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ABSTRACT 

 Though composites are commonly molded for achieving near net-shape, they have to 

undergo precise machining in order to achieve the dimensional stability and an interface quality. 

A complicated interaction between polymer matrix and carbon fiber reinforcement makes the 

machining of the CFRP material a major concern. Due to this heterogeneous nature of the CFRP, 

the machined surfaces result in damages like delamination, spalling, and splintering. In order to 

minimize these damages, knowledge about tool replacement time or tool life is necessary. In this 

study an effort is made to determine the tool life for diamond interlocked knurled tool commonly 

used for machining CFRP material. Direct tool wear measurement techniques were inadequate to 

determine the tool life because of the complex geometry of this tool. Therefore, in this study 

indirect tool wear measurement technique is used to quantify the tool wear based on 

delamination. The damage caused by delamination on the CFRP material undergoing edge 

trimming operation is measured in the form of delamination depth as well as number of 

delamination occurrences per inch. The effects of experimental parameters on delamination 

depth as well as number of delamination occurrences per inch are observed to find optimized 

process parameters. An attempt is made to develop an empirical tool lie equation based on the 

combined effect of delamination depth and number of delamination occurrences per inch. 
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CHAPTER 1 

Composite materials have already attained a significant position as an engineering 

material. They owe their popularity to the high strength, high stiffness, light weight in addition to 

corrosion resistance, and the controlled anisotropic properties. A composite material consists of 

the mixture of two or more distinct micro- constituents which differ in the form and the chemical 

composition. The constituent, which is continuous and is present in the greater quantity, is 

known as a matrix.  The composite materials are classified according to their matrix material as 

metallic, ceramic and polymeric matrix. Most of the composite materials used in the industries 

contain polymeric matrices. Other major constituent is a reinforcement material. Generally glass, 

carbon, boron and ceramic, in their fibrous form, are used as a reinforcement material. Among 

different types of fibers, carbon fibers are widely used because of their high stiffness-to-weight 

and high strength-to-weight ratios. Thus the material under study in this research, carbon fiber 

reinforced polymer (CFRP), is a mixture of carbon fibers and polymer matrix. A complicated 

interaction between polymer matrix and carbon fiber reinforcement makes the machining of the 

CFRP material a major concern in industry. 

 With an increasing application of the CFRP material in aerospace industries, accurate 

surfaces for mounting or adhesive joints are essential. Though composites are regularly molded 

for achieving near net-shape, they have to go through precise machining in order to ensure the 

dimensional stability and an interface quality. The CFRP material undergoes finishing operations 

like drilling, trimming, and turning. The literature review reveals that the trimming operations 

encompass a significant portion of the total manufacturing operations performed on the 

composites. The nature of the composite is heterogeneous which depends upon the factors like 

fiber and matrix properties, orientation of fibers, bond strength between fiber and matrix. Due to 
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this heterogeneous nature of the composites, machined surfaces result in damages like spalling, 

splintering and delamination. All these factors demand a special consideration for the machining 

of the composites. The research in the area of the nature of surface delamination in CFRP 

materials undergoing trimming operation is brief. In this research effects of the process 

parameters like feed rate and spindle speed, in edge trimming operations of the CFRP materials, 

on the surface delamination are analyzed. 

 From economic perspective, the important factor to be considered in the machining of the 

CFRP material is the tool replacement time or the tool life. Normally the tool life is determined 

based on the direct tool wear measurement technique. In this study the tool used for trimming 

operation on the CFRP material is a diamond interlocked knurled tool. Due to the complex 

geometry of this tool, direct tool wear measurement techniques can not be used for determining 

tool life. Therefore, there was a need to use indirect tool wear measurement technique to 

determine the end of tool life. With indirect tool wear measurement techniques the end of tool 

life is defined based on parameters like surface finish, delamination, power, force and the 

temperature. These parameters may be considered individually or in combination. In this study 

the tool life is defined based on the machining damage caused on the CFRP material in the form 

of delamination. 

1.1 Focus and Objectives of Research 

 As it is generally accepted that delamination is the most harmful mode of damage in 

composite materials, basic aim of this study is to find a better way to measure the machining 

damage on a CFRP composite material undergoing edge trimming operation. The machining 

damage is measured in the form of delamination. Formerly a research has been done to achieve 

the above mentioned aim, but closely analyzing the methodology used for the statistical analysis 
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of the delamination data, obtained during previous research, reveals that it involves various 

shortcomings. This makes the results and the conclusions obtained in previous research un-

reliable. The main objective of the present research is to come up with better interpretation of the 

raw delamination data, obtained during previous research, which will overcome the 

shortcomings of the previous methodology. This objective is achieved by means of quantifying 

delamination depths using a different statistical measure than used in the previous research. Also 

in the previous research only delamination depth was recorded and analyzed while no attention 

was given to the number of delamination occurrences on a single workpiece. There is a need to 

investigate the number of delamination occurrences because if only one delamination exists on a 

workpiece with a depth greater than the established threshold value it can be repaired and the 

workpiece is not disqualified.  Therefore, in this study the number of delamination occurrences is 

also investigated and the effect of process parameters on it is studied.   Once the delamination 

depths are quantified by a different statistical measure and the number of delamination 

occurrences are investigated an empirical tool life equation will be derived considering both 

these factors. This empirical tool life equation will provide the tool life in minutes taking into 

account parameters like spindle speed and feed rate. Finally, validation of the results obtained by 

the proposed methodology will be accomplished by performing the experiments. For this 

purpose the edge trimming operations will be performed on CFRP materials using same 

machining parameters as used in the previous research.  

1.2 Report Organization 

 This report consists of six chapters. In chapter one the topic is introduced and the 

objective of this study is stated. In the second chapter background information and literature 

review is discussed. In the third chapter the methodology followed to achieve the stated objective 
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is discussed. In the fourth chapter delamination depth and number of delamination occurrences 

are analyzed after which the development of empirical tool life equation is discussed. Chapter 

five deals with the validation process of empirical tool life equation. The conclusion and future 

work of this study are discussed in the chapter six.  
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CHAPTER 2 

LITERATURE REVIEW 

 In the previous chapter, it is stated that the main concentration of this research is to come 

up with the better way for measuring the machining damage caused by the delamination on the 

CFRP materials, undergoing edge trimming operation. However, before analyzing the 

delamination data, it is essential to study some basic aspects of composites and its delamination. 

Therefore this chapter includes a review concerning structure of composite, different techniques 

for machining of composites, tools used for machining of composites, surface characteristics of 

composites, and behavior of delamination.  

2.1 Composite Materials 

 There is not any specific definition of composite material, while in detail it can be 

defined as “combined material created by the synthetic assembly of two or more components, 

selected filler or reinforcing agent and a compatible matrix binder, in order to obtain specific 

characteristics and properties. The components of a composite do not dissolve or merge 

completely into each other, but they do act in concert” (George, 1981). The properties achieved 

from the composites are such that it can not be achieved by any of the components acting alone. 

Though composites are becoming more popular over past few decades the concept of making 

composites is not a new one. The bricks used by Egyptians at the time of Pharaohs, were the 

combination of clay and straw, where straw suppresses the tendency of the clay to crack. During 

the days of Inca and Maya, plant fibers were unified with pottery to prevent their premature 

cracking. In addition to bricks and pottery many other examples of historical composites are 

found in literature. Naturally found composites include woods and bones. Talking about modern 

composites they were first used in 1930s with the combination of glass fibers and resins and 
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since 1970s composites are widely used with the development of new fibers and matrices. 

Composites are often referred to as reinforced plastics (RP) in industry. 

 Usually the composite material is a combination of two phases known as the fiber and the 

matrix. Function of the fiber is to carry bulk of the load, while that of the matrix is to transfer 

load to the fibers.  Composite materials can be classified in two ways, based on the fibers and 

based on the matrix used. According to the fibers, composite materials are classified into the 

following three categories (Wang, 1993).  

1. Dispersion strengthened composites 

2. Particle reinforced composites 

3. Fiber reinforced composites 

Usually particles don’t have preferred orientation and are relatively small compared to the fibers. 

It is universally accepted that the materials are stronger and stiffer in fibrous form than in any 

other form. The fibers have high stiffness and low density. Therefore the reinforcement agents 

are most widely used in the fibrous form. Various fiber factors which contribute to the 

mechanical performance of the composite are length, orientation, shape, and material. The 

materials used as fibers in composites include glass, boron, carbon, ceramic, and metallic. 

According to the matrix used, composite materials are classified into the following three 

categories (Janardhan, 2005). 

1. Polymer matrix composites  

2. Metal matrix composites  

3. Ceramic matrix composites   
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Among all types of matrices, polymer matrix is most widely used in industries. The composite 

material of interest in this research is Carbon Fiber Reinforced Plastic (CFRP) which is 

combination of carbon fibers and polymer matrix.  

 The basic ingredients of CFRP are unidirectional or woven fiber laminas. Laminas are 

stacked on top of each other at various angels to form multidirectional laminate as shown in the 

Figure 2.1. The carbon fibers are strongly bonded within lamina but weakly bonded between 

laminas.  

 

Initially the application of CFRP was restricted only to aerospace industry owing to its 

high stiffness and low weight. In addition to these basic mechanical advantages CFRP has many 

other promising properties such as low thermal expansion, fatigue resistance, and corrosion 

resistance. The relative properties of CFRP as compared to the conventional metals such as steel 

and aluminum are shown in Figure 2.2.  

Fig 2.1 Laminate construction (Kaw, 1997) 
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Further technical developments in machining of CFRP resulted in the reduction of manufacturing 

costs. All these factors have encouraged the use of CFRP in different applications. Nowadays 

CFRP materials are being used in the sport goods, automobile parts, biomedical implants, small 

boats, fluid containers, pipes and the advanced aircrafts such as B-1B, F-15, and F-16. Figure 2.3 

shows increment in the use of CFRP materials over past twenty years. 

 

 

Fig 2.2 Relative properties of CFRP with steel and aluminum (Wang, 1993) 

Fig 2.3 Increment in use of CFRP from 1985 to 2005 (Villaverde, 2004)  
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2.2 Machining of Composites 

 Since the introduction of composite materials, considerable development has taken place 

in this field due to its increasing application in areas like space, defense, aerospace, automobile, 

sporting goods, and appliances industries. Though composite materials are molded to near net-

shape there is a need to perform secondary machining operation in order to ensure dimensional 

stability and accurate tolerances for fitting with the other components. The increasing application 

of composite materials has raised the need for facilities to fabricate them. But various challenges 

made the task of machining composite materials difficult. One of the challenges is a significant 

difference between machining of composite materials from that of machining of metals and 

alloys. This is because of anisotropic and heterogenic properties of these materials. Another 

major problem in the machining of composite materials is the generation of dust. This dust has to 

be extracted and filtered out in order to avoid serious hazards to health. During the machining of 

composite material, different damages are experienced by the composite material such as 

delamination due to local dynamic loading, fuzzing due to pulled out and crushed fibers, and 

burning due to poor thermal conductivity.  Because of all these challenges, the knowledge that is 

available for the machining of metals and alloys can not be applied to the machining of 

composite materials. 

The literature review reveals that the machining of composite is significantly different 

from the machining of metal in terms of chip formation, heat transfer, and cutting forces. 

Therefore the understanding of machining characteristics of composite materials, specifically of 

CFRP, is of paramount importance. The research in the field of CFRP machining has proven that 

the fiber orientation plays an important role in the quality of machined surface. The research 

carried out by Bhatnagar (1995) shows that cutting forces for fiber orientation less than 90
0
 are 
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higher than the cutting forces for fiber orientation greater than 90
0
. For the fiber angles greater 

than 90
0
, travel of the tool causes compression and bending of fibers. The tool tends to lift fibers 

upward and breaks it by shearing. On the other hand for fiber angles less than 90
0
, travel of the 

tool causes tension, bending and compression of fibers by tool rake face. In this case tool tends 

to tilt the fibers. This cutting mechanism is explained in Figure 2.4. 

Chip formation process during machining of CFRP is studied by Wang (1993) and they 

proposed that chip formation process is significantly dependent on the fiber angle. For fiber 

orientation at 0
0
, chip emanated from tool point and propagated along the tool face till bending 

fracture occurred. For fiber orientation between 15
0
 and 75

0
, the chip formation process included 

fracture due to shear induced by compression, across the fiber axis. During chip formation 

process for fiber orientation greater than 75
0
, fractures perpendicular to the fibers were found. 

These chip formation processes are well described by figure 2.5.  

Fig 2.4 Cutting mechanism of CFRP (Gordon, 2003) 
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 Research in the area of machining techniques for composites has developed various non-

conventional methods as many drawbacks are associated with conventional methods. This does 

not mean that non-conventional techniques are free of flaws. One of the non-conventional 

methods is water jet cutting (WJC). This method is good from physical point of view and it also 

eliminates thermal damage completely. But sometimes, it causes cracking and chipping at the 

exit. WJC has limited application and is quite expensive. Another non-conventional method is 

Fig 2.5 Chip formation mechanism in machining of CFRP (Gordon, 2003) 
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laser beam machining (LBM) which is accompanied by drawbacks like thermal damage and 

generation smoke and fumes. Non-conventional methods like ultrasonic machining and electrical 

discharge machining (EDM) have limited application because of their low cutting rates. The 

summary of advantages and disadvantages of non-conventional machining technique are shown 

in Table 2.1. 

Table 2.1  

Non-conventional machining of composite materials (Wang, 1993) 
 Advantages Disadvantages 

Water Jet Cutting § No thermal effect 

§ Fast machining 

§ Limited stable in perpendicular direction 

§ Material damage 

§ Delamination or chipping at the jet exit 

EDM § Precision finish § Conductivity condition 

§ Slow machining 

Ultrasonic Machining § Precision finish § Noise 

§ Slow machining 

Laser Cutting § Point sized geometry 

§ Multidirectional cutting 

§ High cost 

§ Thermal affected zone 

§ Depend on melting point 

 

All these considerations suggest that efficient and accurate technique for machining composite 

materials has not yet emerged. Selecting appropriate technique depends on many different 

factors. One of the important factors is the resources available. Small manufacturing shops where 

limited resources are available for purchasing new expensive non-conventional machinery, the 

general tendency is to use conventional machinery. On the other hand, large companies like 

Boeing, Raytheon, Cessna, where large resources are available, can easily opt for expensive non-

conventional technique. Finally it can be concluded that, though many non-conventional 

techniques for machining of composites have been emerged over the period of past two decades, 

still in most of the industries conventional equipments are being used to take advantage of 

experience in conventional machining, convenience, and low capital costs. 

 



 13

2.3 Tools Used for the Machining of Composites 

 It is generally accepted that the conventional equipments are widely used in the industry 

for the machining of composites. As the tools are integral part of the conventional machining, it 

is important to know about the tools used for the machining of composites. With continuous 

change in the composite material being machined, the tool encounters different matrices and 

fiber materials. In order to meet these diverse requirements the tool material has to be selected 

carefully for the different composite materials. Most of the fibers used in the composites are hard 

and abrasive, hence the tool materials suggested for their machining include cemented carbide, 

ceramics, cubic boron nitride (CBN), and diamond (single crystal or polycrystalline). The ideal 

tool material should have the properties like 

• High hardness and strength at elevated temperature 

• Sufficient toughness and resistance to fracture 

• High abrasion resistance 

It is impossible to have all these properties in one material. The relative toughness and hardness 

at elevated temperature for various cutting tool materials are shown in Table 2.2. The literature 

review also reveals that, in case of the composites, not only the tool material but also the tool 

geometry plays a significant role in chip flow direction, surface quality, tool life, and required 

energy for the machining.  For the machining of fiber reinforced plastics (FRP), conventional 

tool geometry used in the metal cutting is feasible (Sakuma et. al., 1985). But in some cases, 

particularly for the drilling special tool geometry is needed. 

 

 

 



 14

Table 2.2  

Cutting tool materials and their relative toughness and hardness at elevated temperature  

(Wang, 1993) 

Toughness  Hardness  

    1.   Carbon steel 

2. High speed still 

3. Cast alloys 

4. Tungsten carbides 

5. Titanium carbides 

6. Ceramic 

7. Polycrystalline diamond & CBN 

8. Single crystal diamond 

 

2.4 Effects of Machining on the Composite Surface 

 Although different inspection factors are available for evaluating the machined surfaces 

of the composites, only two factors are widely used in the industry known as the surface finish 

and the delamination depth. Finally choice of the inspection factor depends on the available 

resources, quality inspector, and the quality control guidelines. The surface finish is an important 

factor which not only evaluates the machined surface but also the machining accuracy. The study 

conducted by M. Rahman et al. (1999) reveals that for a given machine tool and the workpiece 

setup, the cutting parameters such as speed, feed, depth of cut, and tool nose radius have a 

considerable influence on the surface roughness. In this study the effect of depth of cut on the 

surface roughness of the fiber reinforced plastics (FRP) using three different tools was studied 

and the results are demonstrated in Figure 2.6. From the figure it can be observed that with 

increase in depth of cut surface roughness also increases. Among three different tools ceramic 

tool is most sensitive to depth of cut for which, even slight increase in the depth of cut 

considerably increases the surface roughness.  
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The Delamination is one of the various damages, occurring in composites during the 

machining processes like drilling, milling, edge trimming and turning. The delamination 

phenomenon can be explained as the failure of fiber-matrix bonding and the fiber pullout which 

results in the removal of fibers from the matrix and protruding fibers from the surface. The main 

reason for occurring delamination during the machining is the fact that the surface plies are not 

stabilized by the neighboring layers, as are the internal plies. During the edge trimming of the 

composites the axial cutting force is out of the plane of laminate and acts in one direction and 

inclines to lift the layers. In order to minimize this effect, modifications are made in the design of 

the tools so that the fluctuating cutting forces will be generated in axial direction or the cutting 

forces will act simultaneously towards the centre of the laminate. Adverse effect of the 

delamination on mechanical properties of the composite is to reduce the compressive strength as 

well as the stiffness. The delamination growth can result in structural instability.  

Fig 2.6 Effect of depth of cut on the surface roughness of long fiber composite using 

different tools (Rahman et al., 1999) 
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 The optical examination of the edges undergoing the trimming operations reveal that four 

distinct types of the delamination damages occur, disregarding cutting mode and conditions 

(Colligan et. al., 1992). These four distinct types of the delamination damages are known as the 

Type I, II, I/II, and III and they have a unique appearance as shown in Figure 2.7. The 

delamination case in which the surface fibers are broken some distance inward from the trimmed 

edge and also where the surface fibers are missing along the trimmed edge is known as the Type-

I delamination. The delamination case which consists of the uncut fibers protruding from the 

trimmed edge is known as the Type-II delamination. The case where the fibers are broken 

Type III 

Type III Delamination 

Fig 2.7 Different types of delamination (Colligan et. al., 1992) 
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inwards and also extend outward from the trimmed edge is known as the Type-I/II. The 

delamination case where the loose fibers are partially attached to the trimmed edge along the top 

or bottom laminate is known as the Type-III delamination. 

 Basically very little research has been done in the field of delamination of composites 

during machining and in these researches major of part is dedicated to study delamination of 

composites during drilling. Literature review reveals that characteristics and behavior of 

delamination varies with the change in machining operation. Formerly a research was conducted 

to analyze the delamination of graphite/epoxy surface plies undergoing the edge trimming 

operation using two different tools such as carbide cutter and polycrystalline diamond ((Colligan 

et. al., 1992). The research depicts that the delamination is most affected by orientation of the 

surface fibers relative to the final edge of the work-piece. The parallel orientation of the surface 

fibers on all straight edges to be trimmed will considerably reduce the delamination damage and 

will ease the task of trimming. The feed rate is also an eminent factor in producing the 

delamination, particularly the lower feed rates reduces the tendency of the tools to delaminate 

surface plies. Among all types of the delamination, Type-II is the most common one to appear.   
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CHAPTER 3 

METHODOLOGY 

 Though all CFRP materials are manufactured near net shape, they require secondary 

machining operations for their final assemblage. The inhomogeneous and anisotropic nature of 

CFRP material may cause damages like delamination, spalling, and splintering during its 

machining, which is a major concern. In order to eliminate these damages it is required to know 

the relationship between damage growth and the progress of tool wear and generate estimates of 

time for tool replacement. Thus the objective of this research is to develop a quantifiable method 

for indirect tool wear measurement in a diamond interlocked (burr) tool used for the machining 

of CFRP and find out the time for tool replacement. From the previous research it was found that 

due to the complex nature of tool geometry the direct wear measurement techniques are 

insensitive to the process parameters. Therefore, indirect method for tool wear quantification is 

developed considering delamination as one of the harmful modes of damages. 

 As mentioned in the first chapter, a previous research in this area studied the behavior of 

delamination in CFRP during the edge trimming operation. Accordingly, at the beginning of this 

chapter a brief description of the previous research is given and its various shortcomings are 

discussed in detail. At the end of this chapter the methodology to overcome the present 

shortcomings is proposed. 

3.1 Previous Research  

 The objective of the research conducted by Urban (2005) was to identify the effect of 

process parameters on the surface quality of machined CFRP parts while that of Janardhan 

(2005) was to determine the tool replacement time based on delamination depth criterion. In 

these works edge trimming operations were conducted on the CFRP material using a diamond 
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interlocked (burr) tool. In the experiments two types of CFRP panels were used; long panel and 

short panel. The purpose of using long panel was to achieve tool wear. As the short panels are 

easy to handle they were used for measuring and analyzing the delamination. Dimensions of the 

long panel were 24.5×25 inches and those of the short panel were 4×1.5 inches. During 

experiments, spindle speed and feed rate were varied while radial depth of cut was kept constant 

at 0.063 inch. An experimental matrix consisted of three spindle speeds of 5000, 10000, and 

15000 rpm and three feed rates of 100, 200, and 400 ipm. This makes total nine matrix points as 

shown in Table 3.1. The objective was to see how delamination varies with respect to each 

combination of spindle speed and feed rate and also with the cutting distance. So each 

combination of spindle speed and feed rate consisted of five runs in order to vary cutting 

distance. The first two runs included seven cuts, of which first five cuts were made on the long 

panel to wear out the tool and the last two cuts on the short panel to analyze the delamination 

under optical microscope. The next three runs included twelve cuts each, of which first ten cuts 

were made on the long panel and the last two cuts on the short panel. Carefully considering the 

number of cuts and the lengths of long and short panels in each run reveals the cutting distance 

traveled by tool at the end of each run as shown in Table 3.2. At the end of each run the short 

panel was analyzed for delamination using optical microscope. A new tool was used for each 

matrix point.  
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Table 3.1 

Experimental matrix points 

Speed (rpm) Feed (ipm) 

5000 100 

5000 200 

5000 400 

10000 100 

10000 200 

10000 400 

15000 100 

15000 200 

15000 400 

 

Table 3.2 

Distance traveled at the end of each run 

 Distance traveled at the end 

First Run 130.5 inch 

Second Run 261 inch 

Third Run 514 inch 

Fourth Run 767 inch 

Fifth Run 1020 inch 

 

 The analysis of delamination at the end of each run consisted of measuring delamination 

depths along the entire 4.0 inch length of the workpiece on both the top and bottom surfaces. 

Thus, for each matrix point at the end of each run different sets of delamination readings were 

obtained which were called delamination data sets. After conducting experiments at all matrix 

points, selecting suitable statistical measures such as average, standard deviation or range for a 

delamination data set was necessary. For selecting suitable statistical measure it was important to 

know the frequency distribution of the delamination depth. Therefore frequency histograms of 
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delamination data sets at the best cutting condition (spindle speed-15000 rpm and feed rate-100 

ipm) and worst cutting condition (spindle speed-5000 rpm and feed rate-400 ipm) were plotted 

and analyzed. It was found that the frequency histograms at these two extreme cutting conditions 

followed the normal probability distribution. Based on this, it was assumed that the frequency 

distribution of all other delamination data sets also followed the normal probability distribution. 

So the average value of a delamination data set was selected as a measure of the extent of 

delamination for a particular combination of speed, feed and cutting distance at the end of each 

run. Figure 3.1 shows a comparison of average delamination values at different machining 

parameters of the experimental matrix. In this figure ‘S’ refers to spindle speed and ‘F’ refers to 

feed rate. The statistical analysis of the experimental data was performed to test the effect of 

machining parameters on the delamination behavior and find the optimal machining parameters 

for minimizing delamination. At the end it was concluded that the average delamination depth 

Fig 3.1 Comparison of average delamination values at different machining 
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increased with an increase in feed rate, decreased with an increase in spindle speed and increased 

with an increase in cutting distance. 

In a latter part of the previous work the tool life was defined based on average 

delamination depth. For acceptable delamination depth a threshold value of 0.06 inch (1.5 mm) 

was selected according to recommendations by the aerospace industry. The tool was supposed to 

be replaced when the average delamination depth reached the threshold of value of 0.06 inch. 

The time after which the tool was replaced was considered as the tool life. The tool life was 

determined using formula,  

T = X / F 

where, 

 T = tool life in minutes 

 X = total cutting distance traveled by the tool at the point of replacement in inches 

  F = Feed rate in ipm 

In this formula the factor ‘X’ is the total cutting distance traveled by tool at the point of 

replacement which means the cutting distance at which delamination threshold (0.06 inch) is 

reached. From figure 3.1 it can be observed that all the delamination values lie well below the 

threshold of 0.06 inch. Therefore, in order to find the distance at which threshold value is 

reached, the data points were linearly extrapolated. Once the factor ‘X’ was known for each 

combination of speed and feed rate, the tool life in minutes was determined using above equation. 

In this way the tool life in minutes was determined based on the average delamination depth. 

This approach has several drawbacks which are discussed in the next section.  
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3.2 Drawbacks of the Previous Approach 

1. Analyzing frequency distributions of delamination data sets just at the best and worst 

cutting conditions does not serve as an enough proof to assume that the delamination data sets at 

all other combination of speed, feed rate and cutting distance follow the normal probability 

distribution. A more solid proof is necessary. 

Table 3.3 (a) 

Percentage of delamination depths greater than the threshold of 0.06 inch 

 

Cutting 
distance 

Total number 
of Values in 
the data set 

Number of Values 
greater 

than  0.06 inch 
Percentage 

S5000-F100 

130.5 58 4 7 

261 63 6 10 

514 55 9 16 

767 49 4 8 

1020 47 12 26 

S5000-F200 

130.5 53 4 8 

261 71 16 23 

514 66 18 27 

767 56 10 18 

1020 37 11 30 

S5000-F400 

130.5 93 26 28 

261 102 30 30 

514 88 34 39 

767 95 48 51 

1020 82 45 55 

S10000-F100 

130.5 49 3 6 

261 36 2 6 

514 32 3 9 

767 40 2 5 

1020 32 7 22 

S10000-F200 

130.5 56 7 13 

261 40 14 35 

514 49 4 8 

767 16 5 31 

1020 38 13 34 
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Table 3.3 (b) 

Percentage of delamination depths greater than the threshold of 0.06 inch (Contd.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. The delamination data sets at any combination of speed, feed and cutting distance 

consists of at least 35 readings. The range (difference between minimum and maximum values) 

of all the data sets is quite large. Representing such large data sets by average value and using 

this value in the tool life equation is not reliable as the average value is highly sensitive to 

extremely higher as well as extremely lower values in the data set.   

3. For the data sets at particular combination of feed rate, speed and cutting distance, the 

percentage of values greater than the threshold value (0.06 inch) is considerably high. Table 3.3 

Cutting 
distance 

Total number 
of Values in 
the data set 

Number of 
Values greater 
than  0.06 inch 

Percentage 

S10000-F400 

130.5 61 14 23 

261 79 21 27 

514 65 17 26 

767 108 23 21 

1020 99 35 35 

S15000-F100 

130.5 21 0 0 

261 25 0 0 

514 20 0 0 

767 38 0 0 

1020 30 0 0 

S15000-F200 

130.5 59 4 7 

261 45 6 13 

514 39 2 5 

767 34 2 6 

1020 52 8 15 

S15000-F400 

130.5 50 4 8 

261 40 8 20 

514 56 12 21 

767 59 21 36 

1020 46 12 26 
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shows higher percentage of values greater than the threshold value at different combinations of 

feed rate, speed and cutting distance. But the average values of these data sets are well below the 

threshold as shown in the Figure 3.1. Therefore it can be stated that the tool life determined 

based on the average delamination depths are liberal and non-reliable. 

4. In the previous section it was discussed that for finding the tool life in minutes, knowing 

the total cutting distance traveled by the tool at the point of replacement (when threshold value of 

the delamination is reached) was necessary. Therefore, in order to find the total cutting distance 

traveled by the tool at the point of replacement, the data points in the Figure 3.1 were linearly 

extrapolated beyond the cutting distance of 1020 inch till they reached the threshold value. 

Linear extrapolation is a mathematical process of constructing new data points beyond the rage 

of known data points. It is generally accepted that the results of linear extrapolation are often less 

meaningful and are also subject to greater uncertainty. Table 3.4 shows the cutting distances at 

which threshold value is reached for each combination of speed and feed.  

Table 3.4 

Total cutting distances traveled by tool at the point of replacement for all 

experimental matrix points 

 

Speed (rpm) 

 

Feed (ipm) 

 

Cutting Distance at 

the point of tool 

replacement (inches) 

Extent of 

extrapolation beyond 

1020 inch 

5000 100 2861.5 2861.5-1020=1841.5 

5000 200 2525.9 2525.9-1020=1505.9 

5000 400 1854.8 1854.8-1020=834.8 

10000 100 3234.1 3234.1-1020=2214.1 

10000 200 2898.5 2898.5-1020=1878.5 

10000 400 2227.3 2227.3-1020=1207.3 

15000 100 3606.7 3606.7-1020=2586.5 

15000 200 3271.1 3271.1-1020=2251.1 

15000 400 2599.9 2599.9-1020=1579.9 
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From Table 3.4 it is clear that the extent of extrapolation is longer. One can not be sure that the 

delamination will continue to increase at the same rate on the extent of extrapolation as it has on 

the available data points. This makes the previous approach prone to flaws particularly on the 

extent of extrapolation. 

5. The tool life equation developed in the previous research was based only on delamination 

depth. As mentioned before only delamination depth is not adequate to disqualify the part. In 

addition to delamination depth, the number of delamination occurrences also plays an important 

role. Therefore there is a need to consider both of these factors for determining tool life. 

 Considering all these drawbacks it can be concluded that the developed tool life equation 

could be made reliable. The tool life determined by this tool life equation is much liberal which 

may lead to the damaged machined surfaces specifically towards the end of tool life.  

3.3 Proposed Approach 

From the discussion of previous sections it can be concluded that there is a need to find a new 

approach which will provide more reliable tool lives which take into account both delamination 

depth and frequency of occurrence. A new approach which will satisfy all these needs is 

proposed here. Before presenting the new approach it is assumed that data collected during 

previous research is reliable but a better interpretation of the raw delamination data is necessary. 

The new approach consists of the following. 

1. Instead of analyzing the delamination data sets just at the best and worst cutting 

conditions, the data sets for all combinations of feed rate, speed and cutting distance are analyzed 

for frequency distribution. Some of the histograms are shown in Figures 3.2-3.4. It is observed 

that out of forty five delamination data sets, forty one delamination data sets followed the normal 

distribution. In other words it can be sated that over 90 % of the total delamination data sets 
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followed the normal distribution. Based on this statistical evidence it is safe to assume that all 

delamination data sets follow the normal probability distribution. 

 

Figure 3.2 Histograms for delamination depth for spindle speed 5000 rpm, feed rate 100 ipm 

and at the cutting distance (a) S5000-F100-130.5 inch (b) S5000-F100-1020 inch 

(a) (b) 

Figure 3.3 Histograms for delamination depth for spindle speed 10000 rpm, feed rate 200 ipm 

and at the cutting distance (a) S10000-F200-130.5 inch (b) S10000-F200-1020 inch 

(a) (b) 

Figure 3.4 Histograms for delamination depth for spindle speed 15000 rpm, feed rate 400 ipm and 

at the cutting distance (a) S15000-F400-130.5 inch (b) S15000-F400-1020 inch 

 

(a) (b) 
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2. Knowing that the delamination data set follows the normal probability distribution a 

different statistical measure for quantifying delamination depth is proposed which is known as 

90th percentile value. This statistical measure will represent the delamination data sets more 

reliably in order to provide more conservative tool lives and overcome the drawbacks of previous 

approach. The 90
th

 percentile value for a delamination data set can be defined as the value under 

which 90% of the populations in the data set lie. Henceforth in this study, 90
th

 percentile value 

quantifies the extent of delamination depth at any given cutting condition. 

The formula used for determining 90
th

 percentile value for a delamination data set is 

   ----------------------------------- (3.1) 

where, 

 Z = 1.2817 (Z-value for 90% area under normal curve) 

 y = 90
th

 percentile value 

 y = Average of the population 

 σ = Standard deviation of the population 

3 As the delamination depth will be quantified using 90
th

 percentile value, different 

delamination values will be obtained for each combination of speed, feed rate and cutting 

distance than those obtained from the previous research. Therefore there is a need to check if 

the effect of machining parameters on the behavior of delamination remains same as before 

or changes. To satisfy this need, analysis of variance (ANOVA) will be conducted to observe 

the effect of machining parameters on the behavior of delamination. 

4 After analyzing the delamination depth the number of delamination occurrences will be 

analyzed. For this purpose the number of delamination occurrences greater than the threshold 

value per inch will be considered. After measuring the number of delamination occurrences 

σ

yy
Z

−
=
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greater than the threshold value per inch for each combination of speed, feed rate and cutting 

distance the effect of machining parameters will be investigated. For this analysis of variance 

(ANOVA) will be conducted. 

5 As the objective of this research is to develop an indirect method for tool wear 

quantification, an empirical tool life equation will be developed based on the delamination 

depth as well as number of delamination occurrences greater than the threshold value per 

inch. For this purpose both these factors need to be compared with each other and combined. 

This equation will provide the tool life in minutes when the values of spindle speed and feed 

rate are entered. The empirical tool life equation will assist in determining when the tool 

needs to be replaced in order to avoid the production of damaged machined surfaces. Thus it 

will help to produce quality machined surfaces and reduce the cost. 

6 To validate an empirical tool life equation experiments will be performed in the last 

phase of this study. These experiments will be performed using same tools, work-pieces, and 

machine but the different machining parameters than used in the pervious experiments.  
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CHAPTER 4  

ANALYSIS OF RESULTS  

 With the increasing popularity of CFRP materials its areas of applications are also 

increasing. The service life of CFRP parts is greatly dependent on the quality of machined 

surface. Though CFRP materials are molded to near net shape they have to undergo secondary 

finishing operations to meet the dimensional tolerances for the required service application. 

These secondary finishing operations create various machining damages to CFRP material. In 

order to produce the CFRP parts of the required surface quality there is a need to quantify these 

machining damages. In this study the surface damages caused by delamination is being 

quantified in the form of delamination depth and number of delamination occurrences per inch. 

In the preceding chapter various shortcomings of the previous research are discussed and the 

methodology to overcome these shortcomings is proposed. In this chapter the results of the 

proposed methodology are discussed. In order to explain the concepts more clearly and eliminate 

the confusion, following symbols are used in this report. 

Davg = average delamination depth (inch) 

D90% = Delamination depth at 90
th

 percentile (inch) 

δ = threshold value for delamination depth (0.06 inch) 

ND = total number of delaminations in the short workpiece 

ND>δ = total number of delaminations whose depth is greater than the threshold value δ 

nD = number of delaminations per inch 

nD>δ = number of delaminations per inch whose depth is greater than the threshold value δ 
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4.1 Quantification of Delamination Depth 

 The statistical measure used for quantifying delamination depth is 90
th

 percentile value 

which provides more reliable quantification of delamination. This 90
th

 percentile value for all 

combinations of spindle speed, feed rate and cutting distance is determined using equation 3.1. 

Henceforth the 90
th

 percentile value for a particular combination of parameters will be referred to 

as a delamination value at that particular combination of speed, feed and cutting distance. The 

D90% delamination values at different machining parameters of the experimental matrix are 

shown in Figure 4.1. The D90% delamination values at all combination of parameters are provided 

in Appendix-A. 

 

 Comparing Figure 4.1 with Figure 3.1 one can see that D90% delamination depths are 

greater than the average delamination depths (Davg). From this figure it can observed that D90% 

delamination value is lowest at spindle speed of 15000 rpm and feed rate of 100 ipm and it is 

Figure 4.1 Comparison of D90% delamination values at different machining parameters 
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maximum at spindle speed of 5000 rpm and feed rate of 400 ipm. This indicates that though the 

statistical measure is changed the lowest and maximum delamination depth is obtained at the 

same combination of speed and feed as it is obtained for Davg delamination depths. It is also 

observed that generally delamination depth increases with increase in cutting distance.  

4.2 Statistical Analysis of D90% Delamination Depth 

 As a result of change in the measure for quantifying the delamination depth, new 

delamination values have been obtained. There is a need to study the behavior of the 

delamination with respect to the machining parameters in order to understand optimized 

machining parameter. To do this an analysis of variance (ANOVA) at a suitable confidence level 

was conducted using the software Design Expert V.6. The input factors used are the spindle 

speed, feed rate, and the cutting distance while there is only one response which is the 

delamination depth. The type of design used for this analysis is User-Defined since it is the most 

flexible type which allows the user to select the number of factors and the level of factors. In this 

analysis three levels of spindle speed such as 5000, 10000, and 15000 rpm and three levels of 

feed rate such as 100, 200, and 400 ipm are used. Apart from spindle speed and feed rate the 

number of levels used for the cutting distance is five such as 130.5, 261, 514, 767, and 1020 inch. 

The ANOVA input matrix for delamination depth is shown in Table 4.1. 

4.2.1 Analysis of Variance for D90% Delamination Depth  

 The ANOVA analyses are always conducted at specific confidence level in order to 

provide confidence to the experimenter that the results and conclusions obtained are reasonable 

and valid. Confidence level is the probability value (1-α) associated with the confidence interval, 

where α is the significance level. Confidence level is often expressed as a percentage. For this 

analysis the selected significance level is 0.05 (α=0.05) which means the confidence level is 95%. 
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The software provides results of ANOVA analysis in the form of a table. The results of ANOVA 

analysis for D90%delamination depths are shown in Table 4.2. 

Table 4.1 (a) 

ANOVA model for D90% delamination depth 

 

 

Std 

 

Run 

 

Block 

Factor 1 

A: Speed 

Factor 2 

B: Feed 

Factor 3 

C: Cutting 

Distance 

Response 1 

D90% 

Delamination 

Depth 

1 19 Block 1 10000 100 767 0.060 

2 9 Block 1 5000 200 767 0.067 

3 38 Block 1 15000 200 514 0.056 

4 7 Block 1 5000 200 261 0.065 

5 12 Block 1 5000 400 261 0.070 

6 32 Block 1 15000 100 261 0.042 

7 30 Block 1 10000 400 1020 0.074 

8 44 Block 1 15000 400 767 0.071 

9 45 Block 1 15000 400 1020 0.068 

10 39 Block 1 15000 200 767 0.058 

11 37 Block 1 15000 200 261 0.056 

12 21 Block 1 10000 200 130.5 0.059 

13 28 Block 1 10000 400 514 0.058 

14 10 Block 1 5000 200 1020 0.070 

15 27 Block 1 10000 400 261 0.068 

16 8 Block 1 5000 200 514 0.066 

17 35 Block 1 15000 100 1020 0.051 

18 23 Block 1 10000 200 514 0.065 

19 34 Block 1 15000 100 767 0.047 

20 22 Block 1 10000 200 261 0.060 

21 18 Block 1 10000 100 514 0.058 

22 2 Block 1 5000 100 261 0.057 
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Table 4.1 (b) 

ANOVA model for D90% delamination depth 

 

 

Std 

 

Run 

 

Block 

Factor 1 

A: Speed 

Factor 2 

B: Feed 

Factor 3 

C: Cutting 

Distance 

Response 1 

D90% 

Delamination 

Depth 

23 33 Block 1 15000 100 514 0.044 

24 31 Block 1 15000 100 130.5 0.039 

25 36 Block 1 15000 200 130.5 0.055 

26 20 Block 1 10000 100 1020 0.063 

27 14 Block 1 5000 400 767 0.076 

28 5 Block 1 5000 100 1020 0.066 

29 6 Block 1 5000 200 130.5 0.057 

30 3 Block 1 5000 100 514 0.061 

31 15 Block 1 5000 400 1020 0.088 

32 41 Block 1 15000 400 130.5 0.053 

33 24 Block 1 10000 200 767 0.063 

34 26 Block 1 10000 400 130.5 0.058 

35 16 Block 1 10000 100 130.5 0.056 

36 17 Block 1 10000 100 261 0.058 

37 13 Block 1 5000 400 514 0.074 

38 25 Block 1 10000 200 1020 0.069 

39 40 Block 1 15000 200 1020 0.063 

40 43 Block 1 15000 400 514 0.067 

41 29 Block 1 10000 400 767 0.063 

42 1 Block 1 5000 100 130.5 0.055 

43 4 Block 1 5000 100 767 0.058 

44 11 Block 1 5000 400 130.5 0.060 

45 42 Block 1 15000 400 261 0.061 

 

Table 4.2 

ANOVA table for D90%delamination depth 

Source 
Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Square 
F value Prob>F  

Model 0.002765 3 0.0009216 45.49 < 0.0001 Significant 

A 0.0008506 1 0.0008506 41.99 < 0.0001  

B 0.001162 1 0.001162 57.35 < 0.0001  

C 0.0007525 1 0.0007525 37.14 < 0.0001  

Residual 0.0008306 41 0.0000202    

Cor Total 0.003596 44     
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 From ANOVA table it can be observed that the model selected is significant. As the 

model is significant the input factors A, B, and C are also significant. In this analysis the input 

factors A, B, and C refer to spindle speed, feed rate and cutting distance respectively. Though the 

effect of individual factors on the delamination depth is significant the interaction of factors is 

not significant. Therefore the model terms representing the interaction of factors are removed 

from the model thus reducing the model. The reduction of model results in improving the model 

thus presenting better results. ANOVA also gives a relationship between the responses and input 

factors in the form of an equation from the experimental data. The equation is as shown below. 

Delamination Depth (D90%) = +0.0555 - 1.06498E-006 * Speed + 4.07397E-005 * Feed + 

1.25824E-005 * Cutting Distance 

4.2.2 Checking Adequacy of the ANOVA Model 

 Checking the ANOVA model for adequacy is very important part because unless and 

until the model is adequate its results can not be trusted. For the model to be adequate the 

residuals should be normally and independently distributed. This is checked by plotting normal 

probability plot of residuals, outlier plot, plot of residuals Vs factors and plot of residuals Vs 

predicted. The normal probability plot of residuals checks for the normality assumption. If the 

residuals are normally distributed the normal probability plot resembles a straight line. After 

plotting the normal probability plot of residuals, an investigation for the presence of suspected 

outliers should be carried out. A residual point on the normal probability plot which is much 

larger than the others is often referred as a suspected outlier. The presence of such outliers can 

seriously distort the ANOVA results. Therefore a careful investigation is needed to detect the 

outliers, which is accomplished by plotting the outlier plot. If there is no any outlier present then 

all the residual points will lie within ± 3.5 limit. The plots of residuals Vs factors and residuals 
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Vs predicted check for the independence assumption. If the model is adequate these plots will be 

structureless which means that there will be no any particular patterns present such as a funnel 

shape. All the plots required for checking model adequacy are shown in Appendix-B. All the 

plots show that there is no any violation of model assumptions and the results of the model can 

be trusted. 

4.2.3 Effect of Individual Factors on D90% Delamination Depth 

 The one factor plots are plotted to check the effect of each individual factor on D90% 

delamination depth as shown in Figures 4.2-4.4. These figures clearly show the effect of speed, 

feed, and cutting distance respectively on D90% delamination depth. Form these figures it can 

concluded that the D90% delamination depth decreases with increase in the speed, increases with 

increase in the feed, and increases with increase in the cutting distance. 

 

 

 

Figure 4.2 Effect of feed on D90% delamination depth 

Actual Factors 

A: Speed = 10000.00 

C: Cutting Distance=575.25 
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Figure 4.3 Effect of speed on D90% delamination depth 

Actual Factors 

B: Feed = 250.00 

C: Cutting Distance=575.25 

Figure 4.4 Effect of cutting distance on D90% delamination depth 

Actual Factors 

A: Speed = 10000.00 

B: Feed = 250.00 
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4.2.4 Response Surface for D90% Delamination Depth 

 One of the purposes for conducting this statistical analysis was to get an idea about 

optimized process parameters which means the process parameters at which D90% delamination 

depth is least. The best way to gain knowledge about optimized process parameters is to study 

the 3-D surface plot which is shown in Figure 4.5.  

 This plot shows that the D90% delamination is least at high spindle speed and low feed rate 

i.e. speed of 15000 rpm and feed of 100 ipm, which is the best cutting condition. D90% 

delamination is maximum at low spindle speed and high feed rate i.e. speed of 5000 rpm and 

feed of 400 ipm, which is the worst cutting condition. All the results are same as compared to 

previous study. Thus it can be concluded that though the measure of delamination depth is 

changed the effect of machining parameters on the behavior of delamination is same. 

 

Figure 4.5 3D Surface plot for D90% delamination depth 

Actual Factor 

C: Cutting Distance=575.25 
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4.3 Measurement of Delamination Occurrences  

 Delamination depth alone exceeding a threshold value may not be sufficient to disqualify 

a part. If a small number of delaminations with a depth greater than the established threshold 

exist on a complex and expensive part, then repairing it might be most sensible thing to do. This 

makes the analysis of number of delamination occurrences greater than the threshold value (nD>δ) 

necessary. In this study the threshold value used for delamination depth is 0.06 inch as it is the 

general acceptance range used in the aerospace industry. Therefore in this analysis for each 

combination of speed, feed and cutting distance the number of delamination occurrences greater 

than the threshold value on the short workpiece are measured. As the length of the short 

workpiece is known (4 inch) nD>δ is determined by dividing ND>δ by 8 as the delaminations are 

measured on both top and bottom surfaces. The values of nD>δ at different machining parameters 

of the experimental matrix is shown in Figure 4.6. The values of nD>δ at all combination of 

parameters is provided in Appendix-C. From figure 4.6 it is observed that the minimum value of 

nD>δ is obtained at the spindle speed of 15000 rpm and feed rate of 100 ipm. The values of nD>δ 

at this combination of speed and feed are zero at all cutting distances. The maximum value of 

nD>δ is obtained at the spindle speed of 5000 rpm and feed rate of 400 ipm. It is also observed 

that nD>δ is increasing with increase in cutting distance.  
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4.4 Statistical Analysis of nD>δδδδ    

 As there is a need to study the behavior of nD>δ with respect to the machining parameters 

in order to it with that of D90% delamination depth and understand the optimum machining 

parameters. To satisfy this need an analysis of variance (ANOVA) at a suitable confidence level 

was conducted using the software Design Expert V.6. The input factors used are spindle speed, 

feed rate, and cutting distance while the response is number of delamination occurrences per inch.  

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Comparison of number of delamination occurrences per inch whose depth is 

greater than threshold value (nD>δ) 
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Table 4.3 

ANOVA model for nD>δ 

 

 

Std 

 

Run 

 

Block 

Factor 1 

A: Speed 

Factor 2 

B: Feed 

Factor 3 

C: Cutting 

Distance 

Response 1 

nD>δδδδ 

1 19 Block 1 5000 100 514 1.13 

2 9 Block 1 15000 400 514 1.50 

3 38 Block 1 5000 100 1020 1.50 

4 7 Block 1 15000 400 1020 1.50 

5 12 Block 1 5000 100 130.5 0.50 

6 32 Block 1 15000 400 130.5 0.50 

7 30 Block 1 5000 400 1020 5.36 

8 44 Block 1 15000 200 1020 1.00 

9 45 Block 1 15000 200 130.5 0.50 

10 39 Block 1 5000 400 130.5 3.25 

11 37 Block 1 5000 400 514 4.25 

12 21 Block 1 10000 100 1020 0.88 

13 28 Block 1 10000 100 514 0.38 

14 10 Block 1 10000 100 130.5 0.38 

15 27 Block 1 10000 200 514 0.50 

16 8 Block 1 10000 200 130.5 0.88 

17 35 Block 1 10000 200 1020 1.63 

 

The type of design used for this analysis is Box-Behnken in which each input factor is varied 

over three levels. In this analysis three levels of speed 5000, 10000, and 15000 rpm, three levels 

of feed 100, 200, and 400 ipm and three levels of cutting distance 130.5, 514, and 1020 inch are 

used. The ANOVA model used for nD>δ is shown in Table 4.3. 

4.4.1 ANOVA Output for nD>δδδδ 

For this analysis the selected significance level is 0.05 (α=0.05) which means the 

confidence level is 95%. The software provides results of ANOVA analysis in the form of a table. 

The results of ANOVA for nD>δ is shown in Table 4.4. 
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Table 4.4 

ANOVA table for nD>δ 

 

Source 
Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Square 
F value Prob>F  

Model 28.87 3 9.62 28.88 < 0.0001 Significant 

A (Speed) 13.22 1 13.22 39.68 < 0.0001  

B (Feed) 17.76 1 17.76 53.28 < 0.0001  

C (Dist.) 2.95 1 2.95 8.85 0.0108  

Residual 4.33 13 0.33    

Cor Total 33.20 16     

 

 From the ANOVA table it can be observed that the ‘Prob>F’ value for model as well as 

all the input factors (A, B, and C) is less than the selected significance level which indicates that 

the ANOVA model selected and the input factors are significant. In this analysis the input factors 

A, B, and C refer to the spindle speed, feed rate and cutting distance respectively. ANOVA also 

gives a relation between the responses and factors in the form of an equation from the 

experimental data. The equation is as shown below. 

nD>δ = +1.1500 - 2.2403E-004 * Speed+8.13151E-003 * Feed + 1.11149E-003 * Cutting 

Distance 

This relationship will be very useful in process optimization so that the process engineer can 

select the parameters depending on the threshold value of nD>δ set by the industry. 

4.4.2 Checking Adequacy of the ANOVA Model 

In the ANOVA analysis the model should satisfy some basic assumptions to prove that 

the model is adequate and its results are trustworthy. In general these assumptions make sure that 

the observations are adequately described by the model and the errors (residuals) are normally 

and independently distributed. The checking of model adequacy is accomplished by plotting 

normal probability plot of residuals, outlier plot, plot of residuals Vs factors and plot of residuals 

Vs predicted. All these plots are provided in Appendix-D. All these plots indicate that the 
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required basic assumptions are satisfied by this model and therefore the results of this model are 

trustworthy. 

4.4.3 Effect of Individual Factors on nD>δδδδ 

The effect of each individual factor on nD>δ can be observed through One Factor Plots 

which are shown in Figures 4.7-4.9. Form these Figures it can be concluded that nD>δ decreases 

with an increase in the speed, increases with an increase in the feed, and increases with an 

increase in the cutting distance. 

 

 

 

Figure 4.7 Effect of speed on nD>δ 

Actual Factors 

B: Feed = 250.00 

C: Cutting Distance=575.25 
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Figure 4.8 Effect of feed on nD>δ 

Actual Factors 

A: Speed = 10000.00 

C: Cutting Distance=575.25 

Figure 4.9 Effect of cutting distance on nD>δ 

Actual Factors 

A: Speed = 10000.00 

B: Feed = 250.00 
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4.4.4 Response Surface for nD>δδδδ 

 One of the purposes for conducting this statistical analysis was to get an idea about 

optimized process parameters for nD>δ. The best way to gain knowledge about optimized 

process parameters is to study the 3-D surface plot which is shown in Figure 4.10.  

 This plot shows that the value of nD>δ is least at high spindle speed and low feed rate i.e. 

speed of 15000 rpm and feed of 100 ipm, which is the best cutting condition. The value of nD>δ 

is maximum at low spindle speed and high feed rate i.e. speed of 5000 rpm and feed of 400 ipm, 

which is the worst cutting condition. The optimum process parameters are same for D90% 

delamination depth and nD>δ. 

 

 

 

Figure 4.10 3D Surface plot for nD>δ 

Actual Factor 

C: Cutting Distance=575.25 
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4.5 Comparison of D90% Delamination Depth and nD>δδδδ 

 The objective of this study was to develop an empirical tool life equation considering two 

factors such as D90% delamination depth and nD>δ.  Before combining these two factors for 

developing an empirical tool life equation it was necessary to compare the behavior of these two 

factors. For this comparison, the plots with two Y-axes and one X-axis are plotted for each 

combination of speed and feed. In these plots one Y-axis represents D90% delamination depth 

while other Y-axis represents nD>δ and X-axis represents the cutting distance. These plots are 

shown in Figures 4.11-4.13. By observing these plots and from the statistical analysis of both the 

factors it can be stated that both these factors show similar trends with respect to spindle speed, 

feed rate and cutting distance. Also from figure 4.13 (a) it can be observed that for the 

combination of 15000 rpm and 100 ipm there are no delamination occurrences greater than the 

threshold value within 1020 inch cutting distance. But this does not mean that it will remain zero 

after 1020 inch. In addition to this hindrance there are no any standards available indicating 

allowable numbers of nD>δ. considering all these points though the objective was to combine 

D90% delamination depth and nD>δ to develop an empirical tool life equation it was decided to 

utilize only D90% delamination depth. 
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Figure 4.11 Comparison of D90% delamination depth and nD>δ for spindle speed 

5000 rpm and feed rate (a) 100 ipm (b) 200 ipm (c) 400 ipm  
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Figure 4.12 Comparison of D90% delamination depth and nD>δ for spindle speed 

10000 rpm and feed rate (a) 100 ipm (b) 200 ipm (c) 400 ipm  
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Figure 4.13 Comparison of D90% delamination depth and nD>δ for spindle 

speed 15000 rpm and feed rate (a) 100 ipm (b) 200 ipm (c) 400 ipm 
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4.6 Development of an Empirical Tool Life Equation 

 As the direct wear measurement techniques were insensitive to the spindle speed and feed 

rate it was clear that the indirect wear measurement technique is required to determine the tool 

replacement time. Additionally the service life of the machined part depends on the quality of 

machined surface and it is known that the delamination is one of the harmful modes of surface 

damage. Considering all these factors an empirical tool life equation based on D90% delamination 

depth is developed. The threshold value (δ) used for the delamination depth is 0.06 inch. The 

tool is supposed to be replaced when D90% delamination depth reaches the threshold value of δ. 

As discussed before, for determining tool life the knowledge about total cutting distance traveled 

by the tool at the point of replacement is necessary. In order to determine the cutting distance at 

the point of tool replacement for each combination of speed and feed, a straight line is fitted 

passing through delamination values at different cutting distances for respective combination of 

speed and feed using Jump-In software. An example is shown in Figure 4.14 for the spindle 

speed of 5000 rpm and the feed rate of 400 ipm. Using the linear equations of these straight lines 

the cutting distance at the point of tool replacement is determined for each combination of speed 

and feed. After determining the total cutting distances at the point of tool replacement, the tool 

life in minutes is determined using equation 3.1. The calculated cutting distance and tool life for 

all combination of speed and feed is given in the Table 4.5. 
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Table 4.5 

Cutting distances when D90% delamination depth reached the threshold value of δ and the tool 

life at different combinations of speed and feed 

Speed 

(sfpm) 

Feed 

(ipm) 

Cutting 

Distance 

(inch) 

Tool life 

(min) 

327 100 599.77 5.99 

327 200 83.74 0.41 

327 400 14.97 0.03 

654 100 659.07 6.59 

654 200 668.03 3.34 

654 400 182.75 0.45 

981 100 1757.78 17.57 

981 200 869.73 4.34 

981 400 293.33 0.73 

 

 

 

0.06

0.065

0.07

0.075

0.08

0.085

0.09

D
e
la
m
in
a
ti
o
n
 D
ep
th

0 250 500 750 1000 1250

Cutting Distance

Linear Fit

Delamination Depth = 0.0598122 + 0.0000259 Cutting Distance

RSquare

RSquare Adj

Root Mean Square Error

Mean of  Response

Observations (or Sum Wgts)

0.901797

0.869063

0.003589

0.073771

       5

Summary of Fit

Linear Fit

Bivariate  Fit of Delamination Depth By Cutting Distance

Fig 4.14 Straight line fit for combination of S-5000 and F-400 

Linear equation 

showing relationship 

between cutting 

distance and 

delamination value 



 52

Our objective it to develop an empirical tool life equation accounting for speed and feed as 

shown below  

T = A * V 
n 

* F 
m 

  --------------------------------------------- (4.1) 

Where, 

A, n and m = Constant 

V = Cutting speed (SFPM) 

F = Feed rate (IPM) 

T = Tool life (minutes) 

n, m = Empirical constants 

In order to develop the relationship between feed, speed and tool life an analysis of variance 

(ANOVA) is conducted where the input factors are speed and feed while tool life in minutes is a 

response. The type of design used for this analysis is User-Defined since it is the most flexible 

type. For this analysis the logarithmic values of speed, feed and tool life were used because it 

helps to fit the equation obtained by ANOVA model in the form of empirical tool life equation 

(equation 4.1). Table 4.6 shows the ANOVA model having variables in logarithmic values.   

Table 4.6 

ANOVA model for tool life 

Std Run Block 
Factor 1 
A: Speed 

Factor 2 
B: Feed 

Response 1 
Tool life 

1 2 Block 1 2.515 2.000 0.778 

2 5 Block 1 2.515 2.301 -0.378 

3 4 Block 1 2.515 2.602 -1.427 

4 8 Block 1 2.816 2.000 0.819 

5 3 Block 1 2.816 2.301 0.524 

6 9 Block 1 2.816 2.602 -0.34 

7 6 Block 1 2.992 2.000 1.245 

8 1 Block 1 2.992 2.301 0.638 

9 7 Block 1 2.992 2.602 -0.135 
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Table 4.7 

ANOVA table for tool life 

Source 
Sum of 

Squares 
DF 

Mean 

Square 
F Value Prob > F  

Model 5.11 2 2.55 40.20 0.0003 Significant 

A 1.36 1 1.36 21.37 0.0036  

B 3.75 1 3.75 59.02 0.0003  

Residual 0.38 6 0.064    

Cor Total 5.49 8     

  

 Table 4.7 shows the results of ANOVA. From this table it is clear that the model selected 

is significant since the Prob>F value 0.0003 is less than the significance or confidence level 

value of 0.05. Also it is clear that the factors we selected for developing equation i.e. speed and 

feed are significant too.  

The regression equation obtained from ANOVA analysis is as shown below 

log (Tool Life) = 0.076 + 1.97 * log (Speed) -2.62 *log (Feed) 

By taking inverse log on both sides of the equation 4.3 we get equation 4.4 

Tool life = 5.79 * Speed
1.97

 * Feed
-2.62  ------------------------------------------------------------------------------------- 

(4.2) 

Comparing equation 4.1 with equation 4.2 we get 

A = 5.79, n = 1.97, and m = -2.62 

Thus the tool life equation developed by ANOVA analysis can be expressed in the form of an 

empirical tool life equation as shown below 

T = 5.79 × V
1.97 

× F
-2.62

 

Also the different R-squared values for empirical tool life equation obtained from ANOVA 

analysis are given in the table 4.8. The predicted R-squared value is in reasonable agreement 

with the adjusted R-squared value. 
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Table 4.8 

Different R-squared values of tool life equation 

 

 

R-squared 

 

0.93 

Adjusted 

R-squared 
0.90 

Predicted 

R-squared 

0.81 

 

4.6.1 Comparing Proposed Method with Previous Method 

 In this section the tool lives determined by proposed method are compared with that of 

previous method (used by Prashanth, 2005). The objective of the proposed method was to 

develop an empirical tool life equation which will generate conservative tool lives. To check this, 

the tool lives determined by proposed method are compared with that of previous method as 

shown in Table 4.9. From this table it is clear that the tool lives determined by proposed method 

are conservative. This table also shows the required number of times the tool should be replaced 

as compared to previous method 

Table 4.9 

Comparison of tool lives by proposed method and previous method 

Speed 

(rpm) 

Feed  

(ipm) 

Previous 

Method 

Proposed 

Method 
Number of 

Times 

Replacement Tool Life (Min) Tool Life (Min) 

5000 100 39.00 5.99 6.5 

  200 10.94 0.41 26.6 

  400 4.05 0.03 135 

10000 100 29.00 6.59 4.4 

  200 11.61 3.34 3.4 

  400 4.87 0.45 10.8 

15000 100 33.10 17.57 1.8 

  200 16.44 4.34 3.7 

  400 8.00 0.73 10.9 
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 Another way to compare proposed method and previous method is to check the values of 

nD>δ allowed by each method. For this values of nD>δ at the end of tool life are determined for 

each combination of speed and feed and for each method. To determine nD>δ at end of tool life, 

the cutting distance at which D90% delamination depth reaches the threshold value (δ) is 

determined and this cutting distance value is put into the linear equation of nD>δ. Figure 4.15 

shows the detailed process of determining nD>δ at end of tool life. Table 4.10 shows the values 

of nD>δ at end of tool life for previous method and proposed method. In this table for the 

combination of speed 15000 rpm and feed 100 ipm there is no any value because there are no 

any occurrences greater than the threshold value for this combination up to 1020 inch. From this 

table it can be observed that the proposed method allows less values of nD>δ. The last column in 

table 4.10 shows the percentage decrease in nD>δ compared to previous method. 

Figure 4.15 Process of determining nD>δ at the end of tool life (S15000-F400) 
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Table 4.10 

Values of nD>δ at end of tool life for previous method and proposed method 

Speed 

(rpm) 

Feed 

(ipm) 

Previous Method Proposed Method 
Percentage 

Decrease in  

nD>δδδδ 

Cutting 
Distance 
At End of  
Tool Life 

nD>δ δ δ δ at  

End of Tool 

Life 

Cutting 
Distance  
At End of 
Tool Life  

nD>δ δ δ δ at 

End of Tool 

Life 

5000 100 3900.00 3.59 599.77 0.95 73 

  200 2189.00 2.00 83.74 1.36 32 

  400 1620.00 7.79 14.97 2.98 61 

10000 100 2900.00 1.62 659.07 0.50 69 

  200 2322.00 1.24 668.03 1.07 13 

  400 1950.00 6.14 182.75 1.89 69 

15000 100 3310.00   1757.78     

  200 3289.00 1.09 869.73 0.60 45 

  400 3200.00 5.41 293.33 1.05 80 

 

 It is known that delamination depth alone exceeding a threshold value is not sufficient to 

disqualify a part. If a small number of delaminations with a depth greater than the established 

threshold exist on a complex and expensive part, then repairing it might be the most sensible 

thing to do. Though the standards regarding allowable numbers of delaminations with a depth 

greater than threshold value are not available an attempt is made to check if the parts machined 

at the end of tool life are repairable or not considering values of nD>δ. If the value of nD>δ at the 

end of tool life is less than or equal to one then that part is repairable else it is not. This criterion 

can be changed according to application and cost of the part. Table 4.11 shows if the part 

machined at the end of tool life is repairable or not. 
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Table 4.11 

Checking parts machined at the end of tool life 

 

Speed 

(rpm) 

Feed 

(ipm) 

nD>δ δ δ δ ΑΑΑΑt  

End of 

Tool Life 

Repairable OR  

Not Repairable 

5000 100 0.95 Repairable 

 200 1.36 Not Repairable 

 400 2.98 Not Repairable 

10000 100 0.50 Repairable 

 200 1.07 Not Repairable 

 400 1.89 Not Repairable 

15000 100   

 200 0.60 Repairable 

 400 1.05 Not Repairable 
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CHAPTER 5 

 

VALIDATION OF AN EMPIRIVAL TOO LIFE EQUATION 

 In the previous chapter the development of empirical tool life equation based on 

delamination depth is discussed. This empirical tool life equation is developed using raw 

delamination data obtained during previous experiments. In order to validate the developed 

empirical tool life equation there is a need to compare its results with the actual results for the 

experimental data other than used for developing it. In order to satisfy this need it was necessary 

to perform the validation experiments using same machine, workpiece materials and type of tools 

used by Neebu (2005) but different machining parameters. Thus in this chapter the procedures 

followed to validate the empirical tool life equation is discussed in detail. 

5.1 Validating Experiments 

The machining operation used for this study is edge trimming, which is a type of milling 

operation and is one of the major finishing operations performed on the CFRP materials in the 

aerospace industry. Machine used for the experiment is a 3-axis CNC router manufactured by 

Timesavers. The machine has a maximum spindle speed of 15,000 rpm and maximum feed rate 

of 400 ipm. An experimental matrix for validation included spindle speeds of 8000, 12000 and 

14000 rpm and the feed rate of 300 ipm because these spindle speeds and feed rate were not 

included in the previous experimental matrix. A constant depth of cut of 0.063 inch is maintained 

throughout the experiments. Up milling cutting configuration is used for the entire experiments. 

The workpieces used for the experiments included one large CFRP board in addition to fifteen 

small CFRP board. The large board was used for wearing the tool while the small boards were 

used for measuring the delamination depth. 
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5.1.1 Experimental Setup 

Workpiece Material 

The work piece materials used for the experiment are the multidirectional continuous 

carbon fiber reinforced composite with 0.1 inch thickness. The dimensions of the small CFRP 

blanks were 4×1.5×0.1 inches and that of the large CFRP panels were 24.5×10×0.1 inches. The 

CFRP material used has a 10-ply lay up and the orientation of the fiber used in the composite is 

given in Table 5.1.  

Table 5.1 

Fiber orientation of the CFRP material 

Ply or Part Number Fiber Code Orientation 

P2 WGA 45
0
/135

0
 

P3 WG 0
0
/90

0
 

P4 WG 45
0
/135

0
 

P5 WG 0
0
/90

0
 

P6 WG 45
0
/135

0
 

P7 WG 45
0
/135

0
 

P8 WG 0
0
/90

0
 

P9 WG 45
0
/135

0
 

P10 WG 0
0
/90

0
 

P11 WG 45
0
/135

0
 

 

Cutting Tool 

The tool used in the experiment is diamond interlocked (burr) tool manufactured by Ultra 

Tools. The tool is made of sub micron grade tungsten carbide material. The word diamond is 
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used since the tool has a number of staggered single cutting edges in the form of diamond shape. 

Diameter of the tool is 0.25 inches, overall length is 2.5 inches, and cutter length is 0.75 inches 

with a drill point angle of 135°. The diamond interlocked tool used for the experiment is shown 

in Figure 5.1. 

Machine Set Up 

The machine used for this experiment is a 200 series 3-axis CNC router of model number 

235-I manufactured by Timesavers. Specifications of the machine are given in Table 5.2. Figure 

5.2 shows the CNC router machine used for the experiments. 

Table 5.2 

CNC Router Specifications 

Parameters Specifications 

Spindle Type  Air cooled, quick change 

Spindle Speed 3000-15000 RPM 

Horse Power of the Spindle 7.5 hp 

Depth of Cut (Maximum) 400 IPM 

CNC controller General Numeric 810 CNC control (Siemens) 

Maximum X-axis travel distance 62 inches 

Maximum Y-axis travel distance 38 inches 

Maximum Z-axis travel distance 6 inches 

Work Surface/Table 36 inches Χ 60 inches 

 

 

 

 

Fig 5.1 Diamond Interlocked (Burr) Tool 
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Fig5.2 Computer Numeric Controlled Router 

Fixture 

Tool 

CFRP Board 

Dynamometer 

Fig 5.3 Workpiece Clamping 
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Workpiece Clamping  

The workpiece used for the experiment is mounted on a Kistler force dynamometer as 

shown in Figure 5.3 above. The workpiece was clamped securely and carefully on the 

dynamometer using a fixture so that minimum vibrations occur while cutting. 

5.1.2 Experimental Procedure 

The trimming operations were carried out on the CFRP boards using CNC router as shown in 

Figure 5.4. As the idea was to study the behavior of delamination with respect to tool wear, the 

tool was first worn out by cutting large CFRP board then the tool was used to cut the small 

CFRP board which is finally used for the measurement of delamination depth. The entire 

experiment, for each combination of spindle speed and feed rate consisted of a total of five runs. 

The first two runs consisted of total seven cuts, of which first five cuts are carried out on the 

large CFRP board and the last two cuts are carried out on the small CFRP board clamped to a 

dynamometer. The remaining three runs consisted of total twelve cuts, of which first ten cuts 

were carried out on the large CFRP board and the last two cuts were carried out on the small 

CFRP board.  

 

Figure 5.4 Cutting Operation  

Cutting Tool 

Workpiece 

Tool Feed Direction (Up-mill) 

Clamp fixed to dynamometer 
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 The experimental parameters consisted of three spindle speeds of 8000, 12000 and 14000 

rpm and one feed rate of 300 ipm. The reason behind choosing these parameters is that none of 

these parameters were included in the previous experimental matrix. Thus there are total three 

matrix points and each matrix point consisted of five different cutting distances. All the three 

matrix points consisted of total 15 runs. For each run a new small CFRP blank is used therefore 

the total of 15 small CFRP blanks were used for the experiments. For each matrix point a new 

tool is used. So a total of 3 cutting tools were used for the experiment. The same CNC program 

used for the previous experiments was used with minor changes. 

5.2 Delamination Depth Measurement 

 On the completion of experiments each small workpiece was analyzed for delamination 

depth using optical microscope. The optical microscope setup included a CCD video camera 

(PULNIX-TM-200), a 10X zoom lens systems (NAVITAR), XCAP image capturing software, a 

DC regulated halogen light source for illumination and an adjustable table with micrometer dials 

attached to it. The lens attached to the camera gets the picture of the workpiece at desired 

magnification and the software displays the image for further analysis. The complete optical 

microscope setup is shown in Figure 5.5. 
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For measuring delamination depth the workpiece was positioned on the moving table so that the 

machined edge of the workpiece is viewed. In order to capture the clear image, in addition to 

enough illumination a 2.0X lens and a zoom scale of 1.5X were used. As soon as software 

displays the image the machined edge was scanned for delamination depth. For each workpiece 

the delamination depth was measured as shown in Figure 5.6. The delamination depth 

measurements were carried out with the help of micrometer dial attached to the moving table. 

 

Figure 5.5 Optical microscope setup 
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Fig 5.6 Measurement of delamination depth 

Type I/II 

Type III 

Type I 
Type II 
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The procedure followed for measuring delamination depth is explained below. 

• Workpiece was positioned on the moving table such as the clear image of the 

machined surface is seen on the screen. 

• Table was moved (accordingly image on the screen also changes) so as to get to the 

point where delamination depth is extended  

• Micrometer dial was set at zero and the table was moved till the same damage is 

extended 

• Reading on the micrometer dial was recorded  

• Same procedure was repeated throughout the entire length of the workpiece on the 

both top and bottom surfaces 

Thus the delamination depths for all the three experimental matrix points at five different 

cutting distances were recorded. Then D90% values for all the three matrix points and at each five 

cutting distances were determined using equation 3.2 which are provided in the Appendix-E.  

5.3 Comparing Experimental Delamination with That Calculated Based on Tool Life 

Equation  

As the purpose of the experiments was to validate an empirical tool life equation there 

was a need to compare experimental results with that obtained by an empirical tool life equation. 

In order to satisfy this requirement following procedure was followed.  

1. For all combinations of speed and feed, the cutting distances at which tool life ends are 

determined based on tool life equation. These cutting distances were obtained by multiplying the 

tool life in minutes with respective feed rate. These cutting distances for each combination of 

speed and feed are tabulated in Table 5.3. 
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Table 5.3 

Ending cutting distances for validating experimental parameters based on tool life equation 

Spindle Speed 

(rpm) 
Feed Rate 

(ipm) 

Cutting Distance  

(Generated By Equation) 

(inch) 

8000 300 124 

12000 300 277 

14000 300 376 

 

2. For each combination of speed and feed a straight line is fitted for D90% delamination 

depth at five different cutting distances as shown in Figure 5.7. 

3. By using the equation of these straight lines the D90% delamination depths at the cutting 

distances obtained in step-1 are determined and are shown in Table 5.4. As these are the cutting 

at which tool life ends the D90% delamination depths at these cutting distances should be equal to 

delamination threshold value which is 0.06 inch. From table 5.4 it can be observed that though 

the values D90% delamination depth are not exactly equal to 0.06 inch but they are very close to 

this value. Figure 5.8 shows the comparison of actual and expected D90% delamination depth for 

each experimental parameter. 

Table 5.4 

D90% delamination depth using experimental data at the cutting distances obtained in step-1 

Speed 
(rpm) 

Feed 
(ipm) 

Cutting Distance 
(Tool Life Equation) 

(inch) 

D90% Delamination 

Depth According to 
Experimental data 

8000 300 124 0.0596 

12000 300 277 0.0593 

14000 300 376 0.0603 

 

 

 

 

 



 68

 

Figure 5.7 Straight lines fitted for D90% delamination depth at different cutting distances for each 

combination of speed and feed (a) Speed 8000 rpm and Feed 300 ipm (b) Speed 12000 rpm and 

Feed 300 ipm (c) Speed 14000 rpm and Feed 300 ipm 
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4. From step-3 it is clear that for each combination of speed and feed there is a slight 

difference between D90% delamination depth at the ending cutting distance based on experimental 

data and its expected value which is 0.06 inch. In order to check if this difference is significant a 

hypothesis test is conducted. 

H0: 0=dµ  indicates the difference is insignificant 

H1: 0≠dµ  indicates the difference is significant 

The difference between pairs of actual D90% delamination depth and expected D90% delamination 

depth are shown in Table 5.5. 

Table 5.5 

Difference between actual and expected D90% delamination depth 

Experimental 
Parameters 

D90% delamination depth 

(inch) Difference       
(d) 

Actual Expected 

S8000-F300 0.0596 0.06 -0.0004 

S12000-F300 0.0593 0.06 -0.0007 

S14000-F300 0.0603 0.06 0.0003 

 

Figure 5.8 Comparison of actual and expected D90% delamination depth at different 

experimental parameters 
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Average of the difference d = -0.0002 

Standard deviation of difference S= 0.0005 

Sample size n = 3 

Selected confidence level is 95%, 05.0=α  

From t-table the value for 
2

αt = 4.303 

Putting all these values in the following formula gives the interval for dµ  

n

S
td

n

S
td d

22
αα µ +≤≤−  

By solving above equation we get interval for dµ at 95% confidence level 

0010.00014.0 ≤≤− dµ  

As the zero value is included in the interval for dµ  null hypothesis is accepted and it can 

be concluded that at 95% confidence level there is no significant difference between actual and 

expected D90% delamination depths. Thus the developed empirical tool life equation is validated 

and it can be used for predicting the tool life in minutes. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

 The objective of this study is to develop an empirical tool life equation for diamond 

interlocked knurled tool used for machining CFRP material. Previously a research was 

conducted to achieve the same objective, but the methodology used in the previous research was 

accompanied by various shortcomings. In order to overcome these shortcomings and to produce 

more reliable results a different methodology is proposed in this study. For thorough 

understanding of the damage caused by delamination in addition to the delamination depth the 

number of delamination occurrences per inch are also investigated in this study. The results of 

this study are concluded as follows. 

 6.1 Conclusions 

• A different statistical measure known as 90
th

 percentile value (D90%) is used as a 

measure of delamination instead of average value (Davg) used in the previous study. 

The D90% delamination depth increases with an increase in feed rate, decreases with 

an increase in spindle speed and increases with an increase in cutting distance. Feed 

rate is the most prominent factor effecting delamination. 

• Values of nD>δ decreases with an increase in the speed, increases with an increase in 

the feed, and increases with an increase in the cutting distance. Feed rate is the more 

prominent factor as compared to the spindle speed.  

• As there are zero occurrences of delamination greater than the threshold value (δ) for 

spindle speed of 15000 rpm and feed rate of 100 ipm and no standards are available 

indicating allowable numbers of nD>δ, it was decided to utilize only delamination 

depth to develop an empirical tool life equation. 
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• An empirical tool life equation is developed using D90% delamination depth values 

which generates more conservative tool life and also it allows less number of nD>δ as 

compared to the previous method. 

• Considering statistical analysis of D90% delamination depth and nD>δ, for better 

surface quality spindle speed of 15000 rpm or higher and feed rate of 100 ipm or 

lower are recommended. 

6.2 Future Work 

• In this study the edge trimming operations were performed by varying spindle speed 

and feed rate while the depth of cut was kept constant. The effect of depth of cut on 

the delamination can be investigated.  

• By using the proposed methodology an empirical tool life equation can be developed 

for different combinations of tools and composite materials. 

• An empirical tool life equation is developed considering delamination depth similarly 

it can be developed considering other forms of surface damages such as surface 

roughness.  

• The experiments performed in this study are conducted under dry conditions. The 

effect of coolant on the delamination can be investigated. 
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APPENDIX-A: D90% values at all combinations of speed, feed and cutting distance  
 

Speed-5000 (rpm) 
Cutting 
distance 
(inches) 

Feed (ipm) 

100 200 400 

130.5 0.055 0.057 0.060 

261 0.056 0.065 0.070 

514 0.060 0.066 0.074 

767 0.057 0.066 0.076 

1020 0.066 0.069 0.087 

 

Speed-10000 (rpm) 
Cutting 
distance 
(inches) 

Feed (ipm) 

100 200 400 

130.5 0.056 0.059 0.058 

261 0.058 0.060 0.068 

514 0.058 0.065 0.058 

767 0.060 0.063 0.063 

1020 0.063 0.069 0.074 

 

Speed-15000 (rpm) 
Cutting 
distance 
(inches) 

Feed (ipm) 

100 200 400 

130.5 0.039 0.055 0.053 

261 0.042 0.056 0.061 

514 0.044 0.056 0.067 

767 0.047 0.058 0.071 

1020 0.051 0.063 0.068 
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APPENDIX-B: Plots required for checking ANOVA model adequacy of D90% Delamination 

Depth 

 

Outlier plot of the residuals for D90% delamination depth 
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Residuals for D90% delamination depth Vs speed 
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Residuals for D90% delamination depth Vs cutting distance 
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APPENDIX-C: Values of nD>δ at all combinations of speed, feed and cutting distance  

 

Cutting 
Distance 

Total occurrences 
of delamination in 
short workpiece 

ND 

Total occurrences 
of delamination 

per inch 

nD 

Occurrences 
greater than 

threshold value 

ND>δ 

Occurrences 
greater than 

threshold value 
per inch 

nD>δ 

S5000-F100 

130.5 58 7.25 4 0.50 

261 63 7.88 6 0.75 

514 55 6.88 9 1.13 

767 49 6.13 4 0.50 

1020 47 5.88 12 1.50 

S5000-F200 

130.5 53 6.63 4 0.50 

261 71 8.88 16 2.00 

514 66 8.25 18 2.25 

767 56 7.00 10 1.25 

1020 37 4.63 11 1.38 

S5000-F400 

130.5 93 11.63 26 3.25 

261 102 12.75 30 3.75 

514 88 11.00 34 4.25 

767 95 11.88 48 6.00 

1020 82 10.25 45 5.63 

S10000-F100 

130.5 49 6.00 3 0.38 

261 36 4.38 2 0.25 

514 32 3.88 3 0.38 

767 40 4.88 2 0.25 

1020 32 3.88 7 0.88 

S10000-F200 

130.5 56 6.88 7 0.88 

261 40 4.88 14 1.75 

514 49 6.00 4 0.50 

767 16 1.88 5 0.63 
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1020 38 4.63 13 1.63 

 

S10000-F400 

130.5 61 7.63 14 1.75 

261 79 9.88 21 2.63 

514 65 8.13 17 2.13 

767 108 13.50 23 2.88 

1020 99 12.38 35 4.38 

S15000-F100 

130.5 21 2.50 0 0.00 

261 25 3.13 0 0.00 

514 20 2.50 0 0.00 

767 38 4.75 0 0.00 

1020 30 3.75 0 0.00 

S15000-F200 

130.5 59 7.38 4 0.50 

261 45 5.63 6 0.75 

514 39 4.88 2 0.25 

767 34 4.25 2 0.25 

1020 52 6.50 8 1.00 

S15000-F400 

130.5 50 6.25 4 0.50 

261 40 5.00 8 1.00 

514 56 7.00 12 1.50 

767 59 7.38 21 2.63 

1020 46 5.75 12 1.50 
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APPENDIX-D: Plots required for checking ANOVA model adequacy of nD>δ 

 

 

 

 

Normal probability plot of the residuals for nD>δ 

Outlier plot of the residuals for nD>δ 
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Residuals for nD>δ Vs speed  

Residuals for nD>δ Vs feed  
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Residuals for nD>δ Vs cutting distance  

Residuals for nD>δ Vs predicted 
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APPENDIX-E: D90% values for all combination spindle speeds, feed rate and cutting distances 

for validation experiments   

 

Feed Rate-300 (ipm) 

 
Cutting 
distance 
(inches) 

Spindle Speed (rpm) 

8000 10000 12000 

130.5 0.0678 
 

0.0372 
 

 
0.0741 

 

261 0.0743 
 

0.0425 
 

 
0.0790 

 

514 0.0867 
 

0.0464 
 

 
0.0781 

 

767 0.0846 
 

0.0494 
 

 
0.0848 

 

1020 0.0870 
 

0.0477 
 

 
0.0906 
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