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ABSTRACT 
 
 

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

a secondary machining operation for their final assemblage. In doing so, the main 

problem encountered is damage that results from delamination. Since CFRP materials are 

highly abrasive in nature, their machining requires that both the cutting and shearing of 

fibers occur simultaneously. Hence, cutting tools should incorporate tool geometry that 

effectively responds to these requirements. 

 In this research, the routing of CFRP composite materials was done with a 

diamond interlocked tool. Experiments were conducted by varying spindle speed and 

feed rate, keeping the radial depth of cut constant. The main objective of this research 

was to develop a quantifiable method of tool wear measurement in a diamond interlocked 

tool and thus determine the time for tool replacement. Unlike the conventional cutting 

tools, the diamond interlocked tool has a unique tool geometry used for machining FRP 

materials, and poses substantial challenge in the process of tool wear measurement. 

However, four methods of direct wear measurement techniques—fracture wear, 

maximum flank wear, tip recession and wear area, were assessed. Insensitivity of these 

direct wear measurements with respect to the process parameters namely spindle speed 

and feed rate, made it difficult to determine the time for tool replacement time. 

Furthermore, an indirect method of tool wear quantification was developed by using 

delamination factor and power, against cutting distance. The values of tool life were then 

analyzed in ANOVA, the model produced significant result at 95% confidence level, and 

a generalized tool life equation and power equation for tool replacement time were 

developed. 
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CHAPTER 1 

INTRODUCTION 

 

 Usage of a wide verity of composite materials has not only revolutionized but 

challenged the traditional way of working with monolithic materials. With the ever 

growing need of many industries including aircraft and automobile industries to use a 

material that provides high specific strength and high specific modulus, the usage of 

composite material is a breakthrough in the field of material development technology. 

Accordingly, composite materials may have ceramic, metallic, or a polymeric matrix. 

CFRP, which is a type of fiber matrix reinforced composite, is composed of a mixture of 

carbon fibers and polymer (matrix). These two phases are combined at macro levels, 

which are insoluble in each other and provide the advantage and favorable characteristics 

of each. Fiber reinforcement in composite materials acts as the primary load-bearing 

component, with the matrix acting as a medium to distribute the applied load to the 

reinforcement. 

 With an increase in the use of composite materials in industries, secondary 

machining operations (such as trimming/routing, drilling, sawing, milling, cutting off) 

play an important role in their final assemblage. This requires adherence of the machined 

components to the established geometric tolerance, dimensional accuracy, surface 

roughness, and delamination threshold. Accordingly, numerous methods for trimming of 

composite material are being researched. Some of these methods include laser trimming, 

ultrasonic machining, and electrical discharge machining (EDM). The shortcoming of 

processes like laser trimming is the formation of heat affected zone, and that of ultrasonic 
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and EDM machining is low cutting rates. These shortcomings are greatly reduced in 

conventional methods and thus widely adopted in many manufacturing industries. 

Research work in the use of cutting tools (conventional tools) to trim composite materials 

is greatly limited to helical end mills and single-point cutting tools.  Although end mill 

tools provide better surface roughness, they can cause large delamination. Very little 

research is being conducted on trimming of composites with a diamond interlocked tool. 

The diamond interlocked tool (hereafter referred to as knurled tool) has two sets of 

helical flutes, right-hand helix and left-hand helix, intersecting each other, thereby 

producing diamond shaped teeth at the intersection of these two helical sets.  

 Furthermore, despite the wealth of literature, a universally acceptable, unique, and 

unambiguous method of wear measurement in tools has yet to emerge. Most research on 

tool wear measurements accounts for flank wear as the most indicative parameter of 

cutting tool condition. This method of tool wear quantification, however, may be 

challenged when other prominent or near-prominent forms of wear exist.   

Optimal machining conditions are based on a few variables such as spindle speed, 

depth of cut, and feed rate. These variables are difficult to optimize because they are 

dependent on a number of other parameters such as tool hardness and machining 

processes like milling, trimming, drilling, etc. One important factor to be considered in 

machining economics is the time for tool replacement. Accordingly tool failure is said to 

occur when it no longer produces parts of required specifications. Surface quality, 

delamination, temperature, dimensional stability, power, force, and many other 

parameters may, alone or in combination, affect tool condition. For instance it may take 

very little wear to affect the acceptable range in delamination or surface roughness, but 
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the tool may still continue to remove metal with loss in its efficiency to produce parts of 

required standards. Thus, a criterion should be established for tool replacement, to avoid 

defective parts being manufactured and pushed along the production line. In this study, 

the limiting criterion for tool replacement is controlled by a delamination factor.   Types 

of tool wear that occur during direct contact between the tool and the workpiece are face 

wear, flank wear, and nose wear. In addition, tools may fail as the result of mechanical 

fracture or chipping. Accordingly, any one or a combination of these factors may govern 

tool life criterion. In the present study of trimming CFRP material with a knurled tool, the 

most prominent types of tool wear were fracture of the pointed pyramid tips of the 

diamond tooth and flank wear. 

1.1 Research Objectives 

 This research aims at developing a quantifiable method to measure tool wear 

during the trimming operation of CFRP composite materials with a knurled tool. The 

main idea behind tool wear quantification is to determine the time for tool replacement, 

which is controlled by delamination depth criterion. Tool wear measurements by direct 

and indirect methods are addressed, and results are analyzed. Furthermore, a generalized 

tool life equation is derived, which would indicate the time for tool replacement by 

considering machining parameters such as spindle speed and feed rate.  

 In the present research work, experiments were carried out for varying machining 

parameters, namely spindle speed and feed rate, in trimming CFRP composite materials. 

Radial depth of cut was kept constant in each combination of spindle speed and feed rate. 

The machining direction that was adopted in trimming CFRP composite material was up 

(conventional) machining configuration. Diamond interlocked (knurled) tools 
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manufactured by Ultra Tool bearing series number 223, with a one-quarter inch diameter 

and 135o drill point angle was used for the experimental work. Spindle power and force 

were monitored and recorded using an online PC-based data acquisition system. 

Measurements of tool wear involved fracture wear, flank wear, wear area, and tip 

recession on the clearance face of the tool. The length of delamination in the machined 

surface along with power and force data were analyzed and recoded at the end of each 

run.  

1.2 Thesis Organization 

 This thesis is organized into five chapters. Chapter two discusses the literature 

review related to previous and recent work carried out on tool wear measurement and 

optimum cutting conditions in machining polymer-based composite materials. Chapter 

three describes the machining parameters considered in design of experiments (DOE) 

matrix. It also describes all the measurements, testing conditions, and experimental set up 

used in the measurement of tool wear in a knurled tool. Chapter four presents the results 

and discussion of the experiment, and Chapter five provides conclusions and future work. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

 

 Polymer-based composite materials, by their very nature, pose a challenge during 

secondary machining operations. Even though in most applications involving composite 

materials, parts are made to their near net shapes, they require some final machining 

operations to bring the components to their required dimensional accuracy for final 

assembly. Thus, an important aspect of manufacturing technology in machining is to 

obtain parts that confer with the required geometrical and dimensional tolerances. Some 

of the final machining operations involve routing (edge trimming), drilling, sawing, and 

grinding. The most important kind of surface damage observed in machining polymer 

based composite materials is delamination.  

Many methods for machining composite materials are suggested. These include 

conventional and non-conventional processes. Laser cutting, EDM and ultrasonic 

machining are some of the most extensively investigated non-conventional methods. 

However, their disadvantages include a heat-affected zone and lower rate of production. 

Considering these shortcomings, conventional machining processes still find a wider 

acceptance for machining composite materials and, in particular, polymer-based matrix 

materials. 
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2.1 Composite Materials 

 Composite materials are made of two or more constituent materials that are 

different in chemical structure and form. The main idea behind having two or more 

constituents is to take the advantage of the favorable material properties of both, without 

compensating for the weakness of either of the two materials [1]. The two phases of 

composite materials are matrix and reinforcement. The matrix distributes load and forms 

a protective layer for the reinforment. In general, a reinforced fiber provides high 

stiffness, high strength, and brittleness, and the matrix material provides low density, 

high thermal expansion, low temperature stability, and low strength [2]. However, the 

main advantage of composite materials over conventional metals and alloys are their high 

specific strength and specific stiffness. 

2.2 Machining of Composites 

 Machining of metals has been researched considerably over the past fifty years. 

However, research on machining of composite materials provides very minimal 

established data. There is also a considerable difference between machining composite 

materials and machining homogenous materials, which is quite evident by analyzing 

cutting forces, chip formation, and tool wear that occurs during the machining of 

composite materials [2].  Furthermore, each type of composite material behaves and 

produces different results in terms of tool wear and other criterion. This is because the 

properties of composite materials largely depend on type of fiber, fiber orientation, and 

matrix material used [3]. Accordingly, tools used in machining these anisotropic 

materials are subjected to pulsating cutting forces and high thermal and fatigue stress. 

The main forms of tool wear that arise from composite machining are abrasive wear, chip 
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notching, spalling, and clogging [3].  Thus, the cutting tool must possess high hardness, 

high fracture rupture strength, and good thermal conductivity in order to resist these types 

of wear. 

 Research is being carried out in the areas of using different cutting tool materials 

for CFRP machining. One such study conducted a trimming operation on CFRP’s by 

using tools composed of uncoated tungsten carbide, ceramic, and cubic boron nitride 

(CBN) [1]. Results indicated that CBN performed better than other tool materials and 

showed a longer tool life with lower tool wear at variable machining parameters, such as 

cutting speed, feed rate, and depth of cut [1].  

 In the work of Murphy [4], an experiment was carried out to reduce machining 

damage (delamination) on CFRP composite materials by using two types of coating  on a 

tungsten carbide drill bit tool (titanium nitride and diamond-like carbon). With respect to 

torque and normal force measurements, results showed no significant variation with 

either of the two tool materials, suggesting that delamination damage during the 

machining of CFRP is less influenced by a tool’s coating. 

2.3 Tool Wear Mechanisms 

  Tool wear during the machining of composite materials occurs in a number of 

different ways. The high mechanical resistance of fibers in composite materials is the 

most influencing factor in excessive tool wear [5]. Furthermore, composite materials 

differs in their physical, mechanical, and machining properties, which largely depend 

upon factors such as fiber material, fiber orientation, matrix material variability, and the 

ratio of matrix-to-fiber reinforcement [2].  
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In most machining processes, no single form of wear truly indicates the condition 

of a tool. However, in machining of metals, the most obvious form of wear that indicates 

the tool condition is flank wear, and thus is used extensively to depict the tool life. Using 

a particular type of wear to measure tool life and to depict tool condition greatly depends 

upon the pattern of wear that is predominantly observed during the machining process 

[1]. Tool wear mechanisms reported during the machining (turning) of composite 

materials in the work of Santhan Krishnan et al. [6] showed a mixed combination of tool 

wear. Depth of cut notch wear and trailing edge notch wear were observed during the 

machining of CFRP with CBN, tungsten carbide, and ceramic inserts. It was shown that 

the carbon composites used in these experiments were less abrasive and thus had less 

friction, which was the reason for the absence of flank wear [1]. Ferreira et al. [7] showed 

that CFRP composite materials (in turning operation) were extremely abrasive in nature, 

which was confirmed by the absence of carter wear in the cutting tool. Flank wear was 

noticeable in TiC, TiN, and plain carbide P30 and K20 inserts. K20 type tools exhibited a 

broader and smoother wear trend than P30 type tools, which may account for the 

difference in hardness. It was also observed that the type of fiber, fiber orientation, and 

fiber-to-matrix ratio influenced the selection of machining parameters and cutting tools, 

[3, 7].  

Other types of tool wear noticed in FRP machining are premature rounding of the 

cutting edges by highly abrasive fibers, edge chipping of the tool due to the difference in 

hardness between the matrix and fiber reinforcement, and tool clogging due to the 

melting of matrix material [2]. 
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2.4 Tool Wear and Cutting Speed 

 In the turning operations of CFRP composite materials with K10 uncoated, TiC, 

Al2O3, TiN coated, ceramic, CBN and PCD tools, it was indicated that tool wear 

decreased with an increase in cutting speed, and this trend is more clearly seen at cutting 

speeds greater than 150 m/min [8]. The measurement of flank wear, in an uncoated 

carbide tool during the turning operation of a CFRP composite material at different 

cutting speeds is shown in Figure 1. Similar results were indicated by Rahman et al. who 

demonstrated that tool wear in CBN and tungsten carbide during the machining of CFRP 

was less sensitive to cutting speed than feed rate [1].  

 

Figure 2.1. Flank wear against cutting length (material-CFRP, operation-turning) [8]. 

 

 An interesting work carried out with CFRP and glass fiber-reinforced polymer 

(GFRP) pipes during the turning operation with eight different tool bits (P20, M10, K10, 

CW, CB, TiC, TiN, TaN) showed the effects of cutting speed on tool wear [9]. This work 

 9



was primarily based on the study of the tool wear pattern and wear rate, and highlighted 

the concurrence and discord between CFRPs and GFRPs.   

Accordingly a black-colored domain area was observed only during the 

machining of CFRP composite materials, accounted for the traces of carbon left on the 

tool during the machining process. Another discord observed during the machining of 

CFRP and GFRP with eight tool bits indicated that tool wear during the machining of 

GFRP increased with an increase in cutting speed. However, during the machining of 

CFRP, it was observed that tool wear decreased with an increase in cutting speed. This 

was accounted for by the fact that the thermal conductivity of carbon fibers in CFRP is 

100 times better than that of glass fiber. The higher thermal conductivity of carbon fibers 

greatly assists in removal of heat from the cutting zone and reducing tool temperature, 

which in turn results in lowering wear. This reduction in tool wear during the machining 

of CFRP composite materials is in accordance with other findings [7, 8].  

 A critical cutting speed exists in the machining of metals, whereby the tool wear 

is reduced [1]. This is due to the fact that built-up edges are observed at lower cutting 

speeds, rather than at higher cutting speeds. No such critical speed exists in the case of 

machining FRPs. This is because the fractures of a chip in FRPs are mainly due to brittle 

fracture and thus there is no built-up edges as observed in metal cuttings [1].  

 Tool wear pattern in machining CFRPs with a set of eight tool bits indicated a 

roundish banded and triangular form of wear. Triangular abnormal wear is viewed as an 

abrupt increase in the wear land from the side flanks toward the nose area. This type of 

wear pattern was conspicuously observed in cerements types of tools, even at lower 

spindle speed rates [9]. Tool wear at higher cutting speeds is correlated to the generation 
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of high temperatures at the vicinity of the cutting edge and the interface area of the work 

material. Thus, temperature may be considered a major factor controlling tool wear at 

higher speed. The contrasting behavior of cutting tools in machining of CFRPs at high 

speed indicates that CFRPs, due to their high thermal conductivity, transmit a large 

amount of cutting heat, which results in a very minimal amount of heat accumulation at 

the cutting edge. Therefore, thermal conductivity has a minimal effect on tool wear [9]. 

 Thus, based on the observed results in several studies [7, 8, 9], it can be inferred 

that in the machining of CFRP composite materials, high temperature generation at 

higher cutting speed has less influence on tool wear. 

2.5 Tool Wear and Surface Roughness 

  It was observed that in the machining of FRP materials Rt (peak to valley height) 

and Rz (ten point average height) are better indicators of surface roughness than all other 

roughness parameters [10]. Surface roughness due to machining operations is greatly 

influenced by fiber orientation, type of fiber used, and the direction of measurement 

(longitudinal or transverse) [5, 11]. Furthermore, the extent of surface damage is relative 

to the extent of tool wear occurring during a machining process, wherein the tool cutting 

edge is imprinted on the work piece surface [12]. 

 During the turning operation of GFRP materials [5], it was shown that surface 

roughness increased with feed rate and decreased with cutting speed. This finding was 

substantiated by ANOVA results having a higher percentage value for feed rate, when 

cutting pipes produced by both filament winding (FW) and hand lay up (HLU). The two 

surface roughness parameters, Ra (arithmetic mean height) and Rt, at different feed rates 

and cutting speeds are shown in Figure 2.2. 
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Figure 2.2. Surface roughness (Ra and Rt/Rmax) as a function of feed at different cutting 
speeds in turning (a) Ra, FW; (b) Ra, HLU; (c) Rt, FW; (d) Rt, HLU [5]. 
 

 The measurement of surface roughness for short CFRP fibers did not provide any 

consistent trend. However, there was some trend in the surface roughness measurement 

of long-fiber epoxy composites [13]. Furthermore, these surface roughness measurement 

results were in line with metal cutting operations, whereby surface roughness showed 

better results for lower cutting speeds and feed rates and increased with increasing tool 

wear. 

 Surface roughness for carbon fiber-phenolic composite material was more 

sensitive to feed rate than cutting speed [6]. Also, it was suggested that by using 

polycrystalline diamond (PCD) tools, better surface roughness values could be obtained.  

2.6 Chip formation in Machining FRPs 

 The pattern of chip observed in machining FRPs was a discontinuous type in 

powder and scrap form [1, 2, 6]. Analysis of chip formation was initially studied by 

Koplev on unidirectional composite material by using the macrochip method. His 

findings indicated that the chip undergoes zero plastic deformation, and that chip 
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formation in FRP machining occurs mainly by brittle fracture. This finding holds good 

even for multilaminate composite materials.  

 Chips produced during the milling operation of CFRP material were basically of 

three types: huge brush-like chips, powder-like chips of tens of micrometers in diameter, 

and ribbon-like chips of several millimeters in length [11, 14]. The formation of huge 

brush-like chips was due to delamination, caused by intralaminar shear. Powder-like 

chips indicated that they were produced by fracture, and ribbon-like chips were mainly 

due to unbroken segments produced by fracture and fiber breakage.  

 The variation in chips produced during the machining of CFRPs is primarily 

influenced by fiber orientation and not by to the variation in machining parameters [15]. 

 Chip formation during FRP machining may be due to fracture, or shear, or a 

combination of both, which is further influenced by tool geometry and fiber orientation 

[2]. 

2.7 Tool Wear and Cutting Forces 

 Koplev, in his work for machining of unidirectional fibers, indicated that the 

principle cutting force was proportional to the depth of cut and area of contact between 

the tool and the workpiece. However, he suggested that cutting force is independent of 

tool wear. The difference in cutting force that was observed during the machining of 

short and long fibers was due to tensile and shear mode of fracture of the fiber 

reinforcement [3, 16]. Tool wear not only affected surface roughness but also influenced 

machining force. In the turning of carbon fiber-reinforced carbon composites, it was 

observed that a strong relationship between feed force and tool wear existed and 
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accounted for an increase of five times its original value [6]. A graph showing flank wear 

at different feed rates with respect to cutting distance is found in Figure 2.3. 

 

Figure 2.3. Tool flank wear against cutting length for different feed rates in turning CFRP 

composite materials [6]. 

 

 Wang [17], indicated that cutting forces during the machining of unidirectional 

CFRP composites were higher in fiber orientation less than 90 degrees and lower in fiber 

orientation above 90 degrees. He also observed that normal force during the machining of 

CFRP composite material was higher than the principle cutting force, with the maximum 

normal force attained for a 30-degree fiber orientation angle. A graph of normal force and 

principle cutting force with respect to fiber orientation is shown in Figure 2.4. 
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Figure 2.4. Trend of principle cutting force and normal at different fiber orientations [20]. 

 

However, a multi laminate ply of a CFRP with [450/-450/ (00/900/450/-450)2] fiber lay 

up showed that the principle cutting force was higher than the normal force. Both forces 

depended on depth of cut, the rake angle affecting the principle cutting force, and the 

clearance angle affecting normal force [10].  

 Cutting forces along the X, Y, and Z axes during the milling operation of CFRP 

composite materials showed a steady increase in cutting forces with respect to increase in 

feed per tooth, which was irrespective of fiber orientation of either (0, 45, or 90 degrees). 

This can be seen in Figure 2.5, which shows the effect of cutting force (at different fiber 

orientation) with respect to feed per tooth. It was also observed that the cutting forces 

increased with the mode of fiber failure occurring during the milling operation [9]. 
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Figure2.5. Cutting force with respect to feed per tooth [9]. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

3.1 Introduction 

 The experiments conducted in this research work involved the study of tool wear 

quantification/measurement in a knurled tool. This was done to determine the time for 

tool replacement during the trimming operation of CFRP composite materials, with 

delamination damage as the limiting criterion. The tool used in the trimming operation of 

CFRP composites was a knurled tool. The machining configuration used in the CNC 

Timesavers router used for trimming of CFRP panels was the up (conventional) milling 

configuration. Experiments were conducted by varying spindle speed and feed rate, 

keeping depth of cut a constant parameter. The entire experiment, for one set of spindle 

speed and feed rate combination consisted of a total of five runs, the first two of which 

consisted of five passes each on a long panel of CFRP board and two short-length cuts on 

a short panel of CFRP board clamped to a dynamometer. The remaining three runs 

consisted of ten passes each on the long panel and two short-length cuts on the short 

panels. Wear parameters such as flank wear, tip recession, wear area, spindle power, 

cutting force, delamination damage, and surface roughness were analyzed at the end of 

each run of an experiment. The remainder of this chapter discusses, in detail, the 

experimental setup and procedures involved in carrying out the research work. 
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3.2 Tool Material 

 The cutting tools used in this experiment were available commercially, 

manufactured and provided by Ultra Tools. The knurled tools used for the trimming 

operation of CFRP composite materials were composed of sub-micron grade tungsten 

carbide material, which has a tool geometry that is specifically designed for 

trimming/routing composite materials. The knurled tool that was used bears a series 

number 223 and an EDP number 22103 (this number helps in identifying a particular 

standard tool).  All the tools used in this experiment had a 135 degree drill point angle 

and a cutter length of 0.75 inch, and measured ¼ inch (6.35 mm) in diameter, and  2.5 

inches in length. The diamond interlocked tool (knurled tool) is shown in Figure 3.1. 

 

Right hand helix 

Left hand helix 

Figure 3.1. Diamond interlocked tool (knurled tool). 
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 The knurled tool geometry was composed of two types of helix, a right-hand helix 

and a left-hand helix. These two helixes crossed each other, thereby producing a 

pyramid-shaped tooth at the intersection of two consecutive helix crossings. The 

clearance and rake face of a single diamond-shaped or pyramid tooth are shown in 

Figures 3.2 and 3.3, respectively.  

 

Figure 3.2. Clearance face of knurled tool           Figure 3.3. Rake face of knurled tool                          
 1 division = 10µm.                                                            1 division = 10µm. 

 

Figure 3.2 and Figure 3.3 depict the initial unworn tooth profile of a knurled tool. These 

tools were initially inspected under an optical microscope to confirm that no damage 

existed on the clearance face or the rake face of the tooth. 
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3.3 Machine Setup  

 The trimming operation on composite material was performed on a 200 series,  3-

axis, Timesaver CNC router machine, bearing the model number 235-I. The operating 

conditions of this machine are provided in Table 3.1. 

TABLE 3.1 

CNC ROUTER OPERATING CONDITION SPECIFICATIONS 

Parameters Specifications 

Spindle Type  Air cooled, quick change 

Spindle Speed  3000 to15,000 rpm 

Spindle Horse Power  7½ hp 

Feed Rate  100 to 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 by 60 inches 

 Dust collection, and spindle and tool cooling during the machining of CFRP 

composite material was achieved by a vacuum pump with a 2 hp motor. The pump had a 

suction capacity of 1,550 CFM, and incorporated a 0.3µ filter. Figures 3.4 and 3.5 show 

the machine work center setup and dust collection setup, respectively. 
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Figure 3.4. Machine setup. 

 

Figure 3.5. Dust collector. 
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 Clamping of CFRP panels for trimming operation was done on a medium density 

fiberboard (MDF), which was mounted on the CNC router work surface by vacuum. 

Dimensions of the MDF board were   49 by 38 by1 inches. 

 The MDF board was milled to create a pocket 24 by 1.4 by 0.6 inches. The reason 

for providing this pocket was to avoid the router tool from cutting the MDF board during 

each trimming operation. Four holes of 0.35 inch in diameter were drilled through the 

MDF board directly below the vacuum vents. These holes aided in clamping the CFRP 

panels firmly onto the machine work surface. To avoid vacuum leakages between the 

work surface and the MDF board, grooves on the work surface table were sealed by 

polyurethane strips of 40A durometer with a density of 0.25 pounds per cubic feet. A 

schematic setup of the MDF board is shown in Figure 3.6. 

 Clamping of the workpiece is an important criterion during the trimming 

operation of CFRPs. Proper clamping avoids vibration of the cutting panel during 

trimming. These vibrations affect the contact area of the work and tool interface (number 

of teeth coming in contact with the workpiece board). Accordingly, clamping of the 

CFRP to the MDF board was done by a CNC machine vacuum vent along with 

mechanical clamping. Mechanical clamping of the CFRP cutting board to the MDF was 

done by using an aluminum plate measuring 11.0 by 2.0 by 0.128 inches sandwiched 

between the CFRP board and wooden plank which measures 19.0 by 1.5 by 0.733 inches. 

The cross-sectional view of this form of mechanical clamping is shown in Figure 3.7. 
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Figure 3.6.  Schematic setup of MDF layup. 
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Figure 3.7. Cross-sectional view of mechanical clamping of workpiece. 

 

3.4 Workpiece Material  

 The workpiece material (CFRP panel) for the experiments was provided by the 

Manufacturing Innovation and Development Initiative in Aviation (MIND) industrial 

research group. The CFRP board measured 0.1 inch in thickness and was a multilayered 

continuous carbon fiber-reinforced composite. Dimensions of the CFRP panels for a full-

length cut were 24.5 by 25 inches (long board), and those for shorter cuts, which were 

conducted on the Kistler dynamometer, were 4 by 1.5 inches. Full-length cuts on the long 

boards were used for measuring tool wear and spindle power, and short-length cuts were 

used to measure force, surface roughness, and delamination depth. The structure of the 

CFRP laminate that was used in the trimming operation is given in Table 3.2. 
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TABLE 3.2 

 FIBER ORIENTATION ANGLE OF THE CFRP BOARD 

 

 

he reinforcement consisted of woven cloths, with fibers tows (thread) oriented at either 

45o/135o or 0o/90o. 

figuration       

 There, are primarily two types of machining configurations — up (conventional) 

and down (climb) milling. In up milling, the direction of the cutting speed of the edge in 

contact with the workpiece is opposite to the direction of feed. Here the chip area has a 

“comma” shape, and the cutting edge begins engaging the chip at the thin section of the 

comma. This kind of machining configuration results in low engagement force and lifting 

Ply or Part Number Fiber Code Orientation 

P2 WGA 45 /135o o

P3 WG 0o/90o

P4 WG 45o/135o

P5 WG 0o/90o

P6 WG 45o/135o

P7 WG 45 /135oo

P8 WG 0 /90o o

P9 WG 45o/135o

P10 WG 0o/90o

P11 WG 45o/135o

T

3.5 Machining Con
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up of the workpiece.          

 In down milling, the direction of the cutting speed of the edge in contact w

workpiece is the same as the direction of feed. This results in the cutting edge engaging 

the chip at the thick section of the comma. In this kind of machining configuration, the 

engagement forces are high and result in pushing of the workpiece against the 

workholding surface. The schematic representation of down and up milling are shown in 

Figures 3.8 and 3.9, respectively. 

ith the 

Figure 3.8. Down (climb) milling.      Figure 3.9 illing. 

 

 An experimental setup with two different types of tools (knurled tool and four-

ute he

 

 

 

 

. Up (conventional) m

fl lical end mill cutter) were used to determine the effect of up and down milling on 

delamination, surface roughness, spindle power consumption, and cutting forces. Results 

of the effects of up and down milling on the above-mentioned testing parameters are 

provided in Chapter 4 of this thesis work. 

Work 

Direction of Rotation 

Work 

Direction of Rotation 

Down Milling Up Milling 
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3.6 Machining Parameters        

 The machining parameters used to determine the optimum cutting condition 

during the routing of CFRP panels and to quantify tool wear were obtained by using DOE 

analysis. The machining parameters used are shown in Table 3.3. 

MATRIX OF CUTTING CONDITIONS 

Process Parameter Values 

TABLE 3.3 

Spindle Speed 5,000, 10,000, 15,000 rpm 

Feed Rate 100, 200, 400 ipm 

Radial Depth of Cut 0.063 inch 

 Each of the spindle speed parame as tested with each of the feed rate 

parameter values. Each combination of spindle speed and feed rate was repeated two 

times, and the two readings were averaged. Throughout the routing operation, a radial 

depth of cut of 0.063 inch (25% of tool diameter) was kept constant.    

   By knowing the spindle speed and depth of cut, it is possible to 

determine the effective chip thickness, calculated by using the formula 

                        (3.1) 

w e 

depth of cut  (in), dt is the diameter of the router bit (in)  and nt is the spindle speed (rpm). 

Table 3.4 shows the effective chip thickness at different cutting speeds and feed rates. 

ter values w

    aeff = (Vf / Vc)*dc                                                        

here  Vc = π*dt*nt  is the cutting speed (in/min), Vf  is the feed speed (in/min),  dc is th

 

 27



TABLE 3.4 

 EFFECTIVE CHIP THICKNESS AT DIFFERENT MACHINING PARAMETERS 

Vc in/min Vf in/min aeff (mm) aeff (in) 

3927 100 0.041 0.001614 

3927 200 0.081 0.003189 

3927 400 0.163 0.006417 

7854 100 0.020 0.000787 

7854 200 0.041 0.001614 

7854 400 0.081 0.003189 

11781 100 0.014 0.000551 

11781 200 0.027 0.001063 

11781 400 0.054 0.002126 

From Table 3.4 we observe that effective chip thickness is smaller at high spindle speed 

 

 

 

 

and high feed rate, and is highest at low speed and low feed rate.   

 The effect of spindle speed and feed rate on tool wear and other machining 

responses was analyzed using the statistical software, Stat-Ease. The results of the DOE 

statistical analysis are covered in Chapter 4 under results and discussion. 
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3.7 Monitoring of Power and Force            

3.7-1 Power          

 A universal power cell (load controls model) was used to monitor the spindle 

power during the routing of CFRP panels. This device worked on both fixed and variable 

frequency power and had two analog outputs. The power cell had three balanced Hall 

effect sensors, each with a flux concentrator.  The Hall effect semiconductor does a 

vector multiplication of the current flow and voltage, and also calculates the power 

factor, and the output is proportional to power (hp or KW). The specifications of the  

universal power cell is given in Table 3.5.  

LE 3.5 

 UNIVERSAL POWER CELL MODEL UPC SPECIFICATIONS 

Accuracy 5% full-scale 

TAB

Analog Output 4 to 20 milliamps, 500 ohms max connected impedance, 0 to10 

Volts 

Response-Adjustments 0.5 to 3 seconds 

Frequency 3 Hz to 1 KHz 

Temperature 60oC 

Dimension 1-3/4 by 5-3/8 by 8 inches 

Hall Effect Sensor 3 

 

 

 29



3.7-2 Cutting Forces         

 Measurement of the cutting force during the trimming operation of CFRP 

materials was done by a tri-axis piezoelectric dynamometer (Kistler type 9257B). The 

dynamometer’s maximum amplifying load measuring range along the three axes with its 

sensitivity values are given in Table 3.6. 

BLE 3.6 

 KISTLER DYNAMOMETER OPERATING RANGE 

Axis Load range (N) Sensitivity (Pc\N) 

TA

X-axis 0-5000 -7.96 

Y-axis 0-5000 -7.96 

Z-axis 0-10000 -3.73 

 The dy eter was provided with a special fixture to clamp onto a short CFRP 

workpiece. Dimensions of the CFRP panels used in the measurement of force were 4 by 

1.5 inches. Care was taken to clamp the workpiece rigidly to the fixture to arrest any 

vibration during trimming. The CNC was programmed to perform only linear cuts, and 

the programming code used is provided in Appendix A. The program performed cuts 

along the length of the long panel for tool wear measurement and two short cuts on the 

workpiece mounted on the dynamometer for force measurement. The two passes of the 

trimming operation performed on the dynamometer had the same machining 

configurations as the long panels. The schematic setup of workforce representation and 

dynamometer setup are shown in Figures 3.10 and 3.11, respectively. 

namom
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.                               Figure 3.11. Dynamometer setup.                        

 used to collect power and force signals generated 

material used version 5.0 of Lab VIEW (Laboratory 

Virtual Instrument Engineering W Data from the power signal collected were 

with a low-pass filter option, available in Acq Knowledge 3.0 version software. To 

illustrate, a graph for unfiltered and filtered power data for a spindle speed of 5,000 rpm 

(327 SFPM) and feed rate of 100 ipm are shown in Figures 3.12 and 3.13, respectively. 

Figure 3.10. Cutting force direction

 The data acquisition system

during the machining of CFRP 

orkbench). 

filtered to remove any high-frequency noise. Noise filtering of power signals was done 

 

Dynamometer 

Fixture 

CFRP board 

 
Knurled 
  Tool 

 Fz Fx 

Fy 

Cutting 
Tool 

Work Piece 

Force components acting on machined edge: 
Fx – normal force 
Fy – feed force 
Fz – axial force (normal to plies) 

Cutting direction 
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Figure 3.12. Unfiltered power graph for speed 5,000 and feed 100 run #1. 

Filtered Power Graph
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Figure 3.13. Filtered power graph for speed 5000 and feed 100 run #1. 

 

The power signal exhibited periodic noise from interference with the machine servo 

amplifier. This periodic noise was ignored in the machining power calculations. 
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3.8 Effect of Tool Geometry        

 To account for the influence of tool geometry and machining configuration (up-

milling/down-milling) on delamination during trimming of CFRPs, short-length cuts on 

the dynamometer were conducted. Two types of tools used for these experiments were 

four-flute square-end helical end mills and knurled tools. Details of tool geometry and 

machining parameters tested are given in Table 3.7. Only the first set of spindle speed 

(5,000 rpm) at two levels of feed rate (100 ipm and 200 ipm) were used to find the effect 

of tool geometry and machining configuration on delamination. Results of these 

experiments are discussed in the results and discussion chapter of this thesis. 

TABLE 3.7 

 MACHINING PARAMETERS FOR KNURLED AND HELICAL TOOL 

Tool Type Diameter (inch) Speed (rpm) Feed (ipm) 

100 Knurled 0.25 5000 

200 

100 Helical 0.375 3340 

200 

 From Table 3.7, we observe the spindle speed changes in the helical tool. This is 

done to account for the difference in the diameter of the helical tool and to make a 

comparison between the two tools (knurled and helical). Figure 3.14 shows the four-flute 

square-end helical end mill cutter.  
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Figure 3.14. Four flute square end helical end mill cutter. 

3.9 Measurement of Tool Wear        

 Measurement of tool wear was carried out at the end of five passes, including the 

two short-cut passes on the dynamometer for the first two runs, and at the end of ten 

passes with the two short cuts on the dynamometer for the subsequent three runs. 

Initially, before the start of trimming operations the cutting portion of the tool was 

sprayed with fast-dry black paint, in order to provide a clear depiction of wear land on the 

knurled tool, and to facilitate easy detection of the tool area that came in contact with the 

workpiece during the trimming operation of the CFRP panel. Analysis of tool wear was 

performed on an optical microscope with an adjustable base movement. The optical 

microscope consisted of a Navitar TenX zoom lens with a numerical aperture of 0.01-01 

(a measurement of the lens’s light collecting ability with larger values providing a 

brighter image, better resolution, and shorter depth of field), and a zoom range of 0.5 to 

5X. The optical microscope incorporated a Pulnix-TM-200, RS-170 B&W CCD (charge 

coupled device) camera with ½ inch format. This CCD camera processes the resulting 

data into an image, and the image thus obtained is captured into EPIX’s XCAP-lite image 
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capturing software. Illumination for the optical microscope was provided by the Fostec 

DCR II 150 W optical fiber illuminator. During measurement of tool wear under the 

optical microscope, a zoom range of 1.5X with a 2X auxiliary lens attachment was used. 

The router tool was held horizontally by a tool holding fixture made of aluminum. The 

setup of the optical microscope with the tool and tool-holding fixture is shown in Figure 

3.15. 

 

Pulnix-TM-200 

Navitar 10X lens 

Figure 3.15. Optical microscope setup. 

 

Router tool 

Tool holding 
Fixture 

2x auxiliary 
lens 

Fostec Illuminator 
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 Measurements of tool wear after capturing the images were carried out with 

SigmaScan Pro image analysis software version 4.0.  This analysis software package 

provided a complete image analysis for studying the structure and size of visual 

information. It also provided a powerful image analysis and data manipulation technique 

that transformed images into reliable statistics.  
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CHAPTER 4 

RESULT AND DISCUSSION 

 

 Although composites are largely produced as a near net shape, they still require 

some secondary machining processes to bring them to their final dimensional 

requirement for assembly purposes. Adherence of CFRP materials to dimensional 

requirements during the secondary machining processes are largely influenced by the 

type of tools being used and on process parameters such as spindle speed, feed rate, and 

depth of cut. The goal of this project was to quantify tool wear during the edge trimming 

operation of CFRP composite materials, in order to provide an indication of the tool- 

replacement time based on delamination depth as a limiting criterion. Quantification of 

tool wear becomes increasingly crucial in the routing of CFRP materials, simply because 

the extent of delamination is closely related to the extent of tool wear. Thus, it becomes 

vital to know the point at which a tool must be replaced, so that components with severe 

delamination damages are not passed on to the next stage of the production line. 

4.1 Machining Configuration 

 In order to identify the effect of tool geometry and type of machining 

configuration (either down milling, also known as climb milling, or up milling, also 

known as conventional milling) on delamination during the trimming operation of CFRP 

composite materials, short-length cuts were performed on the dynamometer.  

Experiments were carried out for a spindle speed of 5,000 rpm with two levels of 

variation in feed rates — 100 ipm and 200 ipm. The reason for choosing these machining 

parameters was mainly to reduce the number of experiments needed to identify the proper 
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machining configuration that must be adopted for the rest of the experimental matrix. 

Furthermore, the effect of tool geometry on delamination was studied by using two types 

of cutting tools, the knurled tool and the four-flute end mill, as explained in Chapter 3. In 

order to study the effect of machining configuration and tool geometry on the machining 

quality of CFRP composite materials, delamination, surface roughness, force and power 

data were recorded and analyzed. Accordingly, the results obtained by the analysis of 

these data were used to identify the type of machining configuration to be adopted for the 

remainder of the experimental design matrix. 

 The effect of the cutting configuration (up or down milling) on delamination, 

surface roughness, force, and power are reported here, and a categorical analysis of these 

parameters with respect to up and down milling for a knurled tool is provided.    

4.1.1 Delamination 

 The effect of up and down milling on delamination for the two tool types, knurled 

tool (depicted by letter K) and helical tool (depicted by letter H), is shown in Figure 4.1. 

Delamination depth in this figure is the average depth of different types of delamination 

occurring during an edge trimming operation, which is explained in Section 4.8 of this 

chapter. 
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Figure 4.1. Delamination in up and down milling for knurled and helical tools. 

 

 From the graph in figure 4.1, it is evident that the average delamination depth in 

up milling for the knurled tool is less at both feed rates of 100 ipm and 200 ipm than in 

down milling. However, for the helical tool, down milling produces better results than up 

milling. This can be accounted for by the fact that tool geometry influences machining 

conditions. For a given feed rate, delamination depth for the knurled tool is lower than 

that for the helical tool. 
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4.1.2 Surface Roughness 

 The effect of up milling and down milling on surface roughness at feed rates of 

100 ipm and 200 ipm and spindle speed of 5,000 rpm is shown in Figure 4.2. 
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Figure 4.2. Surface roughness in up & down milling for helical and knurled tools. 

 

 From the graph in the Figure 4.2 it can be seen that peak-to-peak surface 

roughness (Rz) for the helical tool (H) at feed rates (F) of 100 ipm and 200 ipm is lower 

than that for the knurled tool (K). This phenomenon can be accounted for by the fact that 

tool geometry has an influence on surface roughness produced on the workpiece during 

the machining operation. The helical tool has a continuous cutting edge with a non-zero 

lead angle. This allows the cutting edge to smoothly shear the workpiece material. Also, 

up milling produces better surface roughness than down milling with the knurled tool. 
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4.1.3 Cutting Forces 

 During the short-cut trimming operation of CFRP composite material, the 

response of the three forces, that is, the normal force along the X-direction, feed force 

along the Y-direction, and the axial force along the Z-direction, are shown in Figure 4.3. 

It was observed that all the three forces experienced an increase in value with an increase 

in feed speed. From the graph, it can be seen that the normal force has the largest value 

for both the helical and knurled tool, followed by the axial force and the feed force. 
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Figure 4.3. Forces in up and down milling for knurled and helical tools. 

 

 From Figure 4.3, it can be clearly inferred that for both types of tools, the three 

force components (X, Y, Z) are higher in up milling than in down milling 
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4.1.4 Net Spindle Power 

 A graph showing the net spindle power for the helical end mill tool and the 

knurled tool during the trimming operation of the CFRP composite material is shown in 

Figure 4.4.  
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Figure 4.4. Net spindle power in up and down milling for knurled tool and helical end              
mill tools. 
 

Here it can be observed that the power in up milling is slightly higher than in down 

milling for both feed rates and tool types. Also, net spindle power for the helical tool is 

slightly higher than that for the knurled tool at a feed rate of 100 ipm.  

 In order to better understand the effect of cutting configuration on delamination, 

surface roughness, force, and power in the trimming operation of CFRP composite 

materials, a qualitative analysis of all considered parameters is provided in Table 4.1. 

This table shows the preferred machining configuration (up or down milling) that 

produces better results for each of the measured responses for the knurled tool.   
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TABLE 4.1 
 

QUALITATIVE COMPARISON OF VARIABLE PARAMETERS IN UP AND DOWN 
MILLING FOR KNURLED TOOL 

 
Measuring 
Variable 
Quantity 

Up Milling Down Milling 

Delamination Good Bad 

Surface 
Roughness 

Good Bad 

Force Bad Good  

Power Bad Good 

 

From Table 4.1, it can be seen that up milling provides good results for delamination and 

surface roughness, whereas down milling provides good results for force and power. As 

mentioned earlier, delamination in the machined component plays an important role in 

acceptance or rejection of a product. Thus, considering this factor, it was decided to adopt 

up milling as the machining configuration for the remainder of the experimental matrix. 

4.2 Tool Wear  

 The types of wear observed in the knurled tool during the trimming operation of 

CFRP composite material can be broadly characterized into two main categories:  

 Fracture of the tips of the pyramid tooth 

 Flank wear 

Depictions of these two types of wear observed during the trimming operation of CFRP 

composite material are shown in Figures 4.5 and 4.6, respectively.  Figure 4.5(a) shows 

the fractured tips of the pyramid tooth as observed on the clearance face of the tooth. 

Figure 4.5(b) shows the presence of a non-uniform type of flank wear. The flank wear 
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land, as viewed in a direction normal to the pyramid base, varies with distance from the 

tip of the tooth (maximum at the tip and minimum at the root of the tooth).  Figure 4.6 

shows flank wear, with no occurrence of fracture on the tip of the tooth. Figure 4.6(a) 

shows the clearance face of the un-fractured pyramid tip, and Figure 4.6(b) shows flank 

wear for the same tooth profile as viewed in a direction normal to the base of the 

pyramid. Also indicated are the clearance face and rake face of the knurled tool.  
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Fracture 

Clearance Face

Figure 4.5(a). Fractured tooth at speed 5,000 rpm, feed 100 ipm, 
run 2. (1 division = 10µm)

Clearance Face

Rake Face 
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Figure 4.5(b). Flank wear in fractured teeth at speed 5,000 rpm, feed 100 
ipm, run 2. (1 division = 10µm) 
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Figure 4.6(a). Un-fractured tooth at speed 10,000 rpm, feed 100 
ipm run 2. (1division = 10µm) 

Max Flank Wear 

Figure 4.6(b). Flank wear in un-fractured tooth at speed 10,000 
rpm, feed 100 ipm, run 2. (1division = 10µm)  
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 Tool wear was quantified after each run (first two runs, each of 5 passes and the 

subsequent 3 runs consisting of 10 passes each). In order to depict the real tool condition 

after each run, a set of nine teeth along the periphery of the knurled tool were considered. 

Accordingly, an average of these nine readings was taken as an indicator of tool wear 

occurring at the end of that particular run. In order to identify the total number of teeth 

that come in contact with the CFRP composite material, the tool was painted black and 

then examined under an optical microscope after the trimming operation. Examination of 

this tool indicated that a total of twenty seven teeth along the periphery of the knurled 

tool were in contact with the CFRP board.  

4.2.1 Tooth Fracture 

 The number of pyramid tips in the knurled tool that fractured was counted at the 

end of each run. Table 4.2 shows the number of teeth fractured at the end of a cutting 

distance of 1,020 inches, for each combination of spindle speed and feed rate.  Figure 4.7 

also shows the number of tooth fractures as a function of cutting distance. 

TABLE 4.2 
 

 NUMBER OF TOOTH FRACTURES AT DIFFERENT MACHINING PARAMETERS 
IN COMPARISON WITH EFFECTIVE CHIP THICKNESS 

 
Spindle Speed (rpm) / aeff (mm) 

5,000 10,000 15,000 

Feed Rate 

(ipm) aeff

Rep1 Rep2 

aeff

Rep1 Rep2 

aeff

Rep1 Rep2 

100 0.0410 13 12 0.0200 3 0 0.0410 0 0 

200 0.0810 20 15 0.0410 6 13 0.0270 3 2 

400 0.1630 7 1 0.0810 12 0 0.0540 11 14 
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Figure 4.7. Number of tooth fractures as a function of cutting distance. 

 

 From the Table 4.2 and Figure 4.7, it can be seen that the number of teeth 

fractured did not change significantly with the increase in cutting distance. This may be 

accounted for by the fact that the cutting tool became fairly stable once the fragile teeth 

were fractured at the very beginning of tool engagement. Table 4.2, shows that maximum 

tooth fracture occurs during two scenarios — one at low spindle speed and low feed rate, 

and the other at high spindle speed and high feed rate — both  of which produce large 

effective chip thickness (aeff). The least number of tooth fractures is obtained at high 
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spindle speed (15,000 rpm) and low feed rate (100 ipm), which produces a small aeff. The 

data in table 4.2 is also presented in Figure 4.8. It is seen that except for three points at 

chip thickness of 0.08 and 0.163, most of the data follows a general trend of increasing 

tooth fracture with an increase in chip thickness. The severe scatter of the data in this 

Figure indicates the high variability in the fracture strength of new sharp teeth. A linear 

regression analysis was carried out (details are provided in Appendix B) in order to 

determine the significance of chip thickness. Analyzing the regression model, it can be 

inferred that at 95% confidence level, effective chip thickness (aeff) has no statistically 

significant effect on the number of tooth fractures occurring in the knurled tool. Also, the 

model produces a very low predicted R2 value, which further confirms that the model 

does not have significant capability to predict future state conditions. It is understood that 

the result of the statistical analysis is influenced by the great scatter in the data. 
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Figure 4.8. Number of tooth fracture at different effective chip thickness. 

 

4.2.2 Fracture Wear 

 A method to measure fracture wear was carried out by measuring the width (A) 

and depth (B) of the fractured surface as seen under the optical microscope at the end of 

each run, as demonstrated in Figure 4.9. Figure 4.10 shows the fracture wear 

measurement at a spindle speed of 5,000 rpm and feed rate of 100 ipm.  
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Figure 4.9. Fractured wear measurement method. 
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Figure 4.10. Width (A) and depth (B) of fracture surface at 5,000 rpm and 100 ipm. 

 

Tooth fracture measurement, done by measuring the width and depth of the fracture at a 

spindle speed of 5,000 rpm and feed rate of 100 ipm, indicated that this method of tool 

wear measurement was not sensitive to cutting distance. This was confirmed by 

analyzing the spindle power and force data, which showed a steady increase in value at 

the end of each run. Furthermore, this method of tool wear measurement did not correlate 
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well with the measurement of delamination depth, which also showed an increase in 

depth values. Thus, the fracture wear measurement method produced the same tool wear 

measurement, even when the delamination depth measured more than 0.06 inch, which is 

beyond the limiting criterion for tool replacement.  

4.2.3 Maximum Flank Wear 

  Measurement of maximum flank wear on the tooth was determined by finding 

the maximum width of the wear land on the clearance face. The methodology adopted for 

this type of wear measurement can be clearly visualized by referring to Figure 4.5(b) and 

Figure 4.6 (b). The maximum flank wear on nine teeth that were engaged in cutting was 

measured at the end of each run. An average of these nine readings was calculated. This 

process was repeated for each run in two replicates. At the end of each run, an average 

from both replicas was calculated, and the result is shown in Figure 4.11. From this 

graph, we can also see that no particular trend governing maximum flank wear exists 

with respect to either spindle speed or feed rate. However, Figure 4.11 shows that flank 

wear increases with an increase in cutting distance.  
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Figure 4.11. Comparison of flank wear at different machining parameters. 

 

 Figure 4.12 shows the relationship between maximum flank wear and effective 

chip thickness after a total cutting distance of 1,020 inches. From the figure it is seen that 

flank wear decreases with an increase in effective chip thickness. A linear regression 

analysis was carried out (results in Appendix C) and results of the regression analysis 

showed that effective chip thickness (aeff) has no statistically significant effect on 
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maximum flank wear. Reason for the difference in the observed trend in the graph and 

the results of the regression analysis can be accounted for the fact, that the graph depicts 

the trend observed only for the present set of data points considering the great variability 

in this data due to experimental and measurement errors. However, the regression model 

tests the models ability to predict future variabilities, which at 95% confidence level 

indicates that the model has no significant capability to predict future variabilities in test 

data points.  
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Figure 4.12. Flank wear and effective chip thickness (cutting distance of 1,020 inches). 
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4.2.4 Tip Recession  

 The method of measurement of tip recession wear was carried out by super 

imposing the initial tooth profile of the knurled tool on the one that was taken at the end 

of each run. In this method, recession in height of pyramid tip of the tooth was calculated 

by measuring the slant height on one of the pyramid edges and the width of its base. This 

method of measurement is more clearly shown in Figure 4.13. Furthermore, this method 

of tip recession measurement assumed that the initial profile of each tooth was a pointed 

pyramid. However, many knurled tools provided by Ultra Tools were not showing a 

strong agreement with the assumed profile. This was observed and confirmed from 

scanning electron microscope pictures, which indicated that the tip of the pyramid was 

offset by 2 to 3 degrees. 

  The formula used to measure the tip recession was  

                                            Z = √(X2-Y2)                                                          (4.1) 

where Z represents the tip recession, X represents the slant height, and Y represents the 

width length. In a similar way as flank wear, an average tip recession was calculated at 

the end of each run from 9 different teeth and 2 replicas. Results of these measurements 

are shown in Figure 4.14. Although this type of wear measurement indicated an increase 

with the increase in cutting distance, the initial assumption of every tooth being a perfect 

pyramid for the calculation of tip recession height may be a constraining factor for the 

correct method of wear quantification. 
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Figure 4.13. Depiction of tip recession measurement method. 

 

XSlant Height 

Z Height 

Y Width

 56



Cutting Distance in Inches

0 200 400 600 800 1000 1200

T
ip

 R
ec

es
si

on
 (m

ic
ro

 m
et

er
s)

0

20

40

60

80

100

120

140

160

S15000F100-aeff0.0410
S15000-F200-aeff0.027
S15000-F400-aeff0.054
S10000-F100-aeff0.020
S10000-F200-aeff0.041
S10000-F400-aeff0.081
S5000-F100-aeff0.041
S5000-F200-aeff0.081
S5000-F400-aeff0.163

 
 

Figure 4.14. Tip recession at different machining parameters. 
 

 
 
 From the graph in Figure 4.14, the only machining parameter that was observed to 

agree with the usual trend of wear pattern (increase in tool wear with increase in feed 

rate) was that of spindle speed at 10,000 rpm at a feed rate of 100, 200, and 400 ipm. 

Accordingly feed rate of 400 ipm indicated a higher tool wear value, followed by 200 

ipm and 100 ipm. However, at a spindle speed of 5,000 rpm and 15,000 rpm, the 

commonly observed trend in the graph was that tool wear values were greater at 200 ipm 

followed by 100 ipm and 400 ipm.  
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 Figure 4.15 shows the relationship between tip recession and effective chip 

thickness after a total cutting distance of 1,020 inches. From the figure it may be seen 

that, except for one point at effective chip thickness of 0.163, tip recession generally 

increases with an increase in effective chip thickness. A linear regression analysis was 

carried out (results provided in Appendix D) and the result of the regression analysis 

indicated that effective chip thickness (aeff) has no statistically significant effect on tip 

recession, and that the model had no significant capability to predict future variabilities in 

the experimental data points. It is noted that a great similarity exist between this graph 

and that in Figure 4.8, showing number of teeth fracture. Such similarity arises because 

both measurements refer to the same phenomenon, which is fracture wear.  
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Figure 4.15. Tip Recession at different effective chip thickness (cutting distance of 1,020 
inches). 
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4.2.5 Wear Area 

 Similar to the method of tip recession measurement, wear area measurement was 

also done by super imposing the initial tooth profile of the diamond interlocked knurled 

tool with one that was taken at the end of each run. This was done by using SigmaScan 

Pro image analysis software version 4.0, by Jandel Scientific software. Depiction of wear 

area, measurement is shown in Figure 4.16.  

 

 

Wear Area 

 

Figure 4.16. Measurement of wear area method. 

 

 Unlike the assumption made in measuring tip recession wear that the knurled tool 

tooth is a perfect pyramid, this method of wear measurement (wear area), the true profile 

of the initial knurled tool tooth profile was considered, which was later superimposed 
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onto the tooth profile obtained at the end of each run. The wear area at different 

machining parameters is shown in Figure 4.17.  
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Figure 4.17. Wear area at different machining parameters. 

  

 From Figure 4.17, the general trend observed for all machining parameters of 

spindle speeds of 5000, 10,000 and 15,000 rpm, is that the feed rate of 400 ipm showed 
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the lowest wear area. Furthermore, the lower wear rate value was observed for a spindle 

speed of 15,000 rpm, followed by 10,000 rpm and 5,000 rpm. Also, there is a clear 

distinction between the spindle speeds of 5,000 rpm and 15,000 rpm at the feed rates of 

100 ipm and 200 ipm.  

 Figure 4.18 shows the relationship between wear area and effective chip thickness 

after a total cutting distance of 1,020 inches. It is seen that wear area generally decreases 

with an increase in chip thickness. This behavior is similar to that in Figure 4.12 for flank 

wear. This similarity arises from the fact that both measurements are describing the same 

wear phenomenon, which is abrasive wear. A regression analysis was carried out to 

determine the effect of effective chip thickness on wear area (results provided in 

Appendix E). From the analysis of the regression equation, it can be concluded that 

effective chip thickness (aeff) affects the wear area. Also, the model has a reasonable 

adjusted R2 value of 46.87%, which confirms the effect of effective chip thickness on 

wear area.    
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Figure 4.18. Wear area and effective chip thickness (cutting distance of 1,020 inches). 
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4.2.6 Discussion of Direct Method of Wear Measurement 
 
 In all direct methods of wear measurement, except for fracture wear, the three 

forms of wear — maximum flank wear, tip recession and wear area — showed an 

increase in wear with an increase in cutting distance. The effect of spindle speed or feed 

rate is not clear in any of the wear measurements because of too much scatter in the wear 

data. This may be due to inaccuracies in the measurement methods, and the occurrence of 

pyramid teeth fracture at low spindle speed, which would disrupt the normal method of 

tool wear measurement. Also, the phenomenon of self sharpening of the teeth at higher 

spindle speeds may cause discrepancies in the normal method of wear measurements. 

The statistically insignificant effect of effective chip thickness on tool wear may be 

accounted for by the fact that chip formation in the machining of CFRP composite 

materials is mainly due to brittle fracture and not plastic deformation, which normally 

occurs in homogenous materials. As a result of this variation in wear data with respect to 

spindle speed and feed rate, it is difficult to quantify tool wear and thus decide on the best 

time for tool replacement. Thus, identifying an indirect method is required to decide on 

tool replacement time, based on the delamination depth as a limiting criterion. 

4.3 Net Spindle Power  
 
 The detailed working and specifications of power cell are explained in Chapter 3 

of this thesis. Online monitoring of power was performed by triggering the data 

acquisition Lab VIEW version 5.0 software program just prior to the trimming operation 

of CFRP composite material. For the purpose of power measurement, the net spindle 

power at the end of each run was taken as an indicator of power at that particular run. As 

previously mentioned, the first two runs had a set of five passes each, with the subsequent 
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three runs having ten passes each. The measurement of power at the end of each pass was 

calculated as 

                                                        P = (a-b) / 3                                                            (4.2) 

where a represents the total power consumed during cutting, and b represents the idle 

power. The clear depiction of points a and b in a power graph is shown in Figure 4.19. 

The divider 3 is a conversion factor to convert transducer voltage to power. Figure 4.19 

shows the typical trend of spindle power in one pass. 
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Figure 4.19. Power measurement method showing spindle power for one pass. 

 

 The graph of net spindle power at different machining parameters of the 

experimental matrix is shown in Figure 4.20. From the graph, it can be clearly seen that 

the net spindle power increases steadily with cutting distance because of tool wear. It is 

also observed that a clear distinction exists between the different machining parameters, 

namely spindle speed and feed rate. Thus, the power data shows a clear effect of speed 
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and feed rate on response, with feed having the major effect. This distinction between 

different machining parameters is not clearly evident in any of the direct methods of wear 

measurement.  
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Figure: 4.20. Power comparison graph at different machining parameters. 

  

From the graph of tool wear measurement and power measurement, shown in Figures 4.9, 

4.13, 4.16 and 4.20, it can be seen that power is more sensitive to machining parameters 
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than direct wear measurement. Thus, it is advisable to use power as an indirect method to 

quantify tool wear and indicate the time for tool replacement during the trimming 

operation of CFRP composite material.   

 Figure 4.21 shows the relationship between power and effective chip thickness 

after a total cutting distance of 1,020 inches. From the figure it may be seen that spindle 

power increases with an increase in effective chip thickness. However, to confirm this 

observed trend, a regression analysis was carried out (results provided in Appendix F). 

From the results of the regression analysis, it can be inferred that effective chip thickness 

(aeff) has no statistically significant effect on net spindle power. Reason for the difference 

in the results of the graph and the regression analysis can be accounted for the fact, that 

the graph indicates the trend observed only in the present set of data points considered in 

the experimental setup, but the regression model tests the models ability to predict future 

variability, which at 95% confidence level has no significant capability to predict future 

variability in the data points.  
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Figure 4.21. Power and effective chip thickness (cutting distance 1,020 inches). 

 

4.4 Cutting Force  

 Online monitoring of cutting force was performed by triggering Lab VIEW 

version 5.0 software. The particulars of this data acquisition method for force analysis are 

explained in Chapter 3. Accordingly, data for force analysis was analyzed for short cuts 

on the workpiece clamped onto a load cell.  Forces that were analyzed during the 

trimming operation of CFRP composite materials were normal force along the X-

direction, feed force along the Y-direction, and axial force along the Z-direction.  
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Figure 4.22. Force graph of normal force (X) at different machining parameters. 

 

From Figure 4.22, the general trend observed is that normal force increases with an 

increase in cutting distance. Furthermore, normal force is sensitive to machining 

parameters at lower spindle speeds rather than higher spindle speeds. 

  Figure 4.23 shows the relationship between normal force and effective chip 

thickness after a total cutting distance of 1,020 inches. A regression analysis was carried 

out to determine the effect of effective chip thickness on normal force (results provided in 

Appendix G). From analysis of the regression equation, it can be concluded that effective 
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chip thickness (aeff) has a significant effect on normal force generated during the edge 

trimming operation of CFRP composite material. Also, the model has a reasonable 

adjusted R2 value of 79.657%, which confirms the effect of effective chip thickness on 

normal force(X). Accordingly, it can be confirmed that the normal force increases with 

an increase in the value of effective chip thickness.    
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Figure 4.23. Effective chip thickness and normal force (X) (cutting distance 1,020 
inches). 
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Figure 4.24. Force graph of feed force (Y) at different machining parameters. 

 

From Figure 4.24, the general trend observed is that the feed force increases in magnitude 

with an increase in cutting distance. Furthermore, the feed force is sensitive to the 

machining parameters of spindle speed and feed rate, with feed rate having more effect. It 

is also observed that the feed force is maximum for a lower spindle speed (5,000 rpm) 

and higher feed rate (400 ipm), which corresponds to maximum aeff.  
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 Figure 4.25 shows the relationship between feed force (Y) and effective chip 

thickness after a total cutting distance of 1,020 inches. A regression analysis was carried 

out to determine the effect of effective chip thickness on feed force (results provided in 

Appendix H). From the analysis of regression equation, it can be concluded that effective 

chip thickness (aeff) has a significant effect on the feed force generated during the edge 

trimming operation of CFRP composite material. Also, the model has a reasonable 

adjusted R2 value of 94.59%, which confirms the effect of effective chip thickness on 

feed force (Y). Accordingly, it can be confirmed that the feed force increases in 

magnitude with an increase in the value of effective chip thickness.    
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Figure 4.25. Effective chip thickness and feed force (Y) (cutting distance 1,020 inches). 
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Figure 4.26. Force graph of axial force (Z) at different machining parameters. 

 

From Figure 4.24, the general trend observed is that the axial (Z) force increases with an 

increase in cutting distance. Furthermore, the axial force is sensitive to the machining 

parameters of spindle speed and feed rate, with feed rate having more effect. It is 

observed that the axial force is maximum at a lower spindle speed (5,000 rpm) and higher 

feed rate (400 ipm).   

 Figure 4.27 shows the relationship between axial force (Z) and effective chip 

thickness after a total cutting distance of 1,020 inches. A regression analysis was carried 
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out to determine the effect of effective chip thickness on axial force (results provided in 

Appendix I). From the analysis of regression equation, it can be inferred that effective 

chip thickness (aeff) has a significant effect on the axial force generated during the edge 

trimming operation of CFRP composite material. Also, the model has a reasonable 

adjusted R2 value of 87.5%, which confirms the effect of effective chip thickness on axial 

force (Z). Accordingly, it can be confirmed that the feed force increases with an increase 

in the value of effective chip thickness.    
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Figure 4.27: Effective chip thickness and axial force (Z) (cutting distance 1,020 inches). 

 

 In order to determine the effect of cutting forces on power, namely normal force 

(X), feed force (Y) and axial force (Z), a regression analysis was carried out (results 

provided in Appendixes J, K, and L ). After analyzing the regression model, it can be 

inferred that at 95% confidence level, power has significant correlation with axial force, 
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and less significant correlation with normal force (X) or feed force (Y). Figure 4.27 

shows a graph of power versus the three components of cutting forces. From the graph it 

can be seen that the force increase corresponds to power increase.    
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Figure 4.28. Power versus cutting forces. 
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4.5 Delamination Measurement 

 Delamination was considered an important factor of process quality measurement 

in the present research work. The extent of delamination occurring in routing processes of 

CFRP composite material controlled the acceptance or rejection of a machined 

component. Accordingly, a consensus of delamination above 0.06 inch (1.5 mm) was 

considered unacceptable, after consulting with the project industrial advisors. For the 

purpose of measurement and quantification, delamination in the routed component was 

categorized into four main types. 

 Type I 

 Type II 

 Type I/II 

 Type III 

Measurement of the lengths (hereafter referred to as depths) of these four types of 

delamination was carried out using an optical microscope at a magnification of 2X. 

Schematic representations of the method adopted to measure these types of delamination 

are shown in Figures 4.29, 4.30, and 4.31, respectively. 

 

Type I 

Type I/II Type III 

Type II 

Type I 

Figure 4.29. Type I/II.                    Figure 4.30. Type II: Type I/II.   Figure 4.31. Type III. 
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 Initially the depths of all 4 types of delamination were recorded independently; 

then all 4 types of delamination damages were combined together, and an average of 

these values was taken to get the delamination depth value for that particular run. A 

delamination depth of  0.06 inch (1.5mm) was considered as a threshold value, 

determined by considering values of delamination depth above 0.06 inch and then taking 

the average of these values.  
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Figure 4.32. Comparison of delamination at different machining parameters. 
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From Figure 4.32 it can be seen that the average delamination depth is the least for a 

spindle speed 15,000 rpm with feed rate of 100 ipm, followed by 15,000 rpm with a feed 

rate of 200 ipm. However, delamination depth was found to be the highest for a spindle 

speed of 5,000 rpm and a feed rate of 400 ipm. It was also observed from the comparison 

graph of delamination that delamination depth was less for a high speed and low feed 

rate.  

 Figure 4.33 shows the relationship between delamination depth and effective chip 

thickness after a total cutting distance of 1,020 inches. A regression analysis was carried 

out to determine the effect of effective chip thickness on delamination depth (results 

provided in Appendix M). From the analysis of regression equation, it can be concluded 

that effective chip thickness (aeff) has a statistically significant effect on delamination 

depth damage occurring during the edge trimming operation of CFRP composite 

material. Also, the model has a reasonable adjusted R2 value of 56.58%, which confirms 

the effect of effective chip thickness on delamination depth. Accordingly, it can be 

confirmed that delamination depth increases with an increase in the value of effective 

chip thickness.    
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Figure 4.33. Average delamination depth and effective chip thickness (cut distance 1,020 
inches). 
 
 
 Considering delamination damage as one of the important criterion that 

determines tool replacement time and, as discussed previously in section 4.2.6, the 

difficulties involved in measuring tool wear by direct method, it is thus necessary to 

identify an indirect method to determine the time for tool replacement. Accordingly, this 

can be done by using the power or force data. However to do this, it is necessary to 

identify that power and  force correlate well with delamination damage; thus, a regression 

analysis was carried out for delamination damage with respect to power and force (results 

provided in Appendix N, O, P and Q). Figure 4.34 shows the regression graph of 

delamination with respect to power, normal force, feed force, and axial force.   
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Figure 4.34. Average delamination versus cutting force and spindle power. 
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 From the regression analysis of average delamination depth with respect to 

spindle power and cutting force, it was inferred that the average delamination depth has 

significant interaction with all of the considered factors, namely, spindle power, axial 

force, feed force, and normal force. Thus, any one of these factors can be used as an 

indirect method to quantify delamination depth, and hence tool wear, and to decide on 

when to replace the tool so that the delamination depth is well within the set threshold 

value of 0.06 inch.  In the present research work, the indirect method for tool replacement 

time was determined by using power and delamination data. 
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4.6 Indirect Method of Tool Life Quantification 

 Figures 4.5, 4.13, and 4.16 shows three direct methods of tool wear 

measurements, namely, maximum flank wear, tip recession and wear area. It was 

observed that there was no significant trend with respect to spindle speed and feed rate in 

direct wear measurement. This makes it difficult to decide on the tool replacement time 

based on direct measurement of wear. One of the methods to overcome this difficulty is 

to use an indirect method of tool wear measurement. As mentioned earlier, an indirect 

method of tool wear quantification can be done by using power, force, or delamination 

data. In the current research work, power and delamination data, obtained at different 

machining parameters of the experimental matrix were used as indicators of tool 

replacement time. An analysis of variance (ANOVA) was carried out in Stat Ease to 

develop a generalized empirical equation to decide on the time for tool replacement by 

considering spindle speed and feed rate as the two potential design factors, and tool life 

and power as a response of the experiment.  

 In order to carry out the ANOVA test, a 3k factorial design was considered, 

because the two potential factors considered, namely speed and feed rate, were each at 

three levels. If the general 32 ANOVA design, which represents the simplest design of 3k 

system is to be used, then the ANOVA test would produce 9 treatment combinations of 

varying potential factors, having eight degrees of freedom between the treatment 

combinations. This would result in the utilization of all the degrees of freedom, implying 

that there would be no results (“F” value) in the ANOVA analysis. Thus, in order to 

generate the residual error (to obtain F value), an ANOVA test in the response surface 

design was carried out. This design was a 3-level factorial design, and generated 13 
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treatment combinations, with an extra 4 treatment combinations to generate the residual 

error. The result of the repetitive treatment combination was considered to be consistent. 

Figure 4.35 shows the detailed method of extrapolation and calculation of delamination 

and power data at end of tool life.   

y = 1E-05x + 0.0704
R2 = 0.9856

y = 6E-06x + 0.0366
R2 = 0.976
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Figure 4.35. Extrapolated power, delamination v/s cutting distance (327 SFPM-100 IPM). 

 

 In the indirect method of tool life quantification, power and delamination values 

obtained at different machining parameters were plotted with respect to cutting distance. 

Figure 4.35 shows the power and delamination values plotted against the cutting distance 

for a spindle speed of 5,000 rpm and at feed rate of 100 ipm. This graph represents the 
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increasing trend of power and delamination length with an increase in cutting distance. 

Similar plots were obtained for other combinations of speed and feed. In order to quantify 

tool life with respect to delamination and power, the graph of power and delamination 

with respect to cutting distance was plotted and linearly extrapolated to a point where 

delamination reached a threshold value of 1.5 mm (0.06 inch). This can be observed 

clearly in Figures 4.35. In this graph, each extrapolated line is expressed by a linear 

regression equation. Accordingly, the regression equation developed for each 

delamination line was substituted with a threshold value of 1.5 mm (0.65 inch), and the 

corresponding cutting distance X (in inches) was determined. The obtained value of the 

cutting distance is recorded and identified as the cutting distance for that particular 

combination of speed and feed rate after which the tool should be replaced. This cutting 

distance value was then substituted in the linear regression equation of the extrapolated 

power line, which generated the power value (in HP) at which the delamination is said to 

have reached a threshold value of 1.5 mm, indicating the time for tool replacement. Table 

4.3 gives the cutting distance (in inches) at which delamination reaches a threshold value 

of 1.5 mm for different machining parameters. This table also shows the corresponding 

net spindle power at the end of tool life for each cutting combination. 
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TABLE 4.3 
 

MAXIMUM CUTTING DISTANCE FOR DELAMINATION THRESHOLD OF 
1.5 MM AND TOOL LIFE 

 
Speed 

 (SFPM) 

Feed 

 (IPM) 

Power 

 (HP) 

aeff  

(mm) 

Cut-Dist  

( inch) 

Average 

Tool Life 

 (Min) 

981 100 0.1441 0.041 3310 33 

981 200 0.2853 0.081 3289 16 

981 400 0.3340 0.163 3200 8 

654 100 0.1371 0.020 2900 29 

654 200 0.2167 0.041 2322 12 

654 400 0.3357 0.081 1950 5 

327 100 0.1094 0.014 3900 39 

327 200 0.2402 0.027 2189 11 

327 400 0.3072 0.054 1620 4 

 

 Determination of tool life, given the distance and feed rate, can be obtained by 

dividing the distance with the corresponding feed rate, which is given by.  

                                                          T = X / F                    (4.3) 
 

where, T is the tool life in minutes, X is the cutting distance at the end of tool life in 

inches, and F is the feed rate in ipm. 
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4.7 Regression Equation  

 In order to obtain the empirical relationship for tool replacement time, an 

ANOVA test was carried out by considering tool life and power (determined by 

delamination data)  as the two responses of the ANOVA test which has speed (SFPM) 

and feed (IPM) as the two potential design factors. The design for the ANOVA test for 

the two potential design factors and two responses is shown in Table 4.4.  

 

TABLE 4.4  

 DESIGN SETUP OF ANOVA TABLE FOR THE POTENTIAL FACTORS AND 
RESPONSE 

 
Std Run Block Factor 1 

A: Speed 
SFPM 

 

Factor 2 
B: Feed Rate 

IPM 
 

Response 1 
Tool Life 
Minutes 

 

Response 2 
Power 

HP 
 

1 2 Block 1 327 100 39 0.1094 
2 5 Block 1 654 100 29 0.1371 
3 11 Block 1 981 100 33 0.1441 
4 1 Block 1 327 200 11 0.2402 
5 2 Block 1 327 200 12 0.2167 
6 6 Block 1 654 200 16 0.2853 
7 9 Block 1 981 400 4 0.3072 
8 10 Block 1 327 400 5 0.3357 
9 3 Block 1 327 400 8 0.3340 
10 13 Block 1 327 200 12 0.2167 
11 5 Block 1 327 200 12 0.2167 
12 11 Block 1 327 200 12 0.2167 
13 4 Block 1 327 200 12 0.2167 

 

The results of ANOVA and the trends of the normal probability plot, residual plot, outlier 

plot, and response surface and contour plot is provided in the Appendixes R and S. 

Furthermore, on observing the response surface plot and contour plot it can be seen that 

feed has more pronounced effect on both tool life and power consumption than spindle 
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speed, implying that by maintaining lower feed rate and higher speed, better tool life and 

lower power consumption is achieved. This trend of increase in tool life, by maintaining 

higher spindle speed is in corelation with the findings of Sakuma et al. [9]. 

 The regression equations for the two responses, tool life (minutes) and power (hp) 

is given by:  

Tool Life = +36.33333 + 1.52905E-003* Speed -0.085238 * Feed (4.4) 

Power = +0.055550 + 5.43323E-005 * Speed + 6.14262E-004* Feed (4.5) 

These equations represent the generalized formula used for tool replacement, after which 

the trimming operation of CFRP composite material using the knurled tool would 

produce delamination damage above the set threshold value of 0.06 inch.  

 Equation (4.4) gives the value of tool life in terms of minutes beyond which the 

knurled tool should be replacemed; otherwise, the tool would produce delamination 

beyond the threshold value of 0.06 inch. Equation (4.5) gives the value of net spindle 

power in HP, beyond which the knurled tool would supposedly produce delamination 

damages beyond 0.06 inch. Thus, by substituting the values of the machining parmaters, 

namely speed and feed rates, it is possible to determine the value of tool life in minutes 

and value of power beyond which the knurled tool should be replaced. Such information 

is useful for a machine operator on the shop floor because it allows indirect inspection of 

the tool status without having to stop the machine and inspect the tool under a 

microscope. For machines equipped with a power meter, knowledge about tool wear 

status can be obtained directly from the power meter. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORKS 

 

 This research addresses the issue of developing a method for quantifying tool 

wear in diamond-interlocked knurled tool, and of developing a method that would 

suggest the time for tool replacement during the edge trimming of CFRP composite 

material, considering delamination damage as a controlling factor. The workpiece used 

was a 10-ply CFRP panel with an overall thickness of 0.1 inch. The routing operation on 

CFRP panels was carried out on a Timesaver CNC router. A combination of direct and 

indirect methods of wear measurements were used to measure tool wear during the 

trimming operation of CFRP composite material at different combinations of potential 

parameters (speed and feed rate). In addition, spindle power, tool force surface 

roughness, delamination, and cutting temperature were monitored and recorded at regular 

intervals of time. The results of these tests are summarized as follows: 

 

5.1 Conclusions 

 Up milling (conventional) in routing of CFRP composite material with 

knurled tools provided better results in terms of damage, namely less 

delamination and surface roughness. 

 Depending on the spindle speed and feed rate, wear occurs in one or a 

combination of two different modes, namely, fracture of the pointed 

pyramid tips of the diamond shaped tooth and non-uniform flank wear. 
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 Fracture of the pointed pyramid tips occurred generally at high feed rates 

and low spindle speeds.  

 Fracture of the pyramid tips disrupted the uniform flank. A rounded and 

smoothed fracture surface was observed at the end of cutting test. This 

rounding and smoothing of the fracture surface was a common trend 

observed, and may be attributed to the abrasive nature of CFRP material. 

 Maximum flank wear, tip recession, and wear area were used to quantify 

tool wear. All three methods were sensitive only to cutting distance and 

not to the machining parameters, namely spindle speed or feed rate. Thus, 

the indirect method of tool wear quantification using power and 

delamination with respect to cutting distance was used. 

 Power and force measurement were sensitive to machining conditions, 

namely spindle speed and feed rate, with feed rate being more significant 

than spindle speed. 

 The tool life equation in minutes and the power equation in HP were 

determined by conducting an ANOVA analysis.   

 From the ANOVA analysis, it was found that tool life and power were 

more sensitive to feed rate rather than spindle speed. 
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5.2 Future Work 

 This research involved varying the spindle speed and feed rate, while 

keeping depth of cut a constant value. The effect of varying the depth of 

cut could be investigated. 

 The diamond-interlocked knurled tools tested were only from the series of 

223. Different series with varying tool geometry with the same EDP 

number can be tested to study its effect on varying machining parameters. 

 Using alternative tool materials, such as diamond-coated tool bits, might 

be investigated.  

 The tool life equation was determined using power and delamination 

criterion with respect to cutting distance accordingly a tool life equation 

could be determined by using force and delamination with respect to 

cutting distance. 

 Wear characteristics of the knurled tool were determined only by 

examining it under an optical microscope. Better knowledge and 

measurement of wear propagation phenomenon could be acquired by  

analyzing it under a scanning electron microscope (SEM)    

 The routing of CFRP panels was conducted under dry cutting conditions. 

The effect of using coolant on tool wear, surface roughness, and 

delamination might be examined. 
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APPENDIX A 

PROGRAMMING FOR ROUTING OPERATION OF CFRP COMPOSITE 

MATERIALS 

 

 Programming for the routing operation of CFRP composite material was done on 

a Siemens SINUMERIK 810M microprocessor-controller. Programming consisted of one 

main program (%35), followed by two subroutine programs (L25 and L35). Variable 

factors accounting for different spindle speeds and feed rates for the experimental matrix 

were made available by using the letter “S” in the main program and “R71” in the 

subroutine program, respectively.  

Main Program 

%35 

N010 S15000 LF

N020 M04 LF

N030 G04 F5 LF

N040 D2 G17 Z-0.35 LF  

N050 L25 P10 LF

N060 D0 Z0.35 LF

N070 G90 G00 Z0 Y-8.689 LF

N080 X-62.891 LF

N090 M00 LF

N100 D3 G17 Z-0.35 LF

N110 L35 P1 LF
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N120 M00 LF

N130 L35 P1 LF

N140 D0 Z0.35 LF

N150 G00 G90 Z0 LF

N160 G91 X0 Y-25.450 LF

N170 Z0 LF

N180 G00 G90 X0 Y0 Z0 LF

N190 M30 LF 

Subroutine Program 

L25 

N010 G91 LF

N020 R71=200 LF

N030 G01 X0 Y-23.233 F=R71 LF

N040 G00 Z1 LF

N050 G91 G00 X0 Y23.233 LF

N060 X0.063 Y0 LF

N070 Z-1 LF

N080 M17 LF

L35 

N010 G91 LF

N020 R71=400 LF

N030 G01 Y0 X6.413 F=R71 LF

N040 G91 G00 X-6.413 Y0 LF
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N050 Y0.063 LF

N060 Z-1 LF

N070  M17 LF 
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APPENDIX B 
 

REGRESSION ANALYSIS: EFFECTIVE CHIP THICKNESS AND NUMBER OF 
TEETH FRACTURE REPLICATE-1 

 
 
 
[Variables] 
x = col(3) 
y = col(6) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 5.69958}} 
a = F(0)[2] ''Auto {{previous: 1.65094}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.1972 Rsqr = 0.0389 Adj Rsqr = 0.0000 
 
Standard Error of Estimate = 6.4346  
 
 Coefficient Std. Error t P  
y0 5.6996 3.5758 1.5939 0.1550  
a 1.6509 3.1022 0.5322 0.6111  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 11.7263 11.7263 0.2832 0.6111  
Residual 7 289.8292 41.4042  
Total 8 301.5556 37.6944  
 
PRESS = 953.3321  
 
Durbin-Watson Statistic = 1.9870  
 
Normality Test:  Passed (P = 0.3289) 
 
Constant Variance Test:  Passed (P = 0.7418) 
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Power of performed test with alpha = 0.0500: 0.0707 
 
The power of the performed test (0.0707) is below the desired power of 0.8000. 
You should interpret the negative findings cautiously. 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 6.0555 -6.0555 -0.9411 -1.0705 -1.0838  
3 6.4115 -4.4115 -0.6856 -0.7512 -0.7254  
4 7.1233 5.8767 0.9133 0.9691 0.9643  
5 6.2335 -4.2335 -0.6579 -0.7331 -0.7063  
6 6.7674 0.2326 0.0361 0.0387 0.0359  
7 7.8352 -1.8352 -0.2852 -0.3081 -0.2872  
8 6.7674 6.2326 0.9686 1.0377 1.0444  
9 7.8352 10.1648 1.5797 1.7066 2.0676  
10 9.9709 -5.9709 -0.9279 -1.8762 -2.4637  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.1685 0.2272 -0.5876  
3 0.0566 0.1672 -0.3250  
4 0.0592 0.1119 0.3424  
5 0.0649 0.1945 -0.3471  
6 0.0001 0.1288 0.0138  
7 0.0079 0.1432 -0.1174  
8 0.0796 0.1288 0.4015  
9 0.2433 0.1432 0.8451  
10 5.4360 0.7554 -4.3297  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 6.0555 -1.1968 13.3079 -10.7999 22.9110  
3 6.4115 0.1905 12.6325 -10.0266 22.8495  
4 7.1233 2.0325 12.2142 -8.9211 23.1678  
5 6.2335 -0.4765 12.9434 -10.3958 22.8628  
6 6.7674 1.3078 12.2270 -9.3979 22.9327  
7 7.8352 2.0783 13.5922 -8.4329 24.1033  
8 6.7674 1.3078 12.2270 -9.3979 22.9327  
9 7.8352 2.0783 13.5922 -8.4329 24.1033  
10 9.9709 -3.2534 23.1952 -10.1883 30.1301  
  
 
 

 
 
 
 

 99



APPENDIX C 
 

REGRESSION ANALYSIS FOR EFFECTIVE CHIP THICKNESS AND 
MAXIMUM FLANK WEAR 

 
 

[Variables] 
x = col(2) 
y = col(5) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 88.2029}} 
a = F(0)[2] ''Auto {{previous: -355.118}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.5109 Rsqr = 0.2611 Adj Rsqr = 0.1555 
 
Standard Error of Estimate = 27.9234  
 
  Coefficient Std. Error t P  
y0 88.2029 16.6249 5.3055 0.0011  
a -355.1181 225.8211 -1.5726 0.1598  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 1928.2047 1928.2047 2.4730 0.1598  
Residual 7 5458.0108 779.7158  
Total 8 7386.2155 923.2769  
 
PRESS = 7648.0758  
 
Durbin-Watson Statistic = 2.5818  
 
Normality Test:  Passed (P = 0.1712) 
 
Constant Variance Test:  Passed (P = 0.1534) 
 
Power of performed test with alpha = 0.0500: 0.2815 
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The power of the performed test (0.2815) is below the desired power of 0.8000. 
You should interpret the negative findings cautiously. 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 73.6430 17.1450 0.6140 0.6610 0.6321  
3 78.6147 -22.3447 -0.8002 -0.8873 -0.8720  
4 69.0265 -11.8885 -0.4258 -0.4524 -0.4251  
5 81.1005 -12.8905 -0.4616 -0.5231 -0.4940  
6 73.6430 60.9170 2.1816 2.3487 4.7236  
7 59.4383 -20.8883 -0.7481 -0.8054 -0.7828  
8 73.6430 -14.1430 -0.5065 -0.5453 -0.5159  
9 59.4383 1.1317 0.0405 0.0436 0.0404  
10 30.3186 2.9614 0.1061 0.2323 0.2159  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.0348 0.1373 0.2521  
3 0.0904 0.1867 -0.4178  
4 0.0132 0.1143 -0.1527  
5 0.0388 0.2211 -0.2632  
6 0.4389 0.1373 1.8842  
7 0.0516 0.1373 -0.3122  
8 0.0237 0.1373 -0.2058  
9 0.0002 0.1373 0.0161  
10 0.1025 0.7916 0.4207  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 73.6430 49.1794 98.1067 3.2285 144.0576  
3 78.6147 50.0834 107.1460 6.6857 150.5436  
4 69.0265 46.7019 91.3511 -0.6738 138.7268  
5 81.1005 50.0565 112.1445 8.1384 154.0626  
6 73.6430 49.1794 98.1067 3.2285 144.0576  
7 59.4383 34.9747 83.9020 -10.9763 129.8529  
8 73.6430 49.1794 98.1067 3.2285 144.0576  
9 59.4383 34.9747 83.9020 -10.9763 129.8529  
10 30.3186 -28.4264 89.0636 -58.0596 118.6969  
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APPENDIX D 
 

REGRESSION ANALYSIS FOR EFFECTIVE CHIP THICKNESS AND TIP 
RECESSION 

 
 

[Variables] 
x = col(2) 
y = col(4) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 108.101}} 
a = F(0)[2] ''Auto {{previous: -7.40111}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.0191 Rsqr = 0.0004 Adj Rsqr = 0.0000 
 
Standard Error of Estimate = 18.0980  
 
  Coefficient Std. Error t P  
y0 108.1010 10.7751 10.0325 <0.0001  
a -7.4011 146.3616 -0.0506 0.9611  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 0.8375 0.8375 0.0026 0.9611  
Residual 7 2292.7677 327.5382  
Total 8 2293.6052 286.7007  
 
PRESS = 10242.8713  
 
Durbin-Watson Statistic = 2.5473  
 
Normality Test:  Passed (P = 0.3461) 
 
Constant Variance Test:  Passed (P = 0.6758) 
 
Power of performed test with alpha = 0.0500: 0.0279 
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The power of the performed test (0.0279) is below the desired power of 0.8000. 
You should interpret the negative findings cautiously. 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 107.7976 1.7114 0.0946 0.1018 0.0943  
3 107.9012 -18.0192 -0.9956 -1.1040 -1.1247  
4 107.7014 15.7886 0.8724 0.9270 0.9163  
5 107.9530 -25.1680 -1.3906 -1.5757 -1.8159  
6 107.7976 12.2224 0.6753 0.7271 0.7001  
7 107.5015 24.0085 1.3266 1.4282 1.5708  
8 107.7976 1.4524 0.0803 0.0864 0.0800  
9 107.5015 5.8885 0.3254 0.3503 0.3272  
10 106.8946 -17.8846 -0.9882 -2.1645 -3.4846  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.0008 0.1373 0.0376  
3 0.1399 0.1867 -0.5389  
4 0.0555 0.1143 0.3292  
5 0.3523 0.2211 -0.9674  
6 0.0421 0.1373 0.2793  
7 0.1623 0.1373 0.6266  
8 0.0006 0.1373 0.0319  
9 0.0098 0.1373 0.1305  
10 8.8955 0.7916 -6.7905  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 107.7976 91.9419 123.6532 62.1597 153.4354  
3 107.9012 89.4092 126.3932 61.2818 154.5206  
4 107.7014 93.2321 122.1706 62.5265 152.8763  
5 107.9530 87.8324 128.0736 60.6640 155.2420  
6 107.7976 91.9419 123.6532 62.1597 153.4354  
7 107.5015 91.6459 123.3572 61.8637 153.1394  
8 107.7976 91.9419 123.6532 62.1597 153.4354  
9 107.5015 91.6459 123.3572 61.8637 153.1394  
10 106.8946 68.8202 144.9691 49.6139 164.1753 
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APPENDIX E 
 

REGRESSION ANALYSIS FOR EFFECTIVE CHIP THICKNESS AND WEAR 
AREA 

 
 

[Variables] 
x = col(2) 
y = col(3) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 0.0551224}} 
a = F(0)[2] ''Auto {{previous: -0.229693}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.7317 Rsqr = 0.5353 Adj Rsqr = 0.4689 
 
Standard Error of Estimate = 0.0100  
 
  Coefficient Std. Error t P  
y0 0.0551 0.0060 9.2570 <0.0001  
a -0.2297 0.0809 -2.8398 0.0251  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 0.0008 0.0008 8.0644 0.0251  
Residual 7 0.0007 0.0001  
Total 8 0.0015 0.0002  
 
PRESS = 0.0010  
 
Durbin-Watson Statistic = 2.4059  
 
Normality Test:  Passed (P = 0.7528) 
 
Constant Variance Test:  Passed (P = 0.3078) 
 
Power of performed test with alpha = 0.0500: 0.6269 
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The power of the performed test (0.6269) is below the desired power of 0.8000. 
You should interpret the negative findings cautiously. 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 0.0457 0.0143 1.4293 1.5388 1.7513  
3 0.0489 -0.0189 -1.8918 -2.0977 -3.1870  
4 0.0427 -0.0037 -0.3718 -0.3951 -0.3699  
5 0.0505 0.0025 0.2471 0.2800 0.2607  
6 0.0457 0.0073 0.7294 0.7853 0.7613  
7 0.0365 -0.0065 -0.6516 -0.7016 -0.6736  
8 0.0457 0.0013 0.1295 0.1394 0.1292  
9 0.0365 0.0045 0.4482 0.4825 0.4544  
10 0.0177 -0.0007 -0.0682 -0.1495 -0.1386  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.1884 0.1373 0.6986  
3 0.5051 0.1867 -1.5270  
4 0.0101 0.1143 -0.1329  
5 0.0111 0.2211 0.1389  
6 0.0491 0.1373 0.3037  
7 0.0392 0.1373 -0.2687  
8 0.0015 0.1373 0.0516  
9 0.0185 0.1373 0.1812  
10 0.0424 0.7916 -0.2701  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 0.0457 0.0369 0.0545 0.0205 0.0709  
3 0.0489 0.0387 0.0591 0.0232 0.0747  
4 0.0427 0.0347 0.0507 0.0178 0.0677  
5 0.0505 0.0394 0.0616 0.0244 0.0767  
6 0.0457 0.0369 0.0545 0.0205 0.0709  
7 0.0365 0.0278 0.0453 0.0113 0.0617  
8 0.0457 0.0369 0.0545 0.0205 0.0709  
9 0.0365 0.0278 0.0453 0.0113 0.0617  
10 0.0177 -0.0034 0.0387 -0.0140 0.0493  
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APPENDIX F 
 

REGRESSION ANALYSIS FOR EFFECTIVE CHIP THICKNESS AND POWER 
 
 

[Variables] 
x = col(3) 
y = col(2) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 0.116836}} 
a = F(0)[2] ''Auto {{previous: 1.26589}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.6463 Rsqr = 0.4178 Adj Rsqr = 0.3346 
 
Standard Error of Estimate = 0.0698  
 
  Coefficient Std. Error t P  
y0 0.1168 0.0416 2.8096 0.0262  
a 1.2659 0.5649 2.2411 0.0600  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 0.0245 0.0245 5.0226 0.0600  
Residual 7 0.0341 0.0049  
Total 8 0.0587 0.0073  
 
PRESS = 0.0598  
 
Durbin-Watson Statistic = 2.1181  
 
Normality Test:  Passed (P = 0.3160) 
 
Constant Variance Test:  Passed (P = 0.8782) 
 
Power of performed test with alpha = 0.0500: 0.4696 
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The power of the performed test (0.4696) is below the desired power of 0.8000. 
You should interpret the negative findings cautiously. 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 0.1687 -0.0462 -0.6620 -0.7127 -0.6852  
3 0.1510 0.0460 0.6584 0.7301 0.7032  
4 0.1852 0.1098 1.5721 1.6705 1.9944  
5 0.1422 -0.0447 -0.6393 -0.7244 -0.6973  
6 0.1687 0.0123 0.1756 0.1890 0.1754  
7 0.2194 0.0766 1.0971 1.1811 1.2221  
8 0.1687 -0.0857 -1.2275 -1.3216 -1.4124  
9 0.2194 -0.0429 -0.6138 -0.6609 -0.6319  
10 0.3232 -0.0252 -0.3605 -0.7895 -0.7658  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.0404 0.1373 -0.2733  
3 0.0612 0.1867 0.3369  
4 0.1801 0.1143 0.7165  
5 0.0745 0.2211 -0.3715  
6 0.0028 0.1373 0.0700  
7 0.1110 0.1373 0.4875  
8 0.1390 0.1373 -0.5634  
9 0.0347 0.1373 -0.2520  
10 1.1836 0.7916 -1.4924  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 0.1687 0.1075 0.2299 -0.0074 0.3449  
3 0.1510 0.0796 0.2224 -0.0289 0.3309  
4 0.1852 0.1294 0.2410 0.0109 0.3595  
5 0.1422 0.0645 0.2198 -0.0403 0.3247  
6 0.1687 0.1075 0.2299 -0.0074 0.3449  
7 0.2194 0.1582 0.2806 0.0432 0.3955  
8 0.1687 0.1075 0.2299 -0.0074 0.3449  
9 0.2194 0.1582 0.2806 0.0432 0.3955  
10 0.3232 0.1762 0.4701 0.1021 0.5442  
 
0.1510 0.0460 0.6584 0.7301 0.7032  
4 0.1852 0.1098 1.5721 1.6705 1.9944  
5 0.1422 -0.0447 -0.6393 -0.7244 -0.6973  
6 0.1687 0.0123 0.1756 0.1890 0.1754  
7 0.2194 0.0766 1.0971 1.1811 1.2221  
8 0.1687 -0.0857 -1.2275 -1.3216 -1.4124  
9 0.2194 -0.0429 -0.6138 -0.6609 -0.6319  
10 0.3232 -0.0252 -0.3605 -0.7895 -0.7658  
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Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.0404 0.1373 -0.2733  
3 0.0612 0.1867 0.3369  
4 0.1801 0.1143 0.7165  
5 0.0745 0.2211 -0.3715  
6 0.0028 0.1373 0.0700  
7 0.1110 0.1373 0.4875  
8 0.1390 0.1373 -0.5634  
9 0.0347 0.1373 -0.2520  
10 1.1836 0.7916 -1.4924  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 0.1687 0.1075 0.2299 -0.0074 0.3449  
3 0.1510 0.0796 0.2224 -0.0289 0.3309  
4 0.1852 0.1294 0.2410 0.0109 0.3595  
5 0.1422 0.0645 0.2198 -0.0403 0.3247  
6 0.1687 0.1075 0.2299 -0.0074 0.3449  
7 0.2194 0.1582 0.2806 0.0432 0.3955  
8 0.1687 0.1075 0.2299 -0.0074 0.3449  
9 0.2194 0.1582 0.2806 0.0432 0.3955  
10 0.3232 0.1762 0.4701 0.1021 0.5442  
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APPENDIX G 
 

 REGRESSION ANALYSIS FOR EFFECTIVE CHIP THICKNESS AND 
NORMAL FORCE (X) 

 
 

[Variables] 
x = col(2) 
y = col(3) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -10.5305}} 
a = F(0)[2] ''Auto {{previous: 139.881}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.9066 Rsqr = 0.8219 Adj Rsqr = 0.7965 
 
Standard Error of Estimate = 3.0429  
 
 
  Coefficient Std. Error t P  
y0 -10.5305 1.8117 -5.8127 0.0007  
a 139.8810 24.6082 5.6843 0.0007  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 299.1746 299.1746 32.3115 0.0007  
Residual 7 64.8135 9.2591  
Total 8 363.9882 45.4985  
 
PRESS = 176.4324  
 
Durbin-Watson Statistic = 2.8996  
 
Normality Test:  Passed (P = 0.4732) 
 
Constant Variance Test:  Passed (P = 0.3314) 
Power of performed test with alpha = 0.0500: 0.9586 

 109



Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 -4.7954 -3.2046 -1.0532 -1.1338 -1.1618  
3 -6.7537 0.6037 0.1984 0.2200 0.2044  
4 -2.9769 -1.8131 -0.5958 -0.6331 -0.6037  
5 -7.7329 1.8829 0.6188 0.7011 0.6732  
6 -4.7954 -2.9946 -0.9841 -1.0595 -1.0705  
7 0.7998 5.1002 1.6761 1.8045 2.2845  
8 -4.7954 -0.4046 -0.1330 -0.1432 -0.1327  
9 0.7998 2.8502 0.9367 1.0084 1.0099  
10 12.2701 -2.0201 -0.6639 -1.4541 -1.6114  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.1023 0.1373 -0.4634  
3 0.0056 0.1867 0.0979  
4 0.0259 0.1143 -0.2169  
5 0.0697 0.2211 0.3586  
6 0.0893 0.1373 -0.4270  
7 0.2591 0.1373 0.9113  
8 0.0016 0.1373 -0.0529  
9 0.0809 0.1373 0.4028  
10 4.0146 0.7916 -3.1402  
 
95% Confidence: 
 
 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 -4.7954 -7.4613 -2.1295 -12.4686 2.8778  
3 -6.7537 -9.8628 -3.6446 -14.5920 1.0845  
4 -2.9769 -5.4097 -0.5442 -10.5723 4.6184  
5 -7.7329 -11.1158 -4.3500 -15.6837 0.2179  
6 -4.7954 -7.4613 -2.1295 -12.4686 2.8778  
7 0.7998 -1.8660 3.4657 -6.8734 8.4731  
8 -4.7954 -7.4613 -2.1295 -12.4686 2.8778  
9 0.7998 -1.8660 3.4657 -6.8734 8.4731  
10 12.2701 5.8685 18.6717 2.6393 21.9009  
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APPENDIX H 
 

REGRESSION ANALYSIS FOR EFFECTIVE CHIP THICKNESS AND  
FEED FORCE (Y) 

 
 

[Variables] 
x = col(2) 
y = col(4) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -9.99119}} 
a = F(0)[2] ''Auto {{previous: -658.286}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.9761 Rsqr = 0.9527 Adj Rsqr = 0.9459 
 
Standard Error of Estimate = 6.8568  
 
  Coefficient Std. Error t P  
y0 -9.9912 4.0824 -2.4474 0.0443  
a -658.2865 55.4524 -11.8712 <0.0001  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 6625.7849 6625.7849 140.9255 <0.0001  
Residual 7 329.1135 47.0162  
Total 8 6954.8984 869.3623  
 
PRESS = 585.5351  
 
Durbin-Watson Statistic = 1.9735  
 
Normality Test:  Passed (P = 0.4446) 
 
Constant Variance Test:  Passed (P = 0.8782) 
 
Power of performed test with alpha = 0.0500: 0.9997 
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Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 -36.9809 13.4309 1.9588 2.1088 3.2331  
3 -27.7649 -2.4351 -0.3551 -0.3938 -0.3687  
4 -45.5387 3.5387 0.5161 0.5484 0.5190  
5 -23.1569 -2.1431 -0.3125 -0.3541 -0.3308  
6 -36.9809 -8.2991 -1.2103 -1.3031 -1.3862  
7 -63.3124 2.9624 0.4320 0.4651 0.4374  
8 -36.9809 -6.2091 -0.9055 -0.9749 -0.9709  
9 -63.3124 1.7124 0.2497 0.2689 0.2502  
10 -117.2919 -2.5581 -0.3731 -0.8171 -0.7954  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.3538 0.1373 1.2896  
3 0.0178 0.1867 -0.1767  
4 0.0194 0.1143 0.1864  
5 0.0178 0.2211 -0.1762  
6 0.1351 0.1373 -0.5529  
7 0.0172 0.1373 0.1745  
8 0.0756 0.1373 -0.3873  
9 0.0058 0.1373 0.0998  
10 1.2678 0.7916 -1.5500  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 -36.9809 -42.9882 -30.9737 -54.2719 -19.6900  
3 -27.7649 -34.7710 -20.7588 -45.4277 -10.1021  
4 -45.5387 -51.0207 -40.0567 -62.6542 -28.4231  
5 -23.1569 -30.7801 -15.5338 -41.0734 -5.2404  
6 -36.9809 -42.9882 -30.9737 -54.2719 -19.6900  
7 -63.3124 -69.3197 -57.3051 -80.6033 -46.0215  
8 -36.9809 -42.9882 -30.9737 -54.2719 -19.6900  
9 -63.3124 -69.3197 -57.3051 -80.6033 -46.0215  
10 -117.2919 -131.7172 -102.8665 -138.9940 -95.5898  
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APPENDIX I 
 

REGRESSION ANALYSIS FOR EFFECTIVE CHIP THICKNESS AND   
AXIAL FORCE (Z) 

 
 

[Variables] 
x = col(2) 
y = col(5) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 6.54258}} 
a = F(0)[2] ''Auto {{previous: 142.927}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.9437 Rsqr = 0.8906 Adj Rsqr = 0.8750 
 
Standard Error of Estimate = 2.3411  
 
  Coefficient Std. Error t P  
y0 6.5426 1.3938 4.6940 0.0022  
a 142.9267 18.9325 7.5493 0.0001  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 312.3450 312.3450 56.9914 0.0001  
Residual 7 38.3639 5.4806  
Total 8 350.7089 43.8386  
 
PRESS = 85.0203  
 
Durbin-Watson Statistic = 0.9568  
 
Normality Test:  Passed (P = 0.5288) 
 
Constant Variance Test:  Passed (P = 0.3558) 
 
Power of performed test with alpha = 0.0500: 0.9913 
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Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 12.4026 -4.6526 -1.9874 -2.1397 -3.3678  
3 10.4016 -1.0516 -0.4492 -0.4981 -0.4695  
4 14.2606 1.0394 0.4440 0.4718 0.4439  
5 9.4011 0.4489 0.1917 0.2173 0.2018  
6 12.4026 2.5474 1.0881 1.1715 1.2097  
7 18.1196 2.2304 0.9527 1.0257 1.0302  
8 12.4026 -0.4026 -0.1720 -0.1851 -0.1718  
9 18.1196 1.0804 0.4615 0.4968 0.4683  
10 29.8396 -1.2396 -0.5295 -1.1598 -1.1947  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.3642 0.1373 -1.3434  
3 0.0285 0.1867 -0.2250  
4 0.0144 0.1143 0.1595  
5 0.0067 0.2211 0.1075  
6 0.1092 0.1373 0.4825  
7 0.0837 0.1373 0.4109  
8 0.0027 0.1373 -0.0685  
9 0.0196 0.1373 0.1868  
10 2.5541 0.7916 -2.3281  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 12.4026 10.3516 14.4536 6.4991 18.3060  
3 10.4016 8.0096 12.7936 4.3712 16.4320  
4 14.2606 12.3890 16.1323 8.4170 20.1042  
5 9.4011 6.7984 12.0038 3.2841 15.5182  
6 12.4026 10.3516 14.4536 6.4991 18.3060  
7 18.1196 16.0686 20.1706 12.2162 24.0231  
8 12.4026 10.3516 14.4536 6.4991 18.3060  
9 18.1196 16.0686 20.1706 12.2162 24.0231  
10 29.8396 24.9145 34.7647 22.4301 37.2492  
 
 
 
 
 
 
 
 
 

 
 

 114



APPENDIX J 
 

 REGRESSION ANALYSIS FOR POWER AND X-FORCE 
 
 

[Variables] 
x = col(2) 
y = col(7) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -11.6514}} 
a = F(0)[2] ''Auto {{previous: 49.7467}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.6315 Rsqr = 0.3988 Adj Rsqr = 0.3129 
 
Standard Error of Estimate = 5.5914  
 
  Coefficient Std. Error t P  
y0 -11.6514 4.8525 -2.4011 0.0474  
a 49.7467 23.0877 2.1547 0.0681  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 145.1448 145.1448 4.6427 0.0681  
Residual 7 218.8433 31.2633  
Total 8 363.9882 45.4985  
 
PRESS = 370.2569  
 
Durbin-Watson Statistic = 0.9663  
 
Normality Test:  Passed (P = 0.7883) 
 
Constant Variance Test:  Passed (P = 0.0769) 
 
Power of performed test with alpha = 0.0500: 0.4452 
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The power of the performed test (0.4452) is below the desired power of 0.8000. 
You should interpret the negative findings cautiously. 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 -5.5574 -2.4426 -0.4368 -0.4879 -0.4596  
3 -1.8513 -4.2987 -0.7688 -0.8155 -0.7937  
4 3.0239 -7.8139 -1.3975 -1.6525 -1.9591  
5 -6.8011 0.9511 0.1701 0.1991 0.1849  
6 -2.6472 -5.1428 -0.9198 -0.9772 -0.9735  
7 3.0736 2.8264 0.5055 0.5992 0.5695  
8 -7.5224 2.3224 0.4154 0.5042 0.4755  
9 -2.8711 6.5211 1.1663 1.2407 1.3005  
10 3.1731 7.0769 1.2657 1.5078 1.6987  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.0295 0.1984 -0.2287  
3 0.0416 0.1113 -0.2808  
4 0.5439 0.2848 -1.2364  
5 0.0073 0.2701 0.1124  
6 0.0614 0.1140 -0.3492  
7 0.0727 0.2883 0.3625  
8 0.0602 0.3214 0.3273  
9 0.1014 0.1164 0.4720  
10 0.4764 0.2953 1.0997  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 -5.5574 -11.4467 0.3319 -20.0312 8.9164  
3 -1.8513 -6.2614 2.5588 -15.7889 12.0863  
4 3.0239 -4.0326 10.0803 -11.9628 18.0106  
5 -6.8011 -13.6720 0.0699 -21.7013 8.0991  
6 -2.6472 -7.1117 1.8172 -16.6021 11.3076  
7 3.0736 -4.0255 10.1728 -11.9332 18.0805  
8 -7.5224 -15.0179 -0.0269 -22.7208 7.6759  
9 -2.8711 -7.3813 1.6391 -16.8407 11.0985  
10 3.1731 -4.0120 10.3582 -11.8746 18.2208  
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APPENDIX K 
 

REGRESSION ANALYSIS FOR POWER AND Y-FORCE 
 
 

[Variables] 
x = col(2) 
y = col(8) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -9.31238}} 
a = F(0)[2] ''Auto {{previous: -210.426}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.6111 Rsqr = 0.3734 Adj Rsqr = 0.2839 
 
Standard Error of Estimate = 24.9511  
 
  Coefficient Std. Error t P  
y0 -9.3124 21.6540 -0.4301 0.6801  
a -210.4257 103.0275 -2.0424 0.0804  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 2596.9949 2596.9949 4.1715 0.0804  
Residual 7 4357.9035 622.5576  
Total 8 6954.8984 869.3623  
 
PRESS = 8211.4424  
 
Durbin-Watson Statistic = 0.6199  
 
Normality Test:  Passed (P = 0.3332) 
 
Constant Variance Test:  Passed (P = 0.2428) 
 
Power of performed test with alpha = 0.0500: 0.4132 
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The power of the performed test (0.4132) is below the desired power of 0.8000. 
You should interpret the negative findings cautiously. 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 -35.0895 11.5395 0.4625 0.5166 0.4876  
3 -50.7663 20.5663 0.8243 0.8743 0.8577  
4 -71.3880 29.3880 1.1778 1.3928 1.5166  
5 -29.8289 4.5289 0.1815 0.2125 0.1973  
6 -47.3994 2.1194 0.0849 0.0902 0.0836  
7 -71.5984 11.2484 0.4508 0.5344 0.5052  
8 -26.7777 -16.4123 -0.6578 -0.7985 -0.7754  
9 -46.4525 -15.1475 -0.6071 -0.6458 -0.6166  
10 -72.0193 -47.8307 -1.9170 -2.2836 -4.1867  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.0330 0.1984 0.2426  
3 0.0479 0.1113 0.3035  
4 0.3863 0.2848 0.9572  
5 0.0083 0.2701 0.1200  
6 0.0005 0.1140 0.0300  
7 0.0578 0.2883 0.3215  
8 0.1510 0.3214 -0.5336  
9 0.0275 0.1164 -0.2237  
10 1.0928 0.2953 -2.7104  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 -35.0895 -61.3701 -8.8090 -99.6780 29.4989  
3 -50.7663 -70.4460 -31.0865 -112.9618 11.4293  
4 -71.3880 -102.8769 -39.8990 -138.2651 -4.5108  
5 -29.8289 -60.4901 0.8323 -96.3203 36.6625  
6 -47.3994 -67.3216 -27.4772 -109.6722 14.8733  
7 -71.5984 -103.2780 -39.9188 -138.5655 -4.6313  
8 -26.7777 -60.2259 6.6704 -94.5994 41.0439  
9 -46.4525 -66.5789 -26.3262 -108.7909 15.8858  
10 -72.0193 -104.0823 -39.9563 -139.1686 -4.8699  
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APPENDIX L 
 

REGRESSION ANALYSIS FOR POWER AND Z-FORCE 
 
 

[Variables] 
x = col(2) 
y = col(9) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 4.51186}} 
a = F(0)[2] ''Auto {{previous: 55.3927}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance = 0.000100 
stepsize=100 
iterations =100 
 
R = 0.7163 Rsqr = 0.5131 Adj Rsqr = 0.4436 
 
Standard Error of Estimate = 4.9389  
 
 
  Coefficient Std. Error t P  
y0 4.5119 4.2862 1.0526 0.3275  
a 55.3927 20.3935 2.7162 0.0299  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 179.9607 179.9607 7.3777 0.0299  
Residual 7 170.7481 24.3926  
Total 8 350.7089 43.8386  
 
PRESS = 292.2003  
 
Durbin-Watson Statistic = 0.3577  
 
Normality Test:  Passed (P = 0.7777) 
 
Constant Variance Test:  Passed (P = 0.1243) 
 
Power of performed test with alpha = 0.0500: 0.5967 
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The power of the performed test (0.5967) is below the desired power of 0.8000. 
You should interpret the negative findings cautiously. 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 11.2975 -3.5475 -0.7183 -0.8023 -0.7794  
3 15.4242 -6.0742 -1.2299 -1.3046 -1.3883  
4 20.8527 -5.5527 -1.1243 -1.3295 -1.4236  
5 9.9126 -0.0626 -0.0127 -0.0148 -0.0137  
6 14.5379 0.4121 0.0834 0.0886 0.0821  
7 20.9081 -0.5581 -0.1130 -0.1339 -0.1242  
8 9.1094 2.8906 0.5853 0.7105 0.6828  
9 14.2887 4.9113 0.9944 1.0579 1.0685  
10 21.0189 7.5811 1.5350 1.8286 2.3424  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.0797 0.1984 -0.3878  
3 0.1065 0.1113 -0.4912  
4 0.3520 0.2848 -0.8985  
5 0.0000 0.2701 -0.0084  
6 0.0005 0.1140 0.0295  
7 0.0036 0.2883 -0.0790  
8 0.1195 0.3214 0.4699  
9 0.0737 0.1164 0.3878  
10 0.7007 0.2953 1.5164  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 11.2975 6.0954 16.4995 -1.4873 24.0823  
3 15.4242 11.5288 19.3197 3.1131 27.7354  
4 20.8527 14.6197 27.0857 7.6149 34.0905  
5 9.9126 3.8435 15.9818 -3.2488 23.0741  
6 14.5379 10.5945 18.4814 2.2115 26.8644  
7 20.9081 14.6373 27.1788 7.6524 34.1637  
8 9.1094 2.4886 15.7303 -4.3153 22.5342  
9 14.2887 10.3048 18.2725 1.9493 26.6281  
10 21.0189 14.6722 27.3655 7.7272 34.3106 
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APPENDIX M 
 

REGRESSION ANALYSIS FOR EFFECTIVE CHIP THICKNESS AND  
DELAMINATION DEPTH 

 
 

[Variables] 
x = col(2) 
y = col(7) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 0.0385974}} 
a = F(0)[2] ''Auto {{previous: 0.111942}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.7889 Rsqr = 0.6224 Adj Rsqr = 0.5684 
 
Standard Error of Estimate = 0.0041  
 
  Coefficient Std. Error t P  
y0 0.0386 0.0024 15.9074 <0.0001  
a 0.1119 0.0330 3.3965 0.0115  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 0.0002 0.0002 11.5361 0.0115  
Residual 7 0.0001 0.0000  
Total 8 0.0003 0.0000  
 
PRESS = 0.0002  
 
Durbin-Watson Statistic = 0.8088  
 
Normality Test:  Passed (P = 0.1883) 
 
Constant Variance Test:  Passed (P = 0.2428) 
 
Power of performed test with alpha = 0.0500: 0.7445 
The power of the performed test (0.7445) is below the desired power of 0.8000. 
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You should interpret the negative findings cautiously. 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 0.0432 -0.0080 -1.9665 -2.1171 -3.2682  
3 0.0416 -0.0016 -0.3859 -0.4280 -0.4015  
4 0.0446 0.0007 0.1756 0.1866 0.1732  
5 0.0408 0.0020 0.5015 0.5682 0.5386  
6 0.0432 0.0053 1.3012 1.4009 1.5289  
7 0.0477 0.0036 0.8810 0.9485 0.9406  
8 0.0432 -0.0014 -0.3379 -0.3638 -0.3400  
9 0.0477 0.0006 0.1436 0.1546 0.1434  
10 0.0568 -0.0013 -0.3126 -0.6847 -0.6563  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.3566 0.1373 -1.3037  
3 0.0210 0.1867 -0.1924  
4 0.0022 0.1143 0.0622  
5 0.0458 0.2211 0.2869  
6 0.1561 0.1373 0.6099  
7 0.0716 0.1373 0.3752  
8 0.0105 0.1373 -0.1356  
9 0.0019 0.1373 0.0572  
10 0.8902 0.7916 -1.2789  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 0.0432 0.0396 0.0468 0.0329 0.0535  
3 0.0416 0.0375 0.0458 0.0311 0.0521  
4 0.0446 0.0414 0.0479 0.0345 0.0548  
5 0.0408 0.0363 0.0454 0.0302 0.0515  
6 0.0432 0.0396 0.0468 0.0329 0.0535  
7 0.0477 0.0441 0.0512 0.0374 0.0579  
8 0.0432 0.0396 0.0468 0.0329 0.0535  
9 0.0477 0.0441 0.0512 0.0374 0.0579  
10 0.0568 0.0483 0.0654 0.0439 0.0697  
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APPENDIX N 
 

REGRESSION ANALYSIS FOR NORMAL (X) FORCE AND  
DELAMINATION DEPTH 

 
 

[Variables] 
x = col(2) 
y = col(3) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -42.4173}} 
a = F(0)[2] ''Auto {{previous: 889.792}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.8183 Rsqr = 0.6696 Adj Rsqr = 0.6224 
 
Standard Error of Estimate = 4.1446  
 
  Coefficient Std. Error t P  
y0 -42.4173 10.8189 -3.9207 0.0057  
a 889.7915 236.2156 3.7669 0.0070  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 243.7424 243.7424 14.1892 0.0070  
Residual 7 120.2458 17.1780  
Total 8 363.9882 45.4985  
 
PRESS = 203.4697  
 
Durbin-Watson Statistic = 1.7463  
 
Normality Test:  Passed (P = 0.3323) 
 
Constant Variance Test:  Passed (P = 0.4620) 
 
Power of performed test with alpha = 0.0500: 0.8054 
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Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 -11.1207 3.1207 0.7530 1.0177 1.0207  
3 -6.7839 0.6339 0.1529 0.1715 0.1591  
4 -2.0582 -2.7318 -0.6591 -0.6991 -0.6711  
5 -4.2631 -1.5869 -0.3829 -0.4110 -0.3852  
6 0.7286 -8.5186 -2.0553 -2.2184 -3.7690  
7 3.1889 2.7111 0.6541 0.7413 0.7150  
8 -5.2152 0.0152 0.0037 0.0040 0.0037  
9 0.5151 3.1349 0.7564 0.8142 0.7923  
10 7.0284 3.2216 0.7773 1.0437 1.0516  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.4281 0.4526 0.9281  
3 0.0038 0.2051 0.0808  
4 0.0306 0.1111 -0.2373  
5 0.0129 0.1322 -0.1503  
6 0.4059 0.1416 -1.5308  
7 0.0782 0.2215 0.3814  
8 0.0000 0.1536 0.0016  
9 0.0526 0.1370 0.3157  
10 0.4374 0.4454 0.9423  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 -11.1207 -17.7138 -4.5276 -22.9325 0.6911  
3 -6.7839 -11.2222 -2.3455 -17.5425 3.9748  
4 -2.0582 -5.3252 1.2089 -12.3889 8.2725  
5 -4.2631 -7.8260 -0.7002 -14.6911 6.1650  
6 0.7286 -2.9594 4.4166 -9.7428 11.2001  
7 3.1889 -1.4234 7.8012 -7.6427 14.0205  
8 -5.2152 -9.0559 -1.3744 -15.7414 5.3110  
9 0.5151 -3.1126 4.1428 -9.9353 10.9655  
10 7.0284 0.4880 13.5688 -4.7541 18.8108  
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APPENDIX O 
 

 REGRESSION ANALYSIS FOR FEED (Y) FORCE AND  
DELAMINATION DEPTH 

 
 

[Variables] 
x = col(2) 
y = col(4) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 134.728}} 
a = F(0)[2] ''Auto {{previous: -4069.81}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.8563 Rsqr = 0.7332 Adj Rsqr = 0.6951 
 
Standard Error of Estimate = 16.2818  
 
  Coefficient Std. Error t P  
y0 134.7282 42.5010 3.1700 0.0157  
a -4069.8129 927.9521 -4.3858 0.0032  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 5099.2160 5099.2160 19.2352 0.0032  
Residual 7 1855.6824 265.0975  
Total 8 6954.8984 869.3623  
 
PRESS = 4545.8460  
 
Durbin-Watson Statistic = 0.8947  
 
Normality Test:  Passed (P = 0.7122) 
 
Constant Variance Test:  Passed (P = 0.3078) 
 
Power of performed test with alpha = 0.0500: 0.8797 
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Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 -8.4193 -15.1307 -0.9293 -1.2560 -1.3212  
3 -28.2556 -1.9444 -0.1194 -0.1339 -0.1242  
4 -49.8704 7.8704 0.4834 0.5127 0.4838  
5 -39.7854 14.4854 0.8897 0.9550 0.9481  
6 -62.6170 17.3370 1.0648 1.1493 1.1813  
7 -73.8701 13.5201 0.8304 0.9411 0.9323  
8 -35.4307 -7.7593 -0.4766 -0.5180 -0.4890  
9 -61.6403 0.0403 0.0025 0.0027 0.0025  
10 -91.4313 -28.4187 -1.7454 -2.3437 -4.6761  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.6521 0.4526 -1.2013  
3 0.0023 0.2051 -0.0631  
4 0.0164 0.1111 0.1711  
5 0.0694 0.1322 0.3700  
6 0.1090 0.1416 0.4798  
7 0.1260 0.2215 0.4973  
8 0.0243 0.1536 -0.2083  
9 0.0000 0.1370 0.0010  
10 2.2053 0.4454 -4.1902  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 -8.4193 -34.3198 17.4811 -54.8210 37.9823  
3 -28.2556 -45.6912 -10.8200 -70.5200 14.0088  
4 -49.8704 -62.7047 -37.0360 -90.4536 -9.2871  
5 -39.7854 -53.7820 -25.7888 -80.7510 1.1803  
6 -62.6170 -77.1050 -48.1290 -103.7532 -21.4809  
7 -73.8701 -91.9890 -55.7511 -116.4209 -31.3192  
8 -35.4307 -50.5187 -20.3426 -76.7819 5.9206  
9 -61.6403 -75.8915 -47.3890 -102.6936 -20.5869  
10 -91.4313 -117.1247 -65.7379 -137.7177 -45.1449 
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APPENDIX P 
 

REGRESSION ANALYSIS FOR AXIAL (Z) FORCE AND  
DELAMINATION DEPTH 

 
 

[Variables] 
x = col(2) 
y = col(5) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -30.4091}} 
a = F(0)[2] ''Auto {{previous: 1005.38}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.9420 Rsqr = 0.8873 Adj Rsqr = 0.8712 
 
Standard Error of Estimate = 2.3763  
 
  Coefficient Std. Error t P  
y0 -30.4091 6.2030 -4.9023 0.0017  
a 1005.3778 135.4333 7.4234 0.0001  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 311.1810 311.1810 55.1071 0.0001  
Residual 7 39.5279 5.6468  
Total 8 350.7089 43.8386  
 
PRESS = 87.7845  
 
Durbin-Watson Statistic = 0.8394  
 
Normality Test:  Passed (P = 0.7324) 
 
Constant Variance Test:  Passed (P = 0.2852) 
 
Power of performed test with alpha = 0.0500: 0.9903 
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Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 4.9531 2.7969 1.1770 1.5908 1.8432  
3 9.8533 -0.5033 -0.2118 -0.2376 -0.2208  
4 15.1929 0.1071 0.0451 0.0478 0.0443  
5 12.7015 -2.8515 -1.2000 -1.2881 -1.3653  
6 18.3417 -3.3917 -1.4273 -1.5405 -1.7543  
7 21.1216 -0.7716 -0.3247 -0.3680 -0.3440  
8 11.6258 0.3742 0.1575 0.1712 0.1588  
9 18.1004 1.0996 0.4627 0.4981 0.4696  
10 25.4598 3.1402 1.3215 1.7744 2.2147  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 1.0460 0.4526 1.6759  
3 0.0073 0.2051 -0.1122  
4 0.0001 0.1111 0.0157  
5 0.1263 0.1322 -0.5328  
6 0.1958 0.1416 -0.7125  
7 0.0193 0.2215 -0.1835  
8 0.0027 0.1536 0.0676  
9 0.0197 0.1370 0.1871  
10 1.2641 0.4454 1.9846  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 4.9531 1.1729 8.7332 -1.8192 11.7253  
3 9.8533 7.3086 12.3980 3.6849 16.0217  
4 15.1929 13.3197 17.0660 9.2698 21.1159  
5 12.7015 10.6587 14.7443 6.7227 18.6804  
6 18.3417 16.2272 20.4562 12.3379 24.3455  
7 21.1216 18.4771 23.7660 14.9113 27.3318  
8 11.6258 9.4237 13.8279 5.5906 17.6609  
9 18.1004 16.0205 20.1804 12.1087 24.0921  
10 25.4598 21.7099 29.2097 18.7043 32.2152 
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APPENDIX Q 
 

REGRESSION ANALYSIS FOR POWER AND DELAMINATION DEPTH 
 
 

Variables 
x = col(2) 
y = col(6) 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -0.236421}} 
a = F(0)[2] ''Auto {{previous: 9.47646}} 
[Equation] 
f=y0+a*x 
fit f to y 
[Constraints] 
[Options] 
tolerance=0.000100 
stepsize=100 
iterations=100 
 
R = 0.6866 Rsqr = 0.4714 Adj Rsqr = 0.3959 
 
Standard Error of Estimate = 0.0666  
 
  Coefficient Std. Error t P  
y0 -0.2364 0.1737 -1.3609 0.2157  
a 9.4765 3.7930 2.4984 0.0411  
 
Analysis of Variance:  
  DF SS MS F P  
Regression1 0.0276 0.0276 6.2421 0.0411  
Residual 7 0.0310 0.0044  
Total 8 0.0587 0.0073  
 
PRESS = 0.0439  
 
Durbin-Watson Statistic = 1.9735  
 
Normality Test:  Passed (P = 0.3853) 
 
Constant Variance Test:  Passed (P = 0.3558) 
 
Power of performed test with alpha = 0.0500: 0.5403 
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The power of the performed test (0.5403) is below the desired power of 0.8000. 
You should interpret the negative findings cautiously. 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
2 0.0969 0.0256 0.3847 0.5200 0.4910  
3 0.1431 0.0539 0.8102 0.9087 0.8958  
4 0.1934 0.1016 1.5265 1.6191 1.8953  
5 0.1699 -0.0724 -1.0883 -1.1683 -1.2055  
6 0.2231 -0.0421 -0.6325 -0.6827 -0.6542  
7 0.2493 0.0467 0.7018 0.7954 0.7721  
8 0.1598 -0.0768 -1.1538 -1.2542 -1.3187  
9 0.2208 -0.0443 -0.6659 -0.7168 -0.6895  
10 0.2902 0.0078 0.1174 0.1577 0.1462  
 
Influence Diagnostics:  
Row Cook'sDist Leverage DFFITS  
2 0.1118 0.4526 0.4464  
3 0.1065 0.2051 0.4550  
4 0.1639 0.1111 0.6701  
5 0.1039 0.1322 -0.4704  
6 0.0384 0.1416 -0.2657  
7 0.0900 0.2215 0.4118  
8 0.1427 0.1536 -0.5617  
9 0.0408 0.1370 -0.2747  
10 0.0100 0.4454 0.1310  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
2 0.0969 -0.0090 0.2028 -0.0928 0.2866  
3 0.1431 0.0718 0.2144 -0.0297 0.3158  
4 0.1934 0.1410 0.2459 0.0275 0.3593  
5 0.1699 0.1127 0.2271 0.0025 0.3374  
6 0.2231 0.1639 0.2823 0.0549 0.3912  
7 0.2493 0.1752 0.3234 0.0754 0.4232  
8 0.1598 0.0981 0.2215 -0.0092 0.3288  
9 0.2208 0.1626 0.2791 0.0530 0.3886  
10 0.2902 0.1852 0.3952 0.1010 0.4794  
 
 

 
 
 
 
 
 

 130



APPENDIX R 
 

RESPONSE-TOOL LIFE 
 
 
  ANOVA for Response Surface Linear Model 
 Analysis of variance table [Partial sum of squares] 
  Sum of  Mean F  
 Source Squares DF Square Value Prob > F 
 Model           1018.67         2                509.34           9.56              0.0136  significant 
             A              1.50          1                    1.50         0.028              0.8722 
             B        1017.17         1               1017.17         19.10              0.0047 
Residual           319.55          6                  53.26 
Cor Total        1338.22         8 
 
  
 Std. Dev. 7.30  R-Squared 0.7612 
 Mean 17.44  Adj R-Squared 0.6816 
 C.V. 41.83  Pred R-Squared 0.4588 
 PRESS 724.22  Adeq Precision 6.306 
 
  
 
  Coefficient  Standard 95% CI 95% CI 
 Factor Estimate DF Error Low High
 VIF 
  Intercept 16.02 1 2.45 10.02 22.03 
  A-Speed 0.50 1 2.98 -6.79 7.79
 1.00 
  B-Feed -12.79 1 2.93 -19.94 -5.63
 1.00 
 
 
 
  Final Equation in Terms of Coded Factors: 
 
  Tool Life = +16.02+0.50 * A-12.79  * B 
 
 
  Final Equation in Terms of Actual Factors: 
 
   Tool Life = +36.33333 + 1.52905E-003  * Speed -0.085238 * Feed 
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Diagnostics Case Statistics 
Standard Actual Predicted   Student Cook's Outlier Run 
Order Value Value Residual Leverage Residual Distance t Order 
1 39.00 28.31 10.69 0.405 1.899  0.817 2.743 9 
2                   29.00                  28.81                   0.19           0.238     0.030          0.000          0.027    8 
3                   33.00                  29.31                   3.69           0.405     0.655          0.097          0.621    7 
4                   11.00  19.79                  -8.79           0.286    -1.424          0.271         -1.598    4 
5                   12.00 20.29                   -8.29           0.119    -1.210          0.066         -1.270    5 
6                   16.00 20.79                   -4.79           0.286    -0.776          0.080         -0.747    2 
7                     4.00  2.74                     1.26           0.476     0.239          0.017           0.219    3 
8                     5.00  3.24                      1.76           0.310     0.291          0.013           0.267    6 
9                     8.00  3.74                     4.26           0.476     0.807          0.197           0.780    1 
 

 From the ANOVA table, it is clearly indicative that feed rate (<0.0047) has a 

more pronounced effect on tool life than speed. Observing the Fo value, which is greater 

that zero, indicates that at least one variable has a non-zero effect (test of hypothesis). 

The adjusted R2 (0.6816), adjusted for the number of factors, is the measure of total 

variability explained by the model. Looking at the value of “Prediction R2”, we conclude 

that the full model would be able to explain about 45.88 percent of variability in new 

data.  
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Normal Plot 
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Normal probability plot of residuals for tool life response 

 

 On observing the normal Probability plot of tool file response, we see that the 

error distribution (residuals) are slightly deviated from the linear line somewhere along 

the middle point, with  points appearing to be converging at the extreme end, which is not 

the usual trend. However, considering the linear line to be a thick strip of line, we can 

conclude that all the residuals fall under this assumed line, and thus there is no critical 

violation of the normality assumptions, indicating that the normality assumption is 

valid. 
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Residual versus predicted plot for tool life response 

DESIGN-EXPERT Plot
Tool Lif e

Run Number

S
tu

de
nt

iz
ed

 R
es

id
ua

ls

Residuals vs. Run

-3.00

-1.50

0.00

1.50

3.00

1 2 3 4 5 6 7 8 9

 
Residual versus run plot for tool life response 

 
 
 The residual versus predicted plot and the residual versus run plot indicate no 

particular pattern formation, such as a continuous trend of outward opening funnel or a 

megaphone pattern also, the data points in the graph appear to be scattered. Thus, there is 
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no serious violation of the independence or constant variance assumptions, validating 

the assumption. 
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Residual versus speed plot for tool life response 
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Residual versus feed rate plot for tool life response 
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Plot of outlier for tool life response 
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Predicted versus actual plot for tool life response 
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 The graph of residual versus speed and feed rate, and the graph of predicted 

versus actual, do not show any particular pattern such as a continuous trend of an 

outward opening funnel or a megaphone pattern. This can be validated by analyzing the 

data points in the plot of outlier, where the entire data points lie well within the upper and 

lower limits. Thus, there is no serious violation of the independence or constant variance 

assumptions.   
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Response surface plot of tool life 
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Contour plot of tool life 

 
 The contour plot clearly indicates that maximum tool life during the routing of 

CFRP composite material is obtained by maintaining a low feed rate and high spindle 

speed. Also, it can be observed that feed has a more profound effect on tool life than 

speed. Thus, at the highest speed (ranging between 2.873 and 2.992) and lowest feed rate 

(2.000), the tool life achieved is of maximum value log (1.59042); 0.202).  
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APPENDIX S  
 

RESPONSE-POWER 
 

 
  ANOVA for Response Surface Linear Model 
 Analysis of variance table [Partial sum of squares] 
  Sum of  Mean F  
 Source Squares DF Square Value Prob > F 
 Model               0.055        2                   0.027          23.63            0.0014    significant 
       A  1.894E-003    1         1.894E-003            1.64            0.2482 
       B                  0.053        1                   0.053          45.62            0.0005 
Residual    6.947E-003       6          1.158E-003 
Cor Total             0.062      8 
 
  
 Std. Dev. 0.034  R-Squared 0.8873 
 Mean 0.23  Adj R-Squared 0.8498 
 C.V. 14.52  Pred R-Squared 0.7463 
 PRESS 0.016  Adeq Precision 11.189 
 
 
  Coefficient  Standard 95% CI 95% CI 
 Factor Estimate DF Error Low High
 VIF 
  Intercept 0.24 1 0.011 0.22 0.27 
  A-Speed 0.018 1 0.014 -0.016 0.052
 1.00 
  B-Feed 0.092 1 0.014 0.059 0.13
 1.00 
 
 
  Final Equation in Terms of Coded Factors: 
 
  Power = +0.24 + 0.018* A +0.092* B 
 
  Final Equation in Terms of Actual Factors: 
 
   Power = +0.055550 + 5.43323E-005 * Speed + 6.14262E-004* Feed 
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Diagnostics Case Statistics 
Standard Actual Predicted   Student Cook's Outlier Run 
Order Value Value Residual Leverage Residual Distance      t Order 
1                     0.11 0.13 -0.025 0.405 -0.965 0.211    -0.959 9 
2  0.14 0.15 -0.015 0.238 -0.519 0.028  -0.485  8 
3  0.14 0.17 -0.026 0.405 -0.997  0.225  -0.996  7 
4  0.24 0.20 0.044 0.286 1.531 0.313   1.790  4 
5  0.22 0.21 2.764E-003 0.119 0.087 0.000      0.079  5 
6  0.29 0.23 0.054 0.286 1.864 0.463   2.622  2 
7  0.31 0.32 -0.012 0.476 -0.480 0.070  -0.447  3 
8  0.34 0.34 -1.088E-003 0.310 -0.038 0.000     -0.035  6 
9  0.33 0.35 -0.021 0.476 -0.835 0.211  -0.810  1 

 
  

 From the ANOVA table, it is clearly indicative that feed rate (<0.0005) has a 

more pronounced effect on tool life than speed. Observing the Fo value, which is greater 

that zero indicates that at least one variable has a non-zero effect (test of hypothesis). The 

adjusted R2 (0.8498), adjusted for the number of factors, is the measure of total 

variability explained by the model. Looking at the value of “Prediction R2”, we conclude 

that the full model would be able to explain about 74.63 percent of variability in new 

data.  
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Normal Plot 
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Normal probability plot of residuals for tool life response 

 

 On observing the normal probability plot of tool file response, we see that the 

error distribution (residuals) are slightly deviated from the linear line somewhere along 

the middle point, with  points appearing to be converging at the extreme end, which is not 

the usual trend. However, considering the linear line to be a thick strip of line, we can 

conclude that all the residuals fall under this assumed line, and thus there is no critical 

violation of the normality assumptions, indicating that normality assumption is valid. 
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Residual versus predicted plot for tool life response 
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Residual versus run plot for tool life response 

 
 
 The graph of residual versus predicted and the graph of residual versus run 

indicates no particular pattern formation such as a continuous trend of outward opening 

funnel or a megaphone pattern also, the data points in the graph appear to be scattered. 
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Thus, there is no serious violation of the independence or constant variance assumptions, 

validating the assumption. 
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Residual versus speed plot for tool life response 
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Residual versus feed rate plot for tool life response 
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Plot of Outlier for tool life response 
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Predicted versus actual plot for tool life response 
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 The graph of residual versus speed and feed rate, and the graph of predicted 

versus actual do not show any particular pattern such as continuous trend of outward 

opening funnel or a megaphone pattern. This can be validated by analyzing the data 

points in the plot of outlier, where the entire data points lie well within the upper and 

lower limits. Thus, there is no serious violation of the independence or constant variance 

assumptions.   
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Response surface plot of tool life 
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Contour plot of tool life 

 
 The response surface plot and the contour plot clearly indicate that feed rate has 

significantly more influence on the power response than spindle speed. This is indicated 

by the slope of the graph along the feed direction with respect to power response. Also 

the lowest power consumption is achieved at a higher spindle speed (ranging between 

2.873 and 2.992) and lowest feed rate (ranging between 2.151 and 2.000).  
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