obtained at low feed rates. A number of researchers have reported that both increase 

with increasing in feed rate. At normal cutting speeds, axial thrust force and torque are not 

affected significantly by cutting speed. However, at very high cutting speeds, both axial thrust 

force and torque were found to increase with increasing cutting speed. In this thesis work, it was 

observed that lower thrust values were produced at low speeds. 

 Other drill parameters that have an effect on the axial thrust force and torque are the drill 

diameter, drill geometry, and tool wear. In all cases, both thrust force and torque increased with 

increasing feed rate, but cutting speed was found to have little effect. This was yet another 

observation in this thesis work. The speed was not significant with regards to torque, i.e., though 

the speeds were high and the corresponding torque generated was low. Both drill geometry as 

well as drill material affected the thrust force. During drilling of fiber-reinforced polymers, heat 

dissipation becomes an issue due to their poor thermal conductivity compared to metals. Also, 

due to their anisotropic nature, the thermal properties in various directions tend to be different. In 

metals, 75% of the heat generated is absorbed by the chips, 18% by the tool, and 7% by the 

workpiece. In carbon/epoxy composites, approximately 50% of the generated heat is absorbed by 

the tool, 25% by the workpiece, and 25% by the chips. Higher heat absorption by the workpiece 

and the chips is of concern in thermoplastics matrix composites, since the local temperature rise 

may cause melting of the matrix, dimensional changes of the hole, and clogging of the chips [4]. 

 The polymer composite used by Dandekar et al. [4] was an E-glass fabric reinforced 

polypropylene in the form of a 305 mm x 305 mm x 2.3 mm (thickness) pre-consolidated sheet. 

The aluminum specimen used in the drilling study was a 152.4 mm long x 38.1 mm wide x 12.7 

mm thick bar of aluminum alloy 6061-T6. All the drilling experiments were carried out on a 
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vertical CNC milling machine (Fadal TRM) using two-fluted standard twist drills in all the 

experiments. The drill diameter was 6.35 mm, and the drill material was solid carbide. The point 

angle was 118º. Three different cutting speeds and five different feed rates were selected as the 

cutting parameters in this study. The experiments were conducted without any backing plates, 

and no coolants were used. Axial thrust and torque measurements were made using a Kistler 

9273 four-component dynamometer [4].  

 During drilling they measured temperature increase in the material was measured using a 

0.254 mm gage diameter Teflon-coated K-type thermocouples (Omega engineering). The 

thermocouple wires were placed approximately 2 mm distance from the edge of the drilled hole 

and at depths of 3.45 mm, 5.75 mm, 8.05 mm and 10.35 mm from the top surface of the 

specimen [4]. This research project has examined the drilling characteristics of an E-glass fabric- 

reinforced polypropylene composite in comparison to an aluminum alloy. The drilling process 

was mapped based on the axial thrust force and torque variation with drill penetration. Both axial 

force and torque were significantly lower for the composite specimens. The axial thrust force and 

torque for composite specimens had a linear relationship with feed rate, but both increased in a 

slightly non-linear fashion for the aluminum specimens. The cutting speed had a very small 

effect on the axial thrust force and torque for drilling both composite and aluminum specimens 

[4]. 

 During drilling, Dandekar et al. [4] observed that both cutting speed and feed rate had an 

effect on the rise in temperature. The maximum rise, which occurred close to the drill exit point, 

was significantly higher in the aluminum specimens [4]. In this thesis work, it was observed that 

at the drill exit point, the temperature generated was high, but this was not the maximum 

temperature. The maximum temperature occurred when the drill bit was fully engaged in the 
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material. The maximum temperature rise occurred at the lowest feed rate and the highest cutting 

speed for both materials [4]. 

 Further more, Dandekar et al. found that both cutting speed and feed rate had an effect on 

the chip morphology. As the feed rate was increased, the chip thickness increased and the chip 

length decreased. At the lowest feed rate and the lowest cutting speed, the chips from the 

composite specimens exhibited a brittle behavior; however, at higher cutting speeds, the chip 

behavior was more ductile in nature. Also the chip morphology of the aluminum specimen was 

ductile even at low feed rates [4]. In this thesis work, the chip morphology was not studied. 

 Davim et al. [5] carried out an experimental study of drilling glass fiber-reinforced 

plastics (GFRPs) manufactured by hand layup. Their aim was to study the effect of cutting 

parameters (cutting velocity and feed rate) under specific cutting pressure, thrust force, damage 

and surface roughness in GFRPs. Davim et al. [5] performed experiments under different cutting 

conditions on discs made of GFRPs. The composite material they used was made of Viapal VUP 

9731 (polyester matrix reinforced with 65% glass fiber) and was produced by hand layup. The 

thickness of the disc was 22 mm, and they used two different types of 5 mm diameter drills: a 

helical flute K10 drill, ‘‘Stub Length’’ and a ‘‘Brad and Spur’’ K10 drill. The “Stub Length’’ 

drill had a 118-point angle, a 22°-helix angle, 10% cobalt grade and 26 mm of flute length. The 

‘‘Brad and Spur’’ has 10% cobalt grade and 25.5 mm of flute length. The depth of the holes in 

the GRFP disc was 15 mm. Davim et al. [5] measured the damage around the holes with a shop 

microscope, Mitutoyo TM 5001, with 30x magnification and 1 mm resolution. The surface 

roughness was evaluated (Ra according to ISO 4287/1) with a Hommeltester T1000 

profilometer. Davim et al. [5] observed that the thrust force increases with feed rate, which was 

also observed in this thesis work. 
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 Davim et al. [5] noticed that the damage index/area increases with the feed rate and with 

the cutting speed. In this thesis, it was observed that an increase in feed rate and cutting speed 

slightly increased the damage area in some cases, but not in all cases.  

 Davim et al. [5] found that the value of Ra, i.e. surface roughness increases with feed rate 

and decreases with cutting speed they suggest that to obtain a better surface finishing, it is 

necessary a high cutting speed and a low feed rate must be adopted. In this thesis work too, it 

was observed that the surface finish was better at low feed rates, but the speed did not play a 

significant role. 

 El-Sonbaty et al. [6] carried out studies to determine factors affecting the machinability 

of glass fiber-reinforced/epoxy composites (GFRECs). Their objective was to investigate the 

influence of some parameters on the thrust force, torque, and surface roughness in drilling 

processes of fiber-reinforced composite materials. These parameters included cutting speed, 

feed, and drill size, and fiber-volume fraction. They performed the drilling processes on GFRECs 

with various values of fiber-volume fractions (Vf ¼ 0%, 9.8%, 13.6% and 23.7%). The 

composite laminates, with 8.5 ±0.1 mm thickness, were fabricated using hand layup technique. 

El-Sonbaty et al. [6] observed that increasing the speed from 218 to 1850 RPM had an 

insignificant effect on thrust force. Furthermore, they pointed out that increasing the feed from 

0.05 to 0.23 mm/rev. led to an increase in thrust force from about 48 to 120 N. In this thesis 

work, it was observed that low values of thrust force are produced at low feed rates, which 

indicates that the thrust force is dependent on feed rates.   

 El-Sonbaty et al. [6] pointed out that torque was decreased with increased cutting speed. 

The decreased thrust force and torque with an increase in cutting speed was due to the increase in 

the generated heat that was assisted by the low coefficient of thermal conduction and low 

13 



transition temperature of plastics. Accumulated heat stagnates around the tool edge and destroys 

the matrix stability behind the tool edge. The destroyed matrix reduced the resistance forces that 

developed on the lips and the moment of the resistance force. Also, the accumulated heat around 

the tool edge led to a softening of the polymer matrix, where the softener materials acts as a 

lubricant material, which reduces the friction forces, the moment of friction force on the margins, 

and the moment of the forces of friction of the chip on the drill and on the machined surface. 

Furthermore, El-Sonbaty et al. [6] found that increasing the drill diameter and feed increased the 

values of thrust force and torque. This result was due to the increase of drill diameter and feed 

which led to an increase in the cross-sectional area of the undeformed chip. The latter leads to an 

increase the resistance of chip formation and, consequently, the increase of the axial thrust and 

the torque. In this thesis work, the effect of the drill diameter was not studied. El-Sonbaty et al. 

[6] found that the cutting speed and feed have an insignificant effect on surface roughness of the 

epoxy resin. On the other hand, for GFRECs the surface roughness was improved by increasing 

the cutting speed and fiber volume fraction. In this thesis work, it was observed that the feed rate 

plays a role in obtaining a good surface roughness because the best surface finishes were 

obtained at low feed rates. Furthermore El-Sonbaty et al. [6] found that the drill diameter 

combined with feed has a significant effect on surface roughness. This effect was not studied in 

this thesis work.  
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CHAPTER 3 

DRILLING OF COMPOSITES 
 
 

 One of the first questions asked when attention began to focus on composite materials 

was why it takes so long to drill holes in them. The answer, of course, is that the available 

tooling was not designed for cutting composites. glass-epoxy (Gl-Ep) and graphite-epoxy (Gr-

Ep) are so abrasive that initially only woven cured was used; however, poly crystalline diamond 

(PCD) has been very successful (see Table 1). Drill tips were designed for metalworking, the tip 

heating the metal to provide the plastic flow needed for efficient cutting. Since composites 

cannot tolerate this heat, production must be slowed down to keep the heat as low as possible. 

Drill designers had to abandon cutting tips with neutral and negative rakes and wide chisel points 

because a drill with a neutral rake scrapes the material and causes it to resist penetration by the 

drill tip (The drill nomenclature is shown in Figure 3). The operator must exert pressure to drill 

the hole, and pressure causes heat buildup [2].  

 

Figure 3. Drill nomenclature [7]. 
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Table 1 
 

MACHINING DATA FOR GR-EP COMPOSITES [2] 
 

  Speed (ft2/min)  

Tooling 
Material 

Material 
Thickness (in) 

Hole Diameter 
(in) 

Uni-
Directional 

Fibers 

Multi-
Directional 

Fibers 

Feed Rate  
(in/rad) 

Carbide 
Up to 0.500 

0.500-0.750 

0.191-0.312 

0.191-0.312 

140 

110 

200 

140 

0.001-0.002 

0.001 

PCD 
Up to 0.500 

0.500-0.750 

0.191-0.312 

0.191-0.312 

325 

325 

325 

325 

0.002-0.0035 

0.002-0.0035 

 

 A neutral rake tends to push the reinforcing fibers out in front, requiring a great deal of 

pressure to penetrate the piece. This pressure causes the fibers to bend, resulting in furry, 

undersized holes.  The pressure also produces excessive heat, which causes galling and chip 

clogging in the resin. The release of pressure as the tool bit breaks through the part causes a 

sudden and momentary increase in feed rate. As the tool plunges through the last few fibers, the 

cutter shaft, not the cutting edge, removes the remaining material. The result is chipping and 

cracking [2].  

 The best way to analyze a drilling operation is to examine the chips. Ideal chip form for 

composites is a dry, easily moved chip that looks like confectioner’s sugar. If the speed of the 

cutting tool is too high, heat will make the resin sticky and produce a lumpy chip; if the cutting 

edge is scraping and not cutting the plastic, the chips will be large and flaky. Either type will 

eventually clog any evacuation system [2]. 
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 Good tool geometry for both resin and metal-matrix composition (MMC) starts with 

positive rake. The reinforcing fibers are pulled into the workpiece and sheared or broken 

between the cutting edge and the uncut material. A positive rake on the cutting edge removes 

more material per unit of time and per unit of pressure than a negative rake, but the more positive 

the rake, the more sensitive and fragile the cutting edge. A small chisel edge, the second element 

of good tool geometry, improves the penetration rate, which translates into more drilled pieces 

per hour. The optimum chisel edge for composites is as close to a point as possible. Good 

geometry also means a cutting-tool shape that facilitates chip handling, so that the chips are 

produced and then removed immediately above the entrance of the hole. From this point, a 

properly designed vacuum system can dispose of the chips in conformance with safety and 

environmental standards [2]. 

 In the last few years tooling has been developed that has greatly improved drilling 

operations in graphite-epoxy (Gr-Ep), kevlar-epoxy (Kv-Ep), glass-epoxy (Gl-Ep), boron-epoxy 

(B-Ep), and their hybrids as well as metal-matrix compositions. Some tool bits are made of 

particles of tungsten carbide smaller than 1 µm; three models are shown in Figure 4. The solid-

shank style and the twist drill are used in automatic drilling equipment. The drill-guide system is 

designed to be used with an air or electric motor. Fitted with a socket adapter, it can drive all 

drill sizes from 0.118 to 1.0 in (3 to 25.4 mm). The internal compression-control spring regulator 

withdraws the tool after drilling. Its pressure control compensates for the breakthrough lurch, or 

sudden increase in feed rate as the tool bit breaks through the last few fibers. It also eliminates 

partially drilled holes, because the operator must depress the unit completely each time since no 

change in pressure is felt as the hole nears completion. In recommended operations, these drills 

have run at speeds of 300 to 600 ft/min (1.5 to 3 m/s) [2].   
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Figure 4. Cutting heads used in drilling composites: (a) solid-shank drill, (b) drill guide system, 
(c) flute twist drill [2]. 

 
 
 
 

 Drilling holes in composites can cause failures that are different from those encountered 

when drilling holes in metals. Delamination, fracture, break-out, and separation are some of the 

most common failures. Delamination (surface and internal) is the major concern during drilling 

composite laminates, as it reduces the structural integrity, results in poor assembly tolerance, 

adds a potential for long-term performance deterioration, and may occur at both the entrance and 

exit plane. Delamination can be overcome by finding the optimal thrust force (minimum force 

above which delamination is initiated). Figure 5 shows push out delamination at the exit because 

at a certain point, loading exceeds the interlaminar bond strength and delamination occurs [8]. 
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Figure 5. Drill bit showing push-out delamination at exit [8]. 

 

Figure 6 shows a peel-up delamination at the entrance because the drill first abraded the laminate 

and then pulled the abraded material away along the flute causing the material to spiral up before 

being machined completely. This type of delamination decreases as drilling proceeds since the 

thickness resisting the lamina bending becomes greater [38]. 

 

 

Figure 6. Drill bit showing peel-up delamination at entrance [8]. 
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 Among the variables to be considered for tool selection include the thickness of material, 

diameter of hole, tolerance requirements, hole-finish, requirements and the composite material 

being drilled. Tungsten carbide, micrograin tungsten carbide, and drill tool materials are used for 

drilling composite materials. Some commonly used composites are glass-epoxy, glass-graphite-

epoxy, graphite epoxy, graphite-epoxy with aluminum backup, and graphite-epoxy with titanium 

backup. Other materials include the Aramids (Kevlar) with combinations of glass or graphite 

reinforcement materials. Each of these materials requires individual attention in the selection of 

cutting tool parameters. The composite materials with metal backup panels require separate drills 

with different geometries. Cutting speeds and feed rates vary in each of the various combinations 

of materials. Secondary drilling or reaming operations are required to hold tight tolerances or 

smooth surface finishes on the holes [8]. 

 PCD tooling offers increased tool life, better hole quality, consistent hole size, and higher 

machining rates. Drilling and countersinking with a combination tool provides better hole 

quality. Tool life is normally determined by the extent of delamination and fiber break out. For 

machining graphite composites with or without aluminum backing, PCD tooling is suggested 

with the same speeds and feeds used for machining graphite composites without any backing. 

For machining graphite composites with titanium backing, it is not recommended that the same 

drill be used for both the titanium and graphite sections. Initially a hole should be drilled up to 

the titanium layer with a hydraulic depth-sensing device at high speeds and feed. A second drill 

with lower speed and feed for machining titanium should be used. Finally finish reaming 

operation and countersinking should be performed for assuring hole quality. A study carried out 

on carbon fiber-epoxy plastic (CFRP) and glass fiber-epoxy plastic (GFRP) laminates using HSS 

and carbide tipped drills made the following observations. Both chisel edge and flank wear 
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increased on the carbide drill with a higher ratio of wear between 200 and 400 holes (test sample 

400 holes). Tool wear was greater in the CFRP laminates due to the abrasive nature of the carbon 

fibers. Flank wear is more pronounced in GFRP when the feed was increased and the same effect 

is noted when speed is increased. The HSS drills lasted for ten holes in the graphite and twenty 

holes in the glass [8].  

 Drill point geometries influence the torque requirements. Lip relief and rake angles are 

determined by the application. The dagger drill is ideal to machine graphite composites, as it 

eliminates breakout when exiting the workpiece. The dagger drill has 35" included point angle 

and a 121 inch chisel edge angle. Twist drills with flute configuration to control metal chips are 

also used. Fully fluted drills with PCD tips brazed on a solid carbide shaft provide the strength of 

carbide and hardness of diamond. Drill geometries are continuing to be experimented with to 

find ways to eliminate the problems associated with the hole-making process in composites [8].  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

21 



CHAPTER 4 

TECHNICAL APPROACH AND EXPERIMENTAL SET UP 
 
 

 The technical approach was to study the performance of the existing regular and special 

purpose drill bits under different cutting conditions as well as using different materials. Surface 

finish plays a vital role in many areas such as evaluating machining accuracy. Therefore, hole 

quality is a vital parameter that must be analyzed during the drilling of composites. The 

machining performance of drill bits was studied to obtain efficient results, that is, keeping the 

cost factor under control without compromising quality. Experiments were conducted and 

analyzed using statistical techniques, viz. design of experiments (DOE). 

4.1 Methodology 

 The entire research work was conducted using seven types of drill bits: Brad Spur, 

Durapoint, Conventional, Double Margin, Sizing drill bit, 8-Facet, and Precision Dormer drill bit 

(see Figures 7 to 13). Of these, the 8-Facet and Precision Dormer were introduced in the later 

part of the research work.  

 Brad Spur drill bits (see Figure 7) have an extremely fast-cutting tool geometry: no point 

angle and a large (considering the flat cutting edge) lip angle causes the edges to take a very 

aggressive cut with relatively little point pressure [9]. The Brad Spur drill bit has been procured 

from the M A Ford company. 
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Figure 7. Brad Spur drill bit.                    Figure 8. Durapoint drill bit. 

 

            

Figure 9. Conventional drill bit.                          Figure 10. Double Margin drill bit. 

 

 

Figure 11. Sizing drill bit. 
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The 8-Facet drill bit (see Figure 12) procured from Onsrud Cutter LP has the following 

specifications [10]: 

• Tool material: Solid Carbide 

• Helix: Up 

• Flutes: 2 

• Cutting Edge Diameter: ¼ inch 

• Cutting Edge Length: 2 inches 

• Shank diameter: ¼ inch 

• Overall length: 3 ¼ 

 

Figure 12. 8-Facet drill bit. 

The Precision Dormer drill bit (see Figure 13) has been supplied by Precision Dormer, a United 

Kingdom-based drill bit manufacturing company. The Precision Dormer drill bit has a diamond 

like coating (DLC) on it.  

 

Figure 13. Precision Dormer drill bit. 
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The following is the procedure followed for the experiments. 

• Experiments were designed using Design of Experiments at three levels of speed and 

 three levels of feed rates. 

• Experiments were conducted on three types of composites. 

• The surface roughness was measured using Mitutoyo Surftest SJ-400. 

• The machine used was a HASS CNC Mini mill. 

• The software used was LabVIEW 8 with VI Logger. 

• The dynamometer used for measuring thrust and torque was the Kistler dynamometer 

 type 9272. This is a four-component dynamometer for measuring torque “Mz” and the 

 three orthogonal components of a force. It has great rigidity and, consequently, a high 

 natural frequency. Its high resolution enables measurement of the smallest dynamic 

 changes in large forces and torques.  

 Details of all the instruments used in this study are explained in the experimental setup 

section. 

4.2 Approach to carry out the Analysis 

For each experiment, thrust force and torque values need to be calculated based on logged data. 

Because of the variation of these values, the average was used for the analysis. To calculate the 

average, only values corresponding to full penetration of the drill bit were considered, as shown 

in Figure below. 
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Figure 14. Illustration of full engagement by drill bit. 

The following formula gives the number of samples to ignore before the data can be used 

for the thrust calculation.  Also, the same formula should be used for the exit side. 

fiprfeed
dskiptosamplesofNo

*)(
*60. =

 

where d is the: lip height of the drill bit (inch) 

feed is the: feed rate (IPR) 

f is the: scan rate – (indicated in seconds on the MS excel sheet that was used to log the data). 

4.3 Experimental setup 
 
 This section details specifications of all the drill bits, materials, instruments, equipment, 

and software used for the drilling process.  
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HAAS CNS mini mill machine 

 The machine used for the drilling experiments was the HAAS CNC mini mill machine, 

which takes up only 6.5' x 6.5' of shop floor space, yet provides a generous work envelope of 16" 

x 12" x 10" XYZ. This super-compact machine features a 40-taper spindle, speeds to 6,000 

RPM, 600-IPR rapids, and a ten-pocket automatic tool changer. The Mini Mill handles small-

parts manufacturing with the same reliability expected from all Haas CNC machines. It is ideal 

for finishing work and cutting aluminum, yet also provides enough low-end torque to cut steel. 

This machine is shown in Figure 15 [11]. 

 
 

Figure 15. HAAS mini mill machine [11]. 
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Four component dynamometer 

 A four-component Kistler type 9272 dynamometer for measuring a torque ‘Mz’ and the 

three orthogonal components of a force is used for the experiments. The dynamometer has a 

great rigidity and consequently a high natural frequency. Its high resolution enables the smallest 

dynamic changes in large forces and torques to be measured. Some of the features of this 

dynamometer include the following [12]: 

• Compact and robust multicomponent force measuring instrument. 

• Suitable for cutting force measurements when drilling. 

• Universal use. 

The dynamometer consists of a four-component sensor fitted under high preload between a base 

plate and a top plate. The four components are measured practically without displacement. It 

must be taken into account that combined and eccentric loads may reduce the measuring ranges. 

The sensor is mounted ground-isolated. Therefore, ground loop problems are largely eliminated. 

The dynamometer is rustproof and protected against penetration of splash water and cooling 

agents. Together with the connecting cable type 1677A5/1679A5, it corresponds to the 

protection class IP 67 [12]. 

Some application of this dynamometer include the following [12]: 

• Measuring feed force, deflective force, and moment when drilling, thread cutting etc. 

• Cutting force measurements while milling and grinding. 

• Cutting force measurements while turning. 

• Testing torque wrenches. 

• Testing springs (torsion). 

• Measurements on small thrust bearings, friction clutches etc. 
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• Measuring starting torques on fractional horsepower and stepping motors. 

• Ergonomic measurements. 

 The dynamometer is shown in Figure 16. 

 
 

 
Figure 16. Kistler type 9272 four-component dynamometer [12]. 

LabVIEW 

 The software used for logging the data namely thrust and torque is the LabVIEW 8.0 with 

Virtual Instrument (VI) logger. LabVIEW is a graphical programming language that uses icons 

instead of lines of text to create applications. In contrast to text-based programming languages, 

where instructions determine program execution, LabVIEW uses dataflow programming, where 

the flow of data determines execution. In LabVIEW, you build a user interface with a set of tools 

and objects. The user interface is known as the front panel. You then add code using graphical 

representations of functions to control the front panel objects. The block diagram contains this 

code. In some ways, the block diagram resembles a flowchart [13].  
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LabVIEW programs are called virtual instruments, or VIs, because their appearance and 

operation imitate physical instruments, such as oscilloscopes and multimeters. LabVIEW 

contains a comprehensive set of tools for acquiring, analyzing, displaying, and storing data, as 

well as tools to help you troubleshoot code you write. In LabVIEW, you build a user interface, or 

front panel, with controls and indicators. Controls are knobs, push buttons, dials, and other input 

mechanisms. Indicators are graphs, LEDs, and other output displays. After you build the user 

interface, you add code using VIs and structures to control the front panel objects. The block 

diagram contains this code [13]. 

ThermoVision A40M Infrared Camera 

 The temperature measurement was carried out using an infrared camera. The 

ThermoVision A40M infrared camera is an accurate and intelligent infrared imaging and 

temperature measurement camera. The A40M system is a complete machine vision and remote 

monitoring solution that can immediately identify thermal problems that are otherwise 

undetectable. The A40M was designed from the beginning – at the detector level – to deliver 

accurate radiometric imaging and repeatable temperature measurement. The Thermovision A40 

M has the following specifications [14]: 

• Temperature range: 

 Range 1: -40°C to +70°C (-40°F to +158°F) 

 Range 2: 0°C to + 500°C (+32 to + 932°F) 

 Optional: Up to + 1500°C (+2732°F) 

 Optional: Up to + 2,000°C (+3632°F) 

• Accuracy (% of reading): ± 2°C or ± 2% 

• Thermal sensitivity: 0.08 °C at 30 °C 
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The Thermovision A40M is shown in Figure 17. 

        

Figure 17. Thermovision A40M Infrared camera and image captured during drilling. 

Before carrying out the measurements, one must ensure that the camera does not have any 

reflective surface in front of it. In order to achieve accurate results, radiation should not be 

reflected into the camera lens. In other words, the window of the machine door has to be 

transmissive. To this end, we replaced the machine window with a special window having a 

circular calcium fluoride glass at the center. The calcium fluoride glass has a transmissivity of 

96%. The setup is as shown in Figure 18.  

 

   

Figure 18. Modified setup for thermal data acquisition. 
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 The infrared camera uses a software program called ThermaCAM Researcher. The main 

purpose of this program is to deal with live IR images arriving through a camera interface. It can 

also receive IR images from other media, such as PC-Card hard disks from ThermaCAM 

cameras. The program can make studies on high/medium/slow speed thermal events depending 

on the hardware configuration. It can show IR images, record them on disk, and analyze them 

afterwards during replay. It can provide measurement result values directly from the live stream 

of images too, but only for the images you decide not to record. The measurements are made 

with the following analysis tools: isotherm, spotmeter, area, and line. The results produced by 

these tools can be displayed within the IR image, in the profile window, in the histogram 

window, in the result table window, or in the plot window. Formulas can be applied to the 

results. The program uses a set of predefined screen layouts, one for each type of work that you 

have in mind. You can also extract information from ThermaCAM Researcher by using OLE 

(which is an automatic way of transferring information between programs running under 

Windows) to bring the information into, for example, MS Excel or MS Word. The IR image can 

be transferred in the same way. Images can also be transferred to ThermaCAM Reporter 2,000 

for analysis and report generation. The clipboard functions Copy and Paste are used for this 

purpose. Several copies of ThermaCAM™ Researcher can run at the same time, but only one at 

a time can be connected to the same camera [14]. 

 An infrared camera measures and images the emitted infrared radiation from an object. 

The fact that radiation is a function of object surface temperature makes it possible for the 

camera to calculate and display this temperature. However, the radiation measured by the camera 

does not only depend on the temperature of the object but is also a function of the emissivity. 

Radiation also originates from the surroundings and is reflected in the object. The radiation from 
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the object and the reflected radiation will also be influenced by the absorption of the atmosphere. 

To measure temperature accurately, it is therefore necessary to compensate for the effects of a 

number of different radiation sources. This is done on-line automatically by the camera. The 

following object parameters must, however, be supplied for the camera [14]: 

• The emissivity of the object 

• The reflected temperature 

• The distance between the object and the camera 

• The relative humidity 

Mitutoyo digital comparator 

 A Mitutoyo digital comparator (inside diameter measuring device) was used to measure the 

Hole oversize. This digital comparator has a resolution of 0.00005" / 0.001 mm and a measuring 

range of 0" to 0.5" / 12.7 mm. The digital comparator is shown in Figure 19. 

                                                                     

                               

Figure 19. Mitutoyo digital comparator (inside diameter measuring device). 
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Mitutoyo Surface Roughness Tester 

Surface Texture (Geometry of a Surface) 

 Any manufactured surface is made up of three main imperfections or errors (see Figure 

20): 

• Roughness, caused by the finishing tool movement and shape; 

• Waviness, caused by variation in the process machinery; 

• Form, gross errors in setting.  

In addition, there is often a predominant pattern (lay) caused by the tool movement over the 

surface. Normally only the roughness and waviness are determined by the methods discussed 

below as they can only measure a small portion of the total surface area at any one time [15]. 

 

 
 

Figure 20. Surface irregularities [15]. 
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Measurement of Surface Texture 

 There are many methods for measuring surface texture, the most common being by 

drawing a stylus over the surface and amplifying the vertical and horizontal movements of the 

stylus to produce a trace (see Figure 21). The stylus measurements are taken over a very short 

length, the actual size depending on the finishing process used (see Table 4). When a large 

surface area has to be checked, it is necessary to take a series of measurements and to use the 

mean of the values obtained. In addition to the stylus method, the following have been found to 

be useful in determining surface texture [15].  

• Visual comparison with a standard surface. 

• A transparent plastic replica is made of the surface. After stripping, light is passed 

through this and measured. The surface roughness reduces the intensity of light by 

refraction. 

• Reflection of light from the surface, measured by a photocell. 

•  Magnified (microscopic) inspection of the surface.  

 

Figure 21. A typical trace of a surface finish [15]. 
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TABLE 2 
 

SUITABLE CUT-OFF VALUES FOR FINISHING PROCESSES [15] 
 

 

 

Expressing the Surface Finish 

 There are several different ways of expressing surface finish. The most common is the 

arithmetic mean deviation Ra, also called the centre-line average. This value is found by first 

measuring the area P along a set length L and finding the average height of the area Hm (see 

Figure 22): 

Hm = P / L  (4.1) 

Then, taking the areas above (r1, rn) and below (S1, Sn) the centre line, we can calculate Ra (in 

micrometers): 

RRa= (∑r + ∑s) / L x (1000 / Vv)  (4.2) 
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where Vv is the vertical magnification, L is in millimeters and areas r and s are in square 

millimeters. An alternative measurement is the Rx value, or 10-point height method. This 

comprises taking the five highest peaks and the five deepest valleys along the sample length L, 

as shown in Figure 23 and calculating Rx using  

RRx = (∑ Five peaks - ∑ Five valleys) / 5        (4.3) 

The actual use of the stylus affects the accuracy of the readings, as this determines how closely 

the profile recorded follows the real profile-if the surface is exceptionally rugged the stylus may 

not fit into the valleys, or it may round off the peaks as it is dragged over them. The stylus is 

normally made from a sharpened diamond for long wearing life [15]. 

 

 
 

Figure 22. Calculation of Ra: (a) Determination of average height Hm, (b) Areas of r and s used 
 calculating Rin  a [15]. 
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Figure 23. Calculation of Rx [15]. 
 

 A Mitutoyo surface roughness tester (SJ 400 Surftest) was used to measure the surface 

roughness of the drilled hole. Surface finish may be defined as the geometric irregularities in the 

surface of a solid material [16]. The average surface roughness is denoted by Ra. Ra is the 

arithmetic mean of the absolute values of the profile deviations from the mean line [17]. 

 The following are some of the features of the SJ 400 Surftest [17]: 

• Compact and portable, high-function type. 

• Wide measuring range and a long list of roughness parameters.  

• Auto-sleep function for power conservation. 

• Measured profile display on the touch panel. 

• Easy-to-operate touch panel. 

• Internal memory and memory card facilitate storage of measurement conditions 

and data. 

• Built-in printer facilitates record of measurement results. 

• Includes statistical processing function. 
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• Compatible with various surface texture standards. 

• Waviness and step measurement with a skidless nosepiece. 

• Easy leveling with the height/tilt adjustment unit. 

• Measurement can be started from an arbitrary position. 

 

Technical Data [17] 

The following are the technical specifications of the Mitutoyo Surftest SJ-400:   

• X-axis (drive unit) measuring range: 25mm (SJ-401), 50mm (SJ-402), measuring speed: 

 0.05, 0.1, 0.5, 1.0mm/s, return speed: 0.5, 1.0, 2.0mm/s, traversing direction: Backward, 

 traverse linearity: 0.3μm / 25mm (SJ-401), 0.5μm / 50mm (SJ-402), positioning: ±1.5° 

 (tilting), 10mm (up/down) 

• Detector range / resolution: 800μm / 0.01μm, 80μm / 0.001μm, 8μm / 0.0001μm (up to 

 2400μm with an optional stylus) 

 The probe radius of this tester is 2 µm, and the measuring force is 0.75 mN. The 

 Mitutoyo SJ 400 Surftest surface roughness measuring machine is shown in Figures 24 

 and 25. 
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Figure 24. Mitutoyo SJ 400 Surftest surface roughness measuring machine [17]. 

 

Figure 25. Surface roughness measurement setup. 

40 



Mahr’s MMQ 10 Formmeter (Roundness measurement) 

Stylus Instrument 

 Because of increasing technical advancement, the true roundness of a component often has 

to be determined. This has led to the development of a unit which measures the profile of a 

component in a similar manner to the surface-texture measurement instrument. The main 

difference is that the stylus is not drawn in a straight line but rotates in a true circle. The resultant 

trace is therefore circular, with magnification on radial measurement only (see Figure 26). The 

assessment can be made on the basis of the departure from either the minimum inscribed circle 

or the maximum circumscribed circle [15]. 

 
 

Figure 26. Evaluation of a surface roundness trace. [15]. 
 

The eccentricity and variation in radius from the circle of rotation are both shown on the chart to 

the same degree of magnification. However, a reference circle is drawn of the profile of the 

surface based on the center of the real circle, and variations in radii are measured from this 

reference [15]. 
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Linear Instrument Methods 

 When the stylus method is unavailable and/or specification accuracy is not too high, 

roundness can be measured using linear instruments. A two-point measurement is seldom 

sufficient, and three-point measurement is preferable (see Figure 27) [15]. 

 

 
 

Figure 27. Three-point methods for measuring roundness: (a) Symmetrical summit method, 
(b) Asymmetrical summit method, (c) Symmetrical rider method. [15]. 

 

A Mahr’s MMQ 10 formmeter was used to measure the roundness of the drilled hole. Roundness 

or circularity may be defined as a condition on a surface or revolution where all points of the 

surface intersected by any plane perpendicular to a common axis or center (sphere) are 

equidistant from the axis or center [18]. The Mahr’s MMQ 10 formmeter is an on-site measuring 

instrument for assessing form and location deviations as per DIN ISO 1101. It gives precise and 

rapid measurement results and it is compact, mobile, reliable and suited for shop floor 

applications [19].  
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Features [19] 

The following are the features of the Mahr’s MMQ 10 formmeter: 

• Universal form and positional tolerance check system for roundness measurements on the 

 shop-floor and in the measuring room.  

• With integrated evaluation computer. The evaluation computer is a real gem with its large 

 LCD display, operator messages with parameter settings, probe signal indication 

 facilitating workpiece alignment, catalog including all functions, function keys for direct 

 access, metric and imperial systems of units. Measuring programs for series 

 measurements can be created easily and executed by the push of a button.  

• Mobile, low weight, and small dimensions. 

• Rapid workpiece alignment with computer support and clever mechanics. 

• Universal and reliable.  

• Suited for shop floor application; compressed air supply not required.  

• High loading capacity. 

Applications [19] 

 On-site measurements must output precise results rapidly. Use the form measuring station 

MMQ 10 to meet such high requirements. MMQ 10 helps you to easily determine and eliminate 

manufacturing errors, which results in less rework and fewer rejects. This form tester has a probe 

arm length of 60 mm, probe tip radius of 1.5 mm and measuring force is 0.05 N to 0.5 N. The 

Mahr’s MMQ 10 form measuring machine is shown in Figure 28. 
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Figure 28. Mahr MMQ 10 formmeter [19]. 
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CHAPTER 5 

RESULTS AND DISCUSSION 
 
 

5.1 Tests on Material A 

Thrust Force Analysis 

 From the plots in Figures 29 to 33, it can be seen that thrust force increases with 

increasing feed and speed. Therefore, the lowest thrust is obtained at low feed and low speed. 

But it is noted that an increase in thrust due to speed is not as significant as the feed rate. 

 

 Brad Spur Drill Bit 
 

 
 
 

Figure 29. DOE analysis of thrust force with Brad Spur drill bit for material A. 
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 Conventional Drill Bit 

 

Figure 30. DOE analysis of thrust force with Conventional drill bit for material A. 

 Double Margin Drill Bit 

 

Figure 31. DOE analysis of thrust force with Double Margin drill bit for material A. 
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 Durapoint Drill Bit 

 

Figure 32. DOE analysis of thrust force with Durapoint drill bit for material A. 

 Sizing Drill Bit 

 

Figure 33. DOE analysis of thrust force with Sizing drill bit for material A. 

 

47 



Comparison of Thrust at Maximum and Minimum Speeds and Feeds  

 Comparisons of thrust for Brad Spur, Durapoint, Double Margin, Conventional, and 

Sizing drill bits at four combinations of speed and feed are shown in Figures 34 to 37. From 

these graphs, it can be seen that Brad Spur and Durapoint drill bits produce low values of thrust 

during the drilling operation. 

 

Figure 34. Thrust at 2,000 RPM speed and 0.01 IPR feed for material A. 

 

Figure 35. Thrust at 2,000 RPM speed and 0.004 IPR feed for material A. 
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Figure 36. Thrust at 5,000 RPM speed and 0.01 IPR feed for material A. 

 

Figure 37. Thrust at 5,000 RPM speed and 0.004 IPR feed for material A. 

Torque Analysis 

 The plots of various tested drill bits on material A are shown in Figures 38 to 42. It can 

be seen that low torque values are obtained at low feeds and high speeds. But it is to be noted 

that feed has a significant effect on torque than speed. 
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 Brad Spur Drill Bit 

 

Figure 38. DOE analysis of torque with Brad Spur drill bit for material A. 

 Conventional Drill Bit 

 

Figure 39. DOE analysis of torque with Conventional drill bit for material A. 
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 Double Margin Drill Bit 
 

 

Figure 40. DOE analysis of torque with Double Margin drill bit for material A. 

 Durapoint Drill Bit 

 

Figure 41. DOE analysis of torque with Durapoint drill bit for material A. 
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 Sizing Drill Bit 

 

Figure 42. DOE analysis of torque with Sizing drill bit for material A. 

Comparison of Torque at Maximum and Minimum Speeds and Feeds  

 Comparisons of torque for Brad Spur, Durapoint, Double Margin, Conventional, and 

Sizing drill bits at four combinations of speed and feed is shown in Figures 43 to 46. As shown, 

Brad Spur and Double Margin drill bits produce low values of torque. 

 

Figure 43. Torque at 2,000 RPM speed and 0.01 IPR feed for material A. 
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Figure 44. Torque at 2,000 RPM speed and 0.004 IPR feed for material A. 

 

 

Figure 45. Torque at 5,000 RPM speed and 0.01 IPR feed for material A. 
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Figure 46. Torque at 5,000 RPM speed and 0.004 IPR feed for material A. 

Surface Roughness Analysis 

 From the plots shown in Figures 47 to 51, it can be seen that good surface finish is 

obtained at low values of feed and speed. An increase in feed and speed causes an increase in 

roughness for every drill bit except the Conventional drill bit, which behaves differently. 

 Brad Spur Drill Bit 
 

 

Figure 47. DOE analysis of surface roughness with Brad Spur drill bit for material A. 
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 Conventional Drill Bit 
 

 

Figure 48. DOE analysis of surface roughness with Conventional drill bit for material A. 

 

 Double Margin Drill Bit 

 

Figure 49. DOE analysis of surface roughness with Double Margin drill bit for material A. 
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 Durapoint Drill Bit 
 

 

Figure 50. DOE analysis of surface roughness with Durapoint drill bit for material A. 

 

 Sizing Drill Bit 
 

 

Figure 51. DOE analysis of surface roughness with Sizing drill bit for material A. 
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Comparison of Surface Roughness at Maximum and Minimum Speeds and Feeds 

  Comparisons of surface roughness for the above drill bits at four combinations of speed 

and feed is shown in Figures 52 to 55. It can be observed that the Durapoint drill bit produces the 

best surface finish. 

 

Figure 52. Surface roughness at 2,000 RPM speed and 0.01 IPR feed for material A. 

 

 

Figure 53. Surface roughness at 2,000 RPM speed and 0.004 IPR feed for material A. 
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Figure 54. Surface roughness at 5,000 RPM speed and 0.01 IPR feed for material A. 

 

Figure 55. Surface roughness at 5,000 RPM speed and 0.004 IPR feed for material A. 

Comparison of Fiber Pull Outs at Maximum and Minimum Speeds and Feeds 

 Figures 56 to 59 show that Sizing, Conventional, and Double Margin drill bits exhibit 

severe fiber pull outs, whereas only the Brad Spur drill bit exhibits the least number of fiber pull 

outs. 
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Severe Fiber Pull Outs 
 

                       
Figure 56. Sizing drill bit.       Figure 57. Conventional drill bit.      Figure 58. Double Margin  

                drill bit. 

Least Fiber Pull Out 

 

Figure 59. Brad Spur drill bit. 

Conclusion 

 Taking into consideration the overall results for material A, it can be seen that the Brad 

Spur drill bit produces optimal results from all aspects of drilling and is the most suitable drill bit 

for material A. 

5.2 Tests on Material B 

Thrust Force Analysis 

 Results of the DOE for Brad Spur, Conventional, Double Margin, Durapoint, and Sizing 

drill bits are shown in Figures 60 to 64.  In these experiments, the input parameters were speed 

and feed, and the response surface was thrust. From these plots, it can be seen that, in general, 
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the lowest thrust force values are obtained at the lowest feed rates and speeds. It should also be 

noted that the effect of feed rate on thrust is more significant than speed.  Even though the thrust 

force is not a linear function of speed, it can be interpreted simply by the fact that if one wants to 

reduce the thrust force, one should reduce the feed rate, regardless of which drill bit is being 

used. 

 

 Brad Spur Drill Bit 
 
 
 

           

     

Figure 60. DOE analysis of thrust force with Brad Spur drill bit for material B. 
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 Conventional Drill Bit 
 

 

Figure 61. DOE analysis of thrust force with Conventional drill bit for material B. 

 

 Double Margin Drill Bit 

 

 

Figure 62. DOE analysis of thrust force with Double Margin drill bit for material B. 
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 Durapoint Drill Bit 

 

Figure 63. DOE analysis of thrust force with Durapoint drill bit for material B. 

 Sizing Drill Bit 

 

Figure 64. DOE analysis of thrust force with Sizing drill bit for material B. 

Comparison of Thrust Force at Maximum and Minimum Speeds and Feeds 

 Figures 65 to 68 show comparisons of thrust force for all five drill bits – Brad Spur, 

Durapoint, Double Margin, Conventional, and Sizing drill bit – at maximum and minimum 
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speeds and feeds. It can be seen that Double Margin and Conventional drill bits produce lower 

values of thrust compared to the other drill bits.  Therefore, drill geometry is also significant. 

 

Figure 65. Thrust at 2,000 RPM speed and 0.01 IPR feed for material B. 

 

Figure 66. Thrust at 2,000 RPM speed and 0.004 IPR feed for material B. 
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Figure 67. Thrust at 5,000 RPM speed and 0.01 IPR feed for material B. 

 

 

 

Figure 68. Thrust at 5,000 RPM speed and 0.004 IPR feed for material B. 
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Torque Analysis 
 
 The corresponding torque values for Brad Spur, Conventional, Double Margin, 

Durapoint, and Sizing drill bits are shown in Figures 69 to 73. From these plots, it can be seen 

that low values of torque are obtained at low feed rate and high speed. In addition to feed rate, 

the drill geometry is also significant.  

 

 Brad Spur Drill Bit 

 

 

 

Figure 69. DOE analysis of torque with Brad Spur drill bit for material B. 
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 Conventional Drill Bit 
 

 

Figure 70. DOE analysis of torque with Conventional drill bit for material B. 

 

 Double Margin Drill Bit 

 

Figure 71. DOE analysis of torque with Double Margin drill bit for material B. 
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 Durapoint Drill Bit 

 

Figure 72. DOE analysis of torque with Durapoint drill bit for material B. 

 Sizing Drill Bit 

 

Figure 73. DOE analysis of torque with Sizing drill bit for material B. 
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Comparison of Torque at Maximum and Minimum Speeds and Feeds  

 Figures 74 to 77 show comparisons of torque for the same five drill bits at maximum and 

minimum speeds and feeds. It can be observed from the analysis that the Double Margin and 

Conventional drill bits produce low torques in comparison to others. That is, Conventional drill 

bits produce the lowest torque.  

 

Figure 74. Torque at 2,000 RPM speed and 0.01 IPR feed for material B. 

 

Figure 75. Torque at 2,000 RPM speed and 0.004 IPR feed for material B. 
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Figure 76. Torque at 5,000 RPM speed and 0.01 IPR feed for material B. 

 

Figure 77. Torque at 5,000 RPM speed and 0.004 IPR feed for material B. 

Surface Roughness Analysis 

 Figures 78 to 82 show plots of surface roughness versus speed and feed. The relationship 

between surface finish and feed and speed is not linear, and both feed and speed are important.  

These plots also show that feed and speed have interaction, the optimum region cannot be 

generalized, and the best region can be found for each bit individually.  Without these 
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experiments, we might have assumed that good surface finish is obtained at high feed and low 

speed values. 

 Brad Spur Drill Bit 
 

 

Figure 78. DOE analysis of surface roughness with Brad Spur drill bit for material B. 

 Conventional Drill Bit 

 

Figure 79. DOE analysis of surface roughness with Conventional drill bit for material B. 
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 Double Margin Drill Bit 

 

Figure 80. DOE analysis of surface roughness with Double Margin drill bit for material B. 

  Durapoint Drill Bit 

 

Figure 81. DOE analysis of surface roughness with Durapoint drill bit for material B. 
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 Sizing Drill Bit 
 

 

Figure 82. DOE analysis of surface roughness with Sizing drill bit for material B. 

 Comparison of Surface Roughness at Maximum and Minimum Speeds and Feeds 

 Figures 83 to 86 show the comparison of surface roughness for the aforementioned drill 

bits at maximum and minimum speeds and feeds. It can be observed from the analysis that the 

Double Margin drill bit produces the best surface finish. 

 

Figure 83. Surface roughness at 2,000 RPM speed and 0.01 IPR feed for material B. 
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Figure 84. Surface roughness at 2,000 RPM speed and 0.004 IPR feed for material B. 

 

 

 

 

Figure 85. Surface roughness at 5,000 RPM speed and 0.01 IPR feed for material B. 
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Figure 86. Surface roughness at 5,000 RPM speed and 0.004 IPR feed for material B. 

Comparison of Fiber Pull Outs at Maximum and Minimum Speeds and Feeds 

 It can be seen in Figures 87 to 90 that the Sizing and Durapoint drill bits exhibit severe 

fiber pull outs, whereas the Conventional and Double Margin drill bits exhibit the least fiber pull 

outs.  

Severe Fiber Pull Outs 

                 

       Figure 87. Sizing drill bit.                             Figure 88. Durapoint drill bit.    
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Least Fiber Pull Outs 

      

                 

Figure 89. Conventional drill bit.             Figure 90. Double Margin drill bit. 

 

Conclusion 

 It can be seen that the Double Margin drill bit is best suited for material B in the tested 

range, since it produces low thrust, low torque, superior surface finish, and the least fiber pull 

outs, as compared to other tested drill bits.   

5.3 Tests on Material C 

Thrust Force Analysis 

 Figures 91 to 95 show plots of thrust force versus speed and feed. As can be seen, low 

thrust force values are obtained at lower values of feed and speed for all drill bits, except for the 

Double Margin drill bit, which shows more interaction between feed and speed.  In general, it 

should be noted that thrust is more dependent on feed than speed. 
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 Brad Spur Drill Bit 
 

 

Figure 91. DOE analysis of thrust force with Brad Spur drill bit for material C. 

 

 Conventional Drill Bit 
 

 

Figure 92. DOE analysis of thrust force with Conventional drill bit for material C. 

 

 

76 



 

 Double Margin Drill Bit 
 

 

Figure 93. DOE analysis of thrust force with Double Margin drill bit for material C. 

 Durapoint Drill Bit 

 

Figure 94. DOE analysis of thrust force with Durapoint drill bit for material C. 
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 Sizing Drill Bit 

 

Figure 95. DOE analysis of thrust force with Sizing drill bit for material C. 

Comparison of Thrust at Maximum and Minimum Speeds and Feeds  

 Figures 96 to 99 show comparisons of thrust force for these drill bits at maximum and 

minimum speeds and feeds. It can be seen that Conventional and Durapoint drill bits produce 

lower values of thrust as compared to others. 

 

Figure 96. Thrust force at 2,000 RPM speed and 0.01 IPR feed for material C. 
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Figure 97. Thrust force at 2,000 RPM speed and 0.004 IPR feed for material C. 

 

 

Figure 98. Thrust force at 5,000 RPM speed and 0.01 IPR feed for material C. 
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Figure 99. Thrust force at 5,000 RPM speed and 0.004 IPR feed for material C. 

Torque Analysis 

 Figures 100 to 104 show plots of torque versus speed and feed. From these plots, it can 

be seen that torque values are dependent more on feed than the speed. High feed values produce 

high torque, whereas torque values increase with an increase in speed. Also these figures show 

that drill geometry plays a role in reducing torque. 

 Brad Spur Drill Bit 
 

 

Figure 100. DOE analysis of torque with Brad Spur drill bit for material C. 
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 Conventional Drill Bit 

 

Figure 101. DOE analysis of torque with Conventional drill bit for material C. 

 

 Double Margin Drill Bit 

 

Figure 102. DOE analysis of torque with Double Margin drill bit for material C. 
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 Durapoint Drill Bit 

 

Figure 103. DOE analysis of torque with Durapoint drill bit for material C. 

 Sizing Drill Bit 

 

Figure 104. DOE analysis of torque with Sizing drill bit for material C. 

Comparison of Torque at Maximum and Minimum Speeds and Feeds 

 Comparisons of torque for various Brad Spur, Durapoint, Double Margin, Conventional, 

and Sizing drill bits at four combinations of speed and feed are shown in Figures 105 to 108. It 
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can be observed that Conventional and Durapoint drill bits produce the lowest torque values 

compared to others. 

 

Fig 105. Torque at 2,000 RPM speed and 0.01 IPR feed for material C. 

 

 

 

Fig 106. Torque at 2,000 RPM speed and 0.004 IPR feed for material C. 

83 



 

Fig 107. Torque at 5,000 RPM speed and 0.01 IPR feed for material C. 

 

Fig 108. Torque at 5,000 RPM speed and 0.004 IPR feed for material C. 

Surface Roughness Analysis 
 
 It can be seen from Figures 109 to 113 that good surface finish is obtained at lower 

speeds for all drill bits.  But the feed and drill geometry also play a role in reducing surface 

roughness.   

 

84 



 

 Brad Spur Drill Bit 

 

Figure 109. DOE analysis of surface roughness with Brad Spur drill bit for material C. 

 Conventional Drill Bit 

 

Figure 110. DOE analysis of surface roughness with Conventional drill bit for material C. 
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 Double Margin Drill Bit 

 

Figure 111. DOE analysis of surface roughness with Double Margin drill bit for material C. 

 

 Durapoint Drill Bit 

 

Figure 112. DOE analysis of surface roughness with Durapoint drill bit for material C. 
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 Sizing Drill Bit 

 

Figure 113. DOE analysis of surface roughness with Sizing drill bit for material C. 

Comparison of Surface Roughness at Maximum and minimum Speeds and Feeds  
 
 Comparisons of surface roughness for Brad Spur, Durapoint, Double Margin, 

Conventional, and Sizing drill bits at four combinations of speed and feed are shown in Figures 

114 to 117. It can be observed from the analysis that the Durapoint drill bit produces the best 

surface finish. 

 

Figure 114.  Surface roughness at 2,000 RPM speed and 0.01 IPR feed for material C. 
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Figure 115.  Surface roughness at 2,000 RPM speed and 0.004 IPR feed for material C. 

 

 

 

Figure 116.  Surface roughness at 5,000 RPM speed and 0.01 IPR feed for material C. 
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Figure 117.  Surface roughness at 5,000 RPM speed and 0.004 IPR feed for material C. 

 

Comparison of Fiber Pull Outs at Maximum and Minimum Speeds and Feeds  

 It can be seen in Figures 118 to 121 that Sizing drill bit and Brad Spur drill bits exhibit 

severe fiber pull outs, whereas Double Margin and Conventional drill bits exhibit least fiber pull 

outs.  

 

Severe Fiber Pull Outs 

                     

                   Figure 118. Sizing drill bit                                      Figure 119. Brad Spur drill bit 
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Least Fiber Pull Outs 

 

                    

Figure 120. Double Margin drill b  Figure 121. Conventional drill bit 

Conclus

sults show that although Conventional drill bits produce the lowest values of thrust 

esign 
 of Experiments (DOE) Approach 

tatistical approach to investigate the effect of known 

hining was performed 

it                 

ion 

 The re

and torque, they do not produce good surface finish. It can be observed that the Durapoint drill 

bit produces low thrust and torque values and excellent surface finish. Thus, it can be inferred 

that the Durapoint drill bit is optimal for material C in the range of speeds and feeds tested. 

5.4 Analyzing the effect of Speed and Feed on Roundness of Drilled Hole: A D

 
 Design of Experiments (DOE) is a s

variables on unknown variables. A general factorial design was used with two factors, speed and 

feed, at three levels for the experiments. There were three desired responses: torque, thrust and 

roundness error. The assumptions made were (a) that the factors are fixed, (b) the normality 

assumption is satisfied and c) that the factors are completely randomized. 

 Stat ease software was used to design the experiments, and the mac

based on the run order the software generated. From the design, it was seen that the ANOVA 

assumption was satisfied at 5% confidence level. No violation of normality assumption, no 
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funneling effect, and no outliers were seen in the design. The output of ANOVA, in the form of 

predicted surface, is presented below. DOE predicted plots, DOE Interaction plots, plots of 

roundness error versus feed rate, roundness error versus speed are shown in Figures 122 to 150. 
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Figure 122. DOE predicted output for Brad Spur dr

Governing ANOVA

ill bit. 

 equation for Brad Spur drill data is: 
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Figure 123. DOE predicted output for Double Margin drill bit. 

The governing ANOVA equation for Double Margin drill data is as follows: 
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Figure 124. DOE predicted output for Durapoint drill bit. 
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The governing ANOVA equation for Durapoint drill data is as follows:  
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Figure 125. DOE predicted output for Conventional drill bit. 

 

 

The governing ANOVA equation for Conventional drill data is as follows: 
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. 

Figure 126. DOE predicted output for Sizing drill bit. 
 
 
 

The governing ANOVA equation for Sizing drill bit data is as follows: 
 

 

 

 

 

Analysis of DOE Interaction plots for Roundness Error (At Low and High Feed) 

 Brad Spur Drill Bit 
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Figure 127. Interaction plot for Brad Spur drill bit (at low and high feeds). 

 

 Double Margin Drill Bit 
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Figure 128. Interaction plot for Double Margin Drill Bit (at low and high feeds). 

 

 

 Durapoint Drill Bit 
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Figure 129. Interaction plot for Durapoint Drill Bit (at low and high feeds). 

 

 Conventional Drill Bit 
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Figure 130. Interaction plot for Conventional Drill Bit (at low and high feeds). 

 

 

 Sizing Drill Bit 
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Figure 131. Interaction plot for Sizing drill bit (at low and high feeds). 

 

Inference 

 For all the drill bits, it can be seen that at high and low levels of feed, the roundness error 

increases with speed. The only exception is Brad Spur for which at a low level of feed, the 

roundness barely increased with an increase in speed, whereas at a high level of feed, the 

roundness error significantly increased with an increase in speed. 

 

 

 

 

Analysis of DOE Interaction plots for Roundness Error (At Low and High Speed) 
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 Brad Spur drill bit 

 
 

Figure 132. Interaction plot for Brad Spur Drill Bit (at low and high speeds). 

 

 Double Margin Drill Bit 
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Figure 133. Interaction plot for Double Margin Drill Bit (at low and high speeds). 
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 Durapoint Drill Bit 
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Figure 134. Interaction plot for Durapoint Drill Bit (at low and high speeds). 

 

 Conventional Drill Bit 
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Figure 135. Interaction plot for Conventional Drill Bit (at low and high speeds). 
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 Sizing Drill Bit 
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Figure 136. Interaction plot for Sizing drill bit (at low and high speeds). 

 For all drill bits, it can be seen that at low and high levels of speed, the roundness error 

increases with an increase in feed. Furthermore, it can be seen that for Brad Spur and 

Conventional drill bits, the roundness error falls after reaching a peak, whereas for the Double 

Margin, Durapoint and Sizing drill bits the roundness error becomes constant after reaching a 

peak.  

Presentation of the Experimental Data 

 The data obtained from the experiments and the measurements was plotted. The plots of 

Roundness error versus feed rate and roundness error versus speed for all drill bits are shown in 

Figures 137 to 146. These plots were later analyzed, and it was found that the roundness error 

increases with an increase in feed rate. It also increases by a minimal value with an increase in 

speed, but the effect of feed is more significant than that of speed.  
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 Brad Spur Drill bit 
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Figure 137. Roundness error versus feed rate (Brad Spur drill bit). 
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Figure 138. Roundness error versus speed (Brad Spur drill bit). 
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 Double Margin drill bit 

Roundness Error Vs Feed rate
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Figure 139. Roundness error versus feed rate (Double Margin drill bit). 
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Figure 140. Roundness error versus speed (Double Margin drill bit). 
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 Durapoint drill bit 
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Figure 141. Roundness error versus feed rate (Durapoint drill bit). 
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Figure 142. Roundness error versus speed (Durapoint drill bit). 
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 Conventional drill bit 
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Figure 143. Roundness error versus feed rate (Conventional drill bit). 

 

Roundness Error Vs Speed

0
100
200
300
400
500
600
700
800
900

1000

0 1000 2000 3000 4000 5000 6000

Speed (rpm)

R
ou

dn
es

s 
er

ro
r 

(m
ic

ro
-in

)

0.004 ipr
0.006 ipr
0.01 ipr

 

Figure 144. Roundness error versus speed (Conventional drill bit). 
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 Sizing  Drill Bit 
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Figure 145. Roundness error versus feed rate (Sizing drill bit). 
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Figure 146. Roundness error versus speed (Sizing drill bit). 
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Comparison of Roundness Error at Extreme Conditions 

 Comparisons were done between the roundness errors obtained by all drill bits. Figures 

147 to 150 show comparisons are for extreme conditions. (a) highest speed and highest feed, (b) 

lowest speed and lowest feed, (c) highest speed and lowest feed, and (d) lowest speed and 

highest feed. From these plots it can be seen that Durapoint drill bit shows the best performance 

under all these conditions. 

 

 

 

 

Figure 147. Roundness error at highest speed with highest feed rate. 
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Figure 148. Roundness error at lowest speed with lowest feed rate. 

 

Figure 149. Roundness Error at Highest Speed with Lowest Feed. 
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Figure 150. Roundness error at lowest speed with highest feed rate.  

Overall Analysis on Roundness Error 

 DOE predicted plots, DOE Interaction plots, roundness error versus feed rate plots, and 

roundness error versus speed plots are shown in Figures 122 to 150. From these it can be seen 

that roundness error increases with an increase in speed and feed. But the influence of speed is 

stronger than an increase in feed. Low roundness error values are obtained at lowest values of 

speed and feed in the range tested. There is also variation in the roundness error obtained at low 

values of feed and speed which is evident from Interaction plots of speed and feed. 

 Based on their performance, drill bits can be arranged as follows: (1) Durapoint, (2) 

Conventional, (3) Double Margin, (4) Brad Spur, and (5) Sizing. From the overall analysis it can 

be seen that the Durapoint drill bit shows the best performance by consistently producing the 

lowest value of roundness error in every configuration tested, when compared to all other drill 
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bits tested. Therefore, of the five drill bits, Durapoint drill bit is best suited for the tested material 

in the tested range. On the other hand, Sizing drill bit shows the worst performance.  

5.5 Analyzing the performance of 8-Facet, Brad Spur and Precision Dormer on the hole 
 quality 
 

Thrust Force Analysis 

Material A 

 From Figure 151, it can be seen that the least thrust force is obtained at a speed and feed 

of 2,000 RPM and 0.006 IPR, respectively. 

 

   

 

Figure 151. Graph of thrust versus speed and feed (material A-8-Facet). 

 

 From Figure 152, it can be seen that the least thrust force is obtained at a speed and feed 

of 2,000 RPM and 0.006 IPR, respectively. 
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Figure 152. Graph of thrust versus speed and feed (material A-Brad Spur). 

 From Figure 153, it can be seen that the least thrust force is obtained at a speed and feed 

of 5,000 RPM and 0.006 IPR, respectively. 

 

 
 

Figure 153. Graph of thrust versus speed and feed (material A_Precision Dormer). 
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Figure 154. Thrust force comparison for material A. 

Material B  

 From Figure 155, it can be seen that the least thrust force is obtained at a speed and feed 

of 5,000 RPM and 0.004 IPR, respectively. 

 

Figure 155. Graph of thrust versus speed and feed (material B-8-Facet). 

 From Figure 156, it can be seen that the least thrust force is obtained at a speed and feed 

of 2,000 RPM and 0.004 IPR, respectively. 
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Figure 156. Graph of thrust versus speed and feed (material B-Brad Spur). 

 From Figure 157, it can be seen that the least thrust force is obtained at a speed and feed 

of 5,000 RPM and 0.01 IPR, respectively. 

 

Figure 157. Graph of thrust versus speed and feed (material B-Precision Dormer). 
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Figure 158. Thrust force comparison for material B. 

Material C 

 From Figure 159, it can be seen that the least thrust force is obtained at a speed and feed 

of 5,000 RPM and 0.01 IPR, respectively. 

 

Figure 159. Graph of thrust versus speed and feed (material C-8-Facet). 
 

 From Figure 160, it can be seen that the least thrust force is obtained at a speed and feed 

of 2,000 RPM and 0.004 IPR, respectively. 
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Figure 160. Graph of thrust versus speed and feed (material C-Brad Spur). 

 From Figure 161, it can be seen that the least thrust force is obtained at a speed and feed 

of 2,000 RPM and 0.004 IPR, respectively. 

 

 

Figure 161. Graph of thrust versus speed and feed (material C-Precision Dormer). 
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Figure 162. Thrust force comparison for material C. 

For all the three materials, the Precision Dormer drill bit generated the least thrust force.  

Torque Analysis 

Material A  

 From Figure 163, it can be seen that the least torque is obtained at a speed and feed of 

5,000 RPM and 0.006 IPR, respectively. 

 

Figure 163. Graph of torque versus speed and feed (material A-8-Facet). 
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 From Figure 164, it can be seen that the least torque is obtained at a speed and feed of 

5,000 RPM and 0.006 IPR, respectively.  

 

Figure 164. Graph of torque versus speed and feed (material A-Brad Spur). 
 

 From Figure 165, it can be seen that the least torque is obtained at a speed and feed of 

5,000 RPM and 0.006 IPR, respectively.  

 

Figure 165. Graph of torque versus speed and feed (material A-Precision Dormer). 
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Figure 166. Torque comparison for material A. 

Material B  

 From Figure 167, it can be seen that the least torque is obtained at a speed and feed of 

2,000 RPM and 0.006 IPR, respectively.  

 

Figure 167. Graph of torque versus speed and feed (material B-8-Facet). 
 

 From Figure 168, it can be seen that the least torque is obtained at a speed and feed of 

5,000 RPM and 0.004 IPR, respectively.  
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Figure 168. Graph of torque versus speed and feed (material B-8-Facet). 

 From Figure 169, it can be seen that the least torque is obtained at a speed and feed of 

5,000 RPM and 0.01 IPR, respectively. 

 

 

Figure 169. Graph of torque versus speed and feed (material B-Precision Dormer). 
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Figure 170. Torque comparison for material B. 

Material C 

 From Figure 171, it can be seen that the least torque is obtained at a speed and feed of 

5,000 RPM and 0.01 IPR, respectively.  

 

Figure 171. Graph of torque versus speed and feed (material C-8-Facet). 
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 From Figure 172, it can be seen that the least torque is obtained at a speed and feed of 

5,000 RPM and 0.004 IPR, respectively.  

 

Figure 172. Graph of torque versus speed and feed (material C-Brad Spur). 

 From Figure 173, it can be seen that the least torque is obtained at a speed and feed of 

3,000 RPM and 0.004 IPR, respectively. 

  

 

Figure 173. Graph of torque versus speed and feed (material C-Precision Dormer). 
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Figure 174. Torque comparison for material C. 

For all the three materials, the Precision Dormer drill bit has generated the least torque. 

Surface Roughness Analysis 

Material A  

 From Figure 175, it can be seen that the best surface finish is obtained at a speed and feed 

of 3,000 RPM and 0.01 IPR, respectively.  

 

Figure 175. Graph of surface roughness versus speed and feed (material A-8-Facet). 
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 From Figure 176, it can be seen that the best surface finish is obtained at a speed and feed 

of 5,000 RPM and 0.004 IPR, respectively.  

 

Figure 176. Graph of surface roughness versus speed and feed (material A-Brad Spur). 
 

 From Figure 177, it can be seen that the best surface finish is obtained at a speed and feed 

of 5,000 RPM and 0.01 IPR, respectively. 

 

 

Figure 177. Graph of surface roughness versus speed and feed (material A-Precision Dormer). 
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Figure 178. Surface Roughness comparison for material A. 

Material B 

 From Figure 179, it can be seen that the best surface finish is obtained at a speed and feed 

of 2,000 RPM and 0.004 IPR, respectively.  

 

Figure 179. Graph of surface roughness versus speed and feed (material B-8-Facet). 
 

 From Figure 180, it can be seen that the best surface finish is obtained at a speed and feed 

of 3,000 RPM and 0.006 IPR, respectively.  
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Figure 180. Graph of surface roughness versus speed and feed (material B-Brad Spur). 
 

 From Figure 181, it can be seen that the best surface finish is obtained at a speed and feed 

of 5,000 RPM and 0.01 IPR, respectively. 

  

 

Figure 181. Graph of surface roughness versus speed and feed (material B-Precision Dormer). 
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Figure 182. Surface Roughness comparison for material B. 

Material C 

 From Figure 183, it can be seen that the best surface finish is obtained at a speed and feed 

of 3,000 RPM and 0.006 IPR, respectively.  

 

Figure 183. Graph of surface roughness versus speed and feed (material C-8-Facet). 
 

 From Figure 184, it can be seen that the best surface finish is obtained at a speed and feed 

of 5,000 RPM and 0.006 IPR, respectively.  
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Figure 184. Graph of surface roughness versus speed and feed (material C-Brad Spur). 
 

 From Figure 185, it can be seen that the best surface finish is obtained at a speed and feed 

of 5,000 RPM and 0.004 IPR, respectively. 

  

 

Figure 185. Graph of surface roughness versus speed and feed (material C-Precision Dormer). 
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Figure 186. Surface Roughness comparison for material C. 

For the Material A, the 8-Facet drill bit produced the best surface finish. Whereas, for material B 

and Material C, the Brad Spur drill bit produced the best surface finish. 

Roundness Analysis 

Material A  

 From Figure 187, it can be seen that the hole with the least roundness error is obtained at 

a speed and feed of 3,000 RPM and 0.004 IPR, respectively.  

 

Figure 187. Graph of roundness versus speed and feed (material A-8-Facet). 
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  Figure 188, it can be seen that the hole with the least roundness error is obtained at a 

speed and feed of 2,000 RPM and 0.006 IPR, respectively.  

 

Figure 188. Graph of roundness versus speed and feed (material A-Brad Spur). 
 

 From Figure 189, it can be seen that the hole with the least roundness error is obtained at 

a speed and feed of 5,000 RPM and 0.006 IPR, respectively.  

 

Figure 189. Graph of roundness versus speed and feed (material A-Precision Dormer). 
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Figure 190. Roundness comparison for material A. 

Material B  

 From Figure 191, it can be seen that the hole with the least roundness error is obtained at 

a speed and feed of 3,000 RPM and 0.004 IPR, respectively.  

 

Figure 191. Graph of roundness versus speed and feed (material B-8-Facet). 
 

 From Figure 192, it can be seen that the hole with the least roundness error is obtained at 

a speed and feed of 5,000 RPM and 0.004 IPR, respectively.  
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Figure 192. Graph of roundness versus speed and feed (material B-Brad Spur). 

 From Figure 193, it can be seen that the hole with the least roundness error is obtained at 

a speed and feed of 5,000 RPM and 0.006 IPR, respectively. 

  

 

Figure 193. Graph of roundness versus speed and feed (material B-Precision Dormer). 
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Figure 194. Roundness comparison for material B. 

Material C 

 From Figure 195, it can be seen that the hole with the least roundness error is obtained at 

a speed and feed of 5,000 RPM and 0.004 IPR, respectively. 

 

Figure 195. Graph of roundness versus speed and feed (material C-8-Facet). 
 

 From Figure 196, it can be seen that the hole with the least roundness error is obtained at 

a speed and feed of 3,000 RPM and 0.004 IPR, respectively.  
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Figure 196. Graph of roundness versus speed and feed (material C-Brad Spur). 
 

 From Figure 197, it can be seen that the hole with the least roundness error is obtained at 

a speed and feed of 3,000 RPM and 0.004 IPR, respectively. 

  

 

Figure 197. Graph of roundness versus speed and feed (material C-Precision Dormer). 
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Figure 198. Roundness comparison for material C. 

For material A, the Brad Spur drill bit produced holes with the least roundness error, whereas for 

materials B and C, the 8-Facet drill bit produced holes with the least roundness error.  

Hole Oversize Analysis 

Material A  

 From Figure 199, it can be seen that the most dimensionally accurate hole is produced at 

a speed and feed of 5,000 RPM and 0.004 IPR, respectively.  

 

Figure 199. Graph of Hole oversize versus speed and feed (material A-8-Facet). 

133 



 From Figure 200, it can be seen that the most dimensionally accurate hole is produced at 

a speed and feed of 5,000 RPM and 0.01 IPR, respectively.  

 

Figure 200. Graph of Hole oversize versus speed and feed (material A-Brad Spur). 
 

 From Figure 201, it can be seen that the most dimensionally accurate hole is produced at 

a speed and feed of 2,000 RPM and 0.006 IPR, respectively.  

 

Figure 201. Graph of Hole oversize versus speed and feed (material A-Precision Dormer). 
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Figure 202. Hole oversize comparison for material A. 

Material B 

 From Figure 203, it can be seen that the most dimensionally accurate hole is produced at 

a speed and feed of 5,000 RPM and 0.004 IPR, respectively.  

 

Figure 203. Graph of Hole oversize versus speed and feed (material B-8-Facet). 

 From Figure 204, it can be seen that the most dimensionally accurate hole is produced at 

a speed and feed of 3,000 RPM and 0.004 IPR, respectively.  
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Figure 204. Graph of Hole oversize versus speed and feed (material B-Brad Spur). 
 

 From Figure 205, it can be seen that the most dimensionally accurate hole is produced at 

a speed and feed of 2,000 RPM and 0.006 IPR, respectively. 

 

 

Figure 205. Graph of Hole oversize versus speed and feed (material B-Precision Dormer). 
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Figure 206. Hole oversize comparison for material B. 

Material C 

 From Figure 207, it can be seen that the most dimensionally accurate hole is produced at 

a speed and feed of 5,000 RPM and 0.004 IPR, respectively.  

 

Figure 207. Graph of Hole oversize versus speed and feed (material C-8-Facet). 

 From Figure 208, it can be seen that the most dimensionally accurate hole is produced at 

a speed and feed of 5,000 RPM and 0.004 IPR, respectively.  
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Figure 208. Graph of Hole oversize versus speed and feed (material C_ Brad Spur). 
 

 From Figure 209, it can be seen that the most dimensionally accurate hole is produced at 

a speed and feed of 2,000 RPM and 0.004 IPR, respectively. 

  

 

Figure 209. Graph of Hole oversize versus speed and feed (material C_ Precision Dormer). 
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Figure 210. Hole oversize comparison for material C. 

For all the three materials, the Precision Dormer drill bit produced the most dimensionally 

accurate holes. 

Temperature Analysis 

Material A  

 As shown in Figure 211, a highest temperature of 110° F is recorded at a speed and feed 

of 5,000 RPM and 0.01 IPR and a lowest temperature of 100° F is recorded at a speed and feed 

of 2,000 RPM and 0.004 IPR, respectively. 

 

Figure 211. Graph of temperature versus speed and feed (material A-8-Facet). 
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 As shown in Figure 212, a highest temperature of 119° F is recorded at a speed and feed 

of 3,000 RPM and 0.01 IPR and a lowest temperature of 111° F is recorded at a speed and feed 

of 2,000 RPM and 0.004 and 0.006 IPR, respectively. 

 

Figure 212. Graph of temperature versus speed and feed (material A-Brad Spur). 

 As shown in Figure 213, a highest temperature of 92° F is recorded at a speed and feed of 

5,000 RPM and 0.006 and 0.01 IPR and a lowest temperature of 86° F is recorded at a speed and 

feed of 2,000 RPM and 0.006 and 0.01 IPR, respectively. 

 

Figure 213. Graph of temperature versus speed and feed (material A_ Precision Dormer). 
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Figure 214. Temperature comparison for material A. 

Hence for material A, the Precision Dormer drill bit generates the least temperature, and the Brad 

Spur drill bit generates the highest temperature.  

Material B  

 As shown in Figure 215, highest temperatures of 123° F are recorded at speeds and feeds 

of 3,000 and 5,000 RPM and 0.01 and 0.01 IPR and a lowest temperature of 115° F is recorded 

at a speed and feed of 3,000 RPM and 0.004 IPR, respectively. 

 

Figure 215. Graph of temperature versus speed and feed (material B-8-Facet). 
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 As shown in Figure 216, a highest temperature of 128° F is recorded at a speed and feed 

of 5,000 RPM and 0.01 IPR and a lowest temperature of 108° F is recorded at a speed and feed 

of 2,000 RPM and 0.004 IPR, respectively. 

 

Figure 216. Graph of temperature versus speed and feed (material B-Brad Spur). 

 As shown in Figure 217, a highest temperature of 112° F is recorded at a speed and feed 

of 5,000 RPM and 0.01 IPR and a lowest temperature of 96° F is recorded at a speed and feed of 

2,000 RPM and 0.004 IPR, respectively. 

 

Figure 217. Graph of temperature versus speed and feed (material B-Precision Dormer). 
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Figure 218. Temperature comparison for material B. 

Hence for material B, the Precision Dormer drill bit generates the least temperature, and the Brad 

Spur drill bit generates the highest temperature. 

Material C 

 As shown in Figure 219, a highest temperature of 134° F is recorded at a speed and feed 

of 2,000 RPM and 0.01 IPR and a lowest temperature of 118° F is recorded at a speed and feed 

of 5,000 RPM and 0.004 IPR, respectively. 

 

Figure 219. Graph of temperature versus speed and feed (material C-8-Facet). 
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 As shown in Figure 220, a highest temperature of 143° F is recorded at a speed and feed 

of 2,000 RPM and 0.004 IPR and a lowest temperature of 116° F is recorded at a speed and feed 

of 2,000 RPM and 0.01 IPR, respectively. 

 

Figure 220. Graph of temperature versus speed and feed (material C-Brad Spur). 

 As shown in Figure 221, a highest temperature of 111° F is recorded at a speed and feed 

of 2,000 RPM and 0.004 IPR and a lowest temperature of 93° F is recorded at a speed and feed 

of 5,000 RPM and 0.006 IPR, respectively. 

 

Figure 221. Graph of temperature versus speed and feed (material C-Precision Dormer). 
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Figure 222. Temperature comparison for material C. 

Hence for material C, the Precision Dormer drill bit generates the least temperature, and the Brad 

Spur drill bit generates the highest temperature.  

 For all the three materials, the Precision Dormer drill bit is found to generate the least 

temperature, and the Brad Spur drill is found to generate the highest temperature.  

Damage Area Analysis 

 The damage area analysis of the drilled hole was carried out for all three materials. This 

is carried out by first taken a picture of the drilled hole. On the picture, a circle was inscribed 

around the damaged zone. The diameter of the circle around the damaged zone was measured. 

The ratio of this diameter to the drill bit diameter gives the damaged index. Greater the damaged 

index, the greater the damaged area, and vice versa. 
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 Figure 223. Raw image.    Figure 224. Processed image. 

 

Damaged Area Analysis for Material A 
 
 Figure 225 shows the damaged area at entry for material A. It can be seen that the least 

damaged hole is produced by the Brad Spur drill bit, and the worst damaged area is produced by 

the Durapoint drill bit. 

 

Figure 225. Damaged area at entry for material A. 
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 Figure 226 shows the damaged area at exit for material A. It can be seen that the least 

damaged hole is produced by the Brad Spur drill bit, and the worst damaged area is produced by 

the Durapoint drill bit. 

 

Figure 226. Damaged area at exit for material A. 

Damaged Area Analysis for Material B 
 
 Figure 227 shows the damaged area at entry for material B. It can be seen that the least 

damaged hole is produced by the Brad Spur drill bit, and the worst damaged area is produced by 

the Durapoint drill bit. 

 

Figure 227. Damaged area at entry for material B. 
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 Figure 228 shows the damaged area at exit for material B. It can be seen that the least 

damaged hole is produced by the Precision Dormer drill bit, and the worst damaged area is 

produced by the 8-Facet drill bit. 

 

 

Figure 228. Damaged area at exit for material B. 

 

Damaged Area Analysis for Material C 
 
 Figure 229 shows the damaged area at exit for material C. It can be seen that the least 

damaged hole is produced by the 8-Facet drill bit, and the worst damaged area is produced by the 

Brad Spur drill bit. The entry side for material C had a coating on it and the damage area was 

almost absent. Hence it was not necessary to find the damage index. 
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Figure 229. Damaged area at exit for material C. 

 

Tool Wear Analysis 

Tool wear analysis was carried out on all three materials using the 8-Facet, Brad Spur and 

Precision Dormer drill bits. The parameters evaluated for tool wear analysis were thrust force, 

surface roughness, and roundness. The speed and feed rate adopted for the tool wear analysis for 

all the three materials and all three drill bits are 3,000 RPM and 0.01 IPR, respectively.  

Material A 

 From Figure 230, it can be seen that the thrust force for all three drill bits increases 

marginally as the number of holes drilled progresses. This is mainly due to the fact that the 

cutting edges of the drill bit kept wearing out with an increase in the number of holes drilled. 
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Figure 230. Tool wear analysis for material A-thrust force. 

 

 As shown in Figure 231, the surface roughness for the 8-Facet drill bit initially decreases; 

thereafter it increases slightly. As the drilling progresses, it was observed that the surface 

roughness of the 8-Facet drill bit was almost consistent. For the Brad Spur drill bit (see Figure 

231), the surface roughness was initially consistent. Thereafter, there was a rise and fall pattern, 

and the reasons for this are not clearly known. For the Precision Dormer drill bit (see Figure 

231), the surface roughness pattern is almost the same as exhibited by the Brad Spur drill bit. 

Again, the reasons for this are not clear. 
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Figure 231. Tool wear analysis for material A-surface roughness. 

The roundness analysis for all the three drill bits (see Figure 232) shows a decrease in the 

roundness error as the drilling progresses. The reason for this decrease could be attributed to the 

decrease in the eccentricity of the drill bit as the drilling progresses. 

 

Figure 232. Tool wear analysis for material A-roundness. 

 

 

151 



Material B 

 From Figure 233, it can be seen that the thrust force for all three drill bits increases 

marginally as the number of holes drilled progresses. This is mainly due to the fact that the 

cutting edges of the drill bit kept wearing out with an increase in the number of holes drilled. 

 

Figure 233. Tool wear analysis for material B-thrust force. 

As shown in Figure 234, the surface roughness for the 8-Facet and the Brad Spur drill bits 

decreased. One of the reasons for this could be that the cutting edge radius increases and the nose 

radius becomes blunt with the number of holes drilled. Hence this could be one of the reasons for 

the better surface finish.  

 For the Precision Dormer drill bit (see Figure 234), the surface roughness decreased 

initially and then it increased. One of the reasons for this could be the increase in the thrust force 

of this drill bit. As shown in Figure 233, the thrust force for the Precision Dormer drill bit 

decreased initially and thereafter increased. Since delamination is linked to a increase in thrust 

force could be one of the factors that causes a bad surface finish, the worsening of the surface 

roughness for the Precision Dormer drill bit can be linked to these reasons. 
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Figure 234. Tool wear analysis for material B-surface roughness. 

The roundness analysis for the 8-Facet and Brad Spur drill bits (see Figure 235) shows a 

decrease in the roundness error as the drilling progresses. The reason for this decrease could be 

attributed to the decrease in the eccentricity of the drill bit as the drilling progresses. On the other 

hand, the roundness for the Precision Dormer drill bit (see Figure 235) shows a initial increase 

and then a decrease. The reason for this pattern is not clearly known. 

 

Figure 235. Tool wear analysis for material B-roundness. 
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Material C 

 From Figure 236, it can be seen that the thrust force for all three drill bits increases 

marginally as the number of holes drilled progresses. This is mainly due to the fact that the 

cutting edges of the drill bit kept wearing out with an increase in the number of holes drilled. 

 

Figure 236. Tool wear analysis for material C-thrust force. 

The surface roughness graphs for the 8-Facet, Brad Spur and the Precision Dormer drill bits (see 

Figure 237), show an uneven pattern of increase and decrease in surface roughness. No 

conclusions could be drawn from these results.  

 

Figure 237. Tool wear analysis for material C-surface roughness. 
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The roundness analysis for the 8-Facet, Brad Spur and Precision Dormer drill bits (see Figure 

238) shows a decrease in the roundness error as the drilling progresses (although for the Brad 

Spur and the Precision Dormer there is an initial increase in roundness, but the roundness starts 

to decrease as the drilling progresses). The reason for this decrease could be attributed to the 

decrease in the eccentricity of the drill bit as the drilling progresses. 

 

Figure 238. Tool wear analysis for material C-roundness. 

 

 

 

 

 

 

 

 

 

155 



CHAPTER 6 

OPTIMIZING THE DRILLED HOLE CHARACTERISTICS 
 
 

 In this research work the main objective was to optimize the drilled hole characteristics in 

order to get a better hole quality. The goal was to minimize the following responses: 

• Surface roughness (µin) 

• Damage index at exit (ratio) 

• Roundness (µin) 

• Thrust force (lbs) 

Keeping the feed rate (IPR) and speed (RPM) in the given range, as indicated in Table 3. The 

optimized machining solutions for each drill bit and material are shown in the Tables 3 to 8. For 

example, for material A, using the 8-facet drill bit, there are six optimized machining solutions. 

If a manufacturer decides on solution number 1, with a feed of 0.004 IPR and a speed of 2471 

RPM, then the desired roughness values for an optimized drilled hole is 25.367 µin. This applies 

to the other parameters as well, namely, damage index, roundness, and thrust force. The 

optimized machining conditions for materials A, B, and C are shown in Tables 3, 4 and 5 

respectively. Also, Tables 6, 7 and 8 show the optimized machining conditions excluding the 

thrust force. 
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TABLE 3 
 

OPTIMIZATION TABLE AND OPTIMIZATION CONDITIONS FOR MATERIAL A 
 

Optimization table  

INPUT Goal Lower 
Limit 

Upper 
Limit       

Feed (IPR)  should be 
in range  0.004 0.01       

Speed (RPM)  should be 
in range  2,000 5,000       

RESPONSES             
Roughness 

(µin)  minimize            

Damage 
Index at exit 

(ratio) 
 minimize            

Roundness 
(µin)  minimize            

Thrust Force 
(lbs)  minimize            

Optimized machining conditions   
Material A  

8-Facet  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

Thrust 
Force 
(lbs) 

1 0.004 2471 25 1.139 953 16.4 
Brad Spur  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

Thrust 
Force 
(lbs) 

1 0.004 2,000 39 1.091 998 11.2 
2 0.01 5,000 44 1.091 998 13.9 

Precision Dormer  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

Thrust 
Force 
(lbs) 

1 0.004 2,000 59 1.096 2419 14.8 
2 0.004 2414 58 1.102 2419 15.1 

Durapoint  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

Thrust 
Force 
(lbs) 

1 0.004 2,000 55 1.257 1595 23.0 
2 0.004 3132 58 1.244 2545 23.4 
3 0.004 3332 58 1.241 2713 23.5 
4 0.004 3456 58 1.240 2817 23.6 

Table continued on the next page 
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Optimized machining conditions  for material A 
5 0.004 4272 60 1.230 3502 24.0 
6 0.004 4317 60 1.229 3540 24.0 
7 0.004 4670 61 1.225 3836 24.2 

 
TABLE 4 

 
OPTIMIZATION CONDITIONS FOR MATERIAL B 

 
Optimized machining conditions   

Material B  
8-Facet  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

Thrust 
Force 
(lbs) 

1 0.004 2,000 72 1.213 2489 13.5 
Brad Spur  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

Thrust 
Force 
(lbs) 

1 0.004 2,000 70 1.097 1773 8.3 
Precision Dormer  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

Thrust 
Force 
(lbs) 

1 0.01 5,000 107 1.078 3038 8.2 
2 0.01 5,000 107 1.079 3040 8.1 
3 0.008 5,000 107 1.064 3,000 9.1 
4 0.004 3282 107 1.086 2580 9.9 

Durapoint  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

Thrust 
Force 
(lbs) 

1 0.006 4087 85 1.167 4169 24.2 
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TABLE 5 
 

OPTIMIZATION CONDITIONS FOR MATERIAL C 
 

Optimized machining conditions   
Material C 

8-Facet  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

Thrust 
Force 
(lbs) 

1 0.01 5,000 201 1.130 939 21.9 
2 0.004 3113 201 1.179 939 22.8 

Brad Spur  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio)   

1 0.01 2,000 106 1.300    
2 0.01 2495 110 1.300    
3 0.01 4477 125 1.300    

Precision Dormer  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

Thrust 
Force 
(lbs) 

1 0.01 5,000 119 1.118 545 19.0 
2 0.004 2,000 151 1.194 1073 23.3 

Durapoint  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio)   

1 0.004 2,000 72 1.143    
2 0.005 2,000 68 1.169    
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TABLE 6 
 

OPTIMIZATION CONDITIONS FOR MATERIAL A (EXCLUDING THRUST FORCE) 
 

Optimization table  

INPUT Goal Lower 
Limit 

Upper 
Limit     

Feed (IPR)  should be 
in range  0.004 0.01     

Speed (RPM)  should be 
in range  2,000 5,000     

RESPONSES           
Roughness 

(µin)  minimize          

Damage 
Index at exit 

(ratio) 
 minimize          

Roundness 
(µin)  minimize          

Optimized machining conditions (excluding thrust force)  
Material A  

8-Facet  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

1  0.004  2112  23  1.136  1051 
2  0.01  5,000  28  1.120  1994 

Brad Spur  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

1  0.01  2,000  32  1.091  998 
2  0.009  2,000  33  1.091  998 

Precision Dormer  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

1  0.004  2,000  59  1.096  2419 
Durapoint  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

1  0.004  2,000  55  1.257  1595 
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TABLE 7 
 

OPTIMIZATION CONDITIONS FOR MATERIAL B (EXCLUDING THRUST FORCE) 
 

Optimized machining conditions (excluding thrust force)  
Material B  

8-Facet  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

1  0.005  2,000  78  1.236  2203 
2  0.006  2,000  80  1.246  2138 
3  0.008  5,000  105  1.262  1774 

Brad Spur  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

1  0.004  5,000  70  1.097  1550 
2  0.004  3895  70  1.097  1652 
3  0.01  2,000  70  1.097  1738 

Precision Dormer  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

1  0.005  2,000  107  1.030  2329 
2  0.004  2,000  107  1.032  2319 
3  0.006  2,000  107  1.036  2362 
4  0.007  5,000  107  1.063  2990 

Durapoint  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

1  0.008  2,000  85  1.114  4169 
 

 

 

 

 

 

 

 

 

 

161 



TABLE 8 
 

OPTIMIZATION CONDITIONS FOR MATERIAL C (EXCLUDING THRUST FORCE) 
 

Optimized machining conditions (excluding thrust force)   
Material C 

8-Facet  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio) 

Roundness 
(µin) 

1  0.01  5,000  201  1.130  939 
2  0.004  2,000  201  1.143  939 

Brad Spur  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio)  

1  0.01  2,000  106  1.300   
2  0.01  2553  110  1.300   
3  0.01  2874  113  1.300   
4  0.01  3039  114  1.300   
5  0.01  4391  124  1.300   

Precision Dormer  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio)  

1  0.009  5,000  87  1.133   
2  0.008  5,000  70  1.148   
3  0.01  5,000  119  1.119   
4  0.005  2,000  120  1.207   

Durapoint  

Solutions Feed (IPR) Speed 
(RPM) 

Roughness 
(µin) 

Damage Index at 
Exit (ratio)  

1  0.004  2,000  72  1.143   
2  0.004  2239  76  1.143   
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CHAPTER 7 

CONCLUSIONS 
 
 

Thrust Force Analysis 

 After performing a number of experiments, it has been observed that the effect of feed 

rate on thrust is more significant than speed. If one wants to reduce thrust force, one should 

reduce the feed rate, regardless of which drill bit is being used. For all the three materials, the 

Precision Dormer drill bit generated the least thrust force. Hence, if the aim is to reduce thrust 

force during the drilling operations, then the Precision Dormer drill bit would be a good choice. 

And while using this drill bit, for best results, it is recommended that the following speeds and 

feed rates be used: 

• For material A, a speed of 2,000 RPM and a feed rate of 0.006 IPR. 

• For material B, a speed of 2,000 RPM and a feed rate of 0.004 IPR. 

• For material C, a speed of 2,000 RPM and a feed rate of 0.004 IPR. 

Torque Analysis 

 For all the three materials, the Precision Dormer drill bit generated the least torque. 

Hence if the aim is to reduce torque during drilling operations, then the Precision Dormer drill 

bit would be a good choice. And while using this drill bit, for best results, it is recommended that 

the following speeds and feed rates be used: 

• For material A, a speed of 5,000 RPM and a feed rate of 0.006 IPR. 

• For material B, a speed of 5,000 RPM and a feed rate of 0.01 IPR. 

• For material C, a speed of 3,000 RPM and a feed rate of 0.004 IPR. 
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Surface Roughness Analysis 

 It was observed that good surface finish is obtained at low values of feed and speed. For 

material A, the 8-Facet drill bit produced the best surface finish. Whereas, for material B and 

material C, the Brad Spur drill bit produced the best surface finish. Hence, during drilling 

operations, if the focus is on producing holes with a good surface finish, then for material A, the 

8-Facet drill bit would be a good choice, whereas for materials B and C, the Brad Spur drill bit 

be would be the best choice. And while using these drill bits, for best results, it is recommended 

that the following speeds and feed rates be adopted: 

• For material A, a speed of 3,000 RPM and a feed rate of 0.01 IPR. 

• For material B, a speed of 3,000 RPM and a feed rate of 0.006 IPR. 

• For material C, a speed of 5,000 RPM and a feed rate of 0.006 IPR. 

Roundness Analysis 

 It was observed that the roundness error increases with an increase in speed and feed. But 

the influence of speed is stronger than an increase in feed. For material A, the Brad Spur drill bit 

produced holes with the least roundness error, whereas for materials B and C, the 8-Facet drill bit 

produced holes with the least roundness error.  Hence, if the focus of drilling operations is to 

have the least roundness error in the drilled hole, then for material A, the Brad Spur drill bit 

would be a good choice, and for materials B and C the 8-Facet drill bit would be a good choice. 

And while using this drill bit, for best results, it is recommended that the following speeds and 

feed rates be used: 

• For material A, a speed of 3,000 RPM and a feed rate of 0.004 IPR. 

• For material B, a speed of 3,000 RPM and a feed rate of 0.004 IPR. 

• For material C, a speed of 5,000 RPM and a feed rate of 0.004 IPR. 
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Hole Oversize Analysis 

 For all the three materials, the Precision Dormer drill bit produced the most 

dimensionally accurate holes. Hence, during drilling operations, if the focus is on producing 

dimensionally accurate holes, then for all three materials, the Precision Dormer drill bit would be 

the best choice. And while using these drill bits, for best results, it is recommended that the 

following speeds and feed rates be adopted: 

• For material A, a speed of 2,000 RPM and a feed rate of 0.006 IPR. 

• For material B, a speed of 2,000 RPM and a feed rate of 0.006 IPR. 

• For material C, a speed of 2,000 RPM and a feed rate of 0.004 IPR. 

Temperature Analysis  

 For all the three materials, the Precision Dormer drill bit was found to generate the least 

temperature and the Brad Spur drill bit was found to generate the highest temperature. During 

drilling operations, if the focus is to minimize the cutting temperature, then the Precision Dormer 

drill bit would be a good choice. And while using this drill bit, for best results, it is 

recommended that the following speeds and feed rates be used: 

• For material A, a speed of 2,000 RPM and feed rates between 0.006 and 0.01 IPR. 

• For material B, a speed of 2,000 RPM and a feed rate of 0.004 IPR. 

• For material C, a speed of 5,000 RPM and a feed rate of 0.006 IPR. 

 The industries that have supplied these three different types of composite materials may 

have different requirements as far as machining parameters are concerned. Some may 

concentrate solely on keeping the cutting temperatures under check during drilling operations. 

Some may pay more attention to the dimensional accuracy or the surface finish of the drilled 

hole. Keeping in mind the different requirements of the industry, the above parameters were 

165 



evaluated. After carrying out suitable number of experiments and analysis, the above-mentioned 

drill bits, speeds, and feed rates are recommended to achieve best results for each of the 

respective materials and  parameters. Table 9 shows the summary of results obtained in this 

research work. 

 

TABLE 9 
 

SUMMARY OF RESULTS 
 

 Recommended Drill Bits 

 Material A Material B Material C 

Low thrust force Precision Dormer Precision Dormer Precision Dormer 

Low torque Precision Dormer Precision Dormer Precision Dormer 

Best surface roughness 8-Facet Brad Spur Brad Spur 

Least roundness error Brad Spur 8-Facet 8-Facet 

Least Hole oversize 
(best dimensional 
accuracy) 
 

Precision Dormer Precision Dormer Precision Dormer 

Low temperature Precision Dormer Precision Dormer Precision Dormer 

Least damage area Brad Spur (entry 
side) 
Brad Spur (exit side) 

Brad Spur (entry side) 
Precision Dormer 
(exit side) 

Entry side – N/A 
8-Facet (exit side) 
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