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ABSTRACT 

 

This project deal with the optimization of machining parameter of the free form design 

of pre harden steel along with the tool path strategy that classified as the hard-to-cut 

material. In this project, there are 2 main scope, they are tool path strategy that could 

machine the product to the uniformity result of the best surface roughness and low tool 

wear effect. The optimization machining parameter that need to be set up by specific 

analysis software. The tool path strategy generated in CAD CAM system in Catia 

software need to be study to produce the quality of product at the end of experiment and 

could improve the cutting tool life. In the other hand, research on the machining parameter 

in term of Feed Rate, Depth of Cut and Width of Cut need to be developed to find the 

most optimize parameter that will produce best surface finish and tool wear rate. Thus in 

the optimization of machining parameter, Taguchi method with 2 level and 3 factor of 𝐿4 

orthogonal array experimental set up is very important as the guide to conduct the 

experiment, while the mathematical ANOVA lead to the answer of the most significant 

factor of machining parameter that effect in each of the output of experiment in term of 

Ra, Rz, Pt and TW. 
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ABSTRAK 

 

Projek ini membentangkan pengoptimuman parameter mesin untuk reka bentuk bebas 

bagi keluli pra keras dengan arah strategi alat yang diklasifikasikan sebagai bahan susah 

untuk dipotong. Di dalam projek ini, ada dua skop penting yang utama, iaitu arah strategi 

alat yang boleh memesinkan produk ke arah keseragaman keputusan yang paling terbaik 

untuk keadaan permukaan dan kesan terendah bagi kehausan alat. Pengoptimuman 

parameter mesin yang perlu di atur memerlukan analisis perisian tertentu. Arah strategi 

alat yang dijana di dalam sistem CAD CAM di perisian Catia perlu dikaji untuk 

menghasilkan produk yang berkualiti di akhir eksperimen dan boleh menambahbaik 

jangka hayat alat pemotong. Selain itu, kajian mengenai parameter mesin di dalam bentuk 

Kelajuan Pemotongan, Kedalaman Memotong dan Kelebaran Memotong perlu 

dikembangkan untuk mencari mesin parameter paling optimum yang akan menghasil 

keputusan kekemasan permukaan yang terbaik dan kesan kehausan alat yang rendah. 

Oleh itu di dalam pengoptimuman mesin parameter, kaedah Taguchi dengan 2 tahap dan 

3 faktor iaitu aturan 𝐿4 ortogon pelbagai eksperimen amat penting sebagai bimbingan 

untuk menjalankan eksperimen sementara matematik ANOVA menjurus ke arah 

perjawaban kesan yang paling ketara bagi parameter mesin yang mempengaruhi setiap 

daripada hasil eksperimen dalam bentuk Ra, Rz, Pt dan TW. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1 BACKGROUND OF THE PROJECT 

 

Recently, development of machine tool and cutting tool compatible with 

the manufacturing process that improved quality of product, produced the better 

surface finish than conventional machine and more significantly function for the 

hard-to-cut material machine process. The technology of the advance machining 

of supercritical speed increase it tool life due to minimum cutting force exerted 

between the cutting tool and the workpiece. Commonly the cutting tool suitable 

for the finishing process for the hard-to-cut material is end ball mill of coated 

carbide TiAlN. 

In the other hand, the free form surface with waviness surface texture is 

one of high speed milling process with ball end nose of cutting tool. Free form 

surface has been applied in industry such as manufacturing of structural body for 

automobile and aeronautics due to it feature that lead to the optimized of airflow 

and ergonomics. In some cases, some of parameter of machine and tool path 

strategy need to be optimized to produce the smooth of free form surface. 
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Due to the optimization methodology, setting parameter by using Taguchi 

in the Minitab software could reduce number of experiment with the robust design 

and ANOVA will shows the parameter that give the most significant effect to the 

machining process. 

Pre harden steel is one of the difficult-to-cut material. [J.-Y. Chen et al, 

2010]. The pre harden steel selected in this project is AISI P20 steel with hardness 

of 45 HRC that perform in wear. 

 

1.2 PROBLEM STATEMENT 

 

The machining parameter is hardly to optimize for machining the free 

form surface profile with material of pre harden steel due to the limitation 

of tool path strategies and hardness of the pre harden steel. 

 

 

1.3 PROJECT OBJECTIVES 

 

1. To apply different tool path strategies of finishing process that lead to 

the best result of surface roughness in term of average surface 

roughness, Ra, maximum surface roughness, Rz and Profile, Pt and 

tool wear, TW 

 

2. To optimize the machining parameter in term of feed rate, depth of 

cut and width of cut while machining the free form surface of the pre 

harden steel.  

 

3. To obtain the result of surface roughness and tool wear rate of pre 

harden steel and cutting tool that lead to the best optimization of 

machining parameter by using Taguchi and ANOVA method. 
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1.4 PROJECT SCOPE 

 

1. CAD CAM System 

 

The design, tool path strategies and parameters of machining create 

and computed in CAD CAM system to be transmit in the CNC milling 

machine system. Tool path strategies applied are zig-zag in sweeping 

and contour-driven process 

 

2. Optimized machining parameter 

 

Machining parameter that based on the optimization results are depth 

of cut, feed rate and width of cut set up in the Taguchi design of 𝐿4 

orthogonal array in Minitab Software. Depth of cut selected are 0.3 

mm and 0.4 mm, for the feed rate are 300 mm/min and 400 mm/min, 

while for the width of cut are 0.1 mm and 0.2 mm. 

 

3. Pre Harden Steel  

 

The material selected in this project is AISI P20 of pre harden steel 

with hardness of 45 HRC after being tested under Rockwell Hardness 

Tester. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 CNC Milling Machine 

 

2.1.1 Definition of CNC Milling Machine 

 

Recently, CNC milling machine become one of the compatible 

manufacturing process in the industries due to the high precision of component 

and quality of product because while removing the rough stock of the product, 

efficiency is the most important process that lead to the next finishing process 

.(Raksiri, 2004, Vickers, 1993) 

 CNC milling functioning as to remove part at significant amount of 

material and to increase the machine productivity. (El Hofy, 2014; Der𝑧ija, 2014). 

As to reduce the manufacturing cost and obtain the good surface finish of the 

products, cutting parameter is the most important part to be optimize. (Wassila 

Bouzid, 2005) 

Machining of a curved and free form design must through the finishing 

process of machining. The purpose of the finishing process is to define the 

expected of quality part shape. (Vickers, 1993) 
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2.1.2 Characteristics of CNC Milling Machine 

 

The formulation for optimal machining process of sculptured and free 

form design is by improving the machining productivity in term of machining 

parameter and lowering the manufacturing cost in term of tool life. (Wasilla 

Bouzid, 2005; Vickers, 1993) 

Finishing operation such as grinding, super finishing and grinding will 

costly at the expensive rate and consume so much time, but the development of 

machine tools design and present of advance cutting tool such as cubic boron 

nitride [CBN] and polycrystalline diamond coating [PCD] will improve the 

machine efficiency. (S. Ekinović, 2007) 

Characterisation of milling machine mainly effect the tool wear that cause 

by chemical action, abrasion, corrosion etc. Thus it recommended to select the 

stable tool material to minimize the tool wear and to improve the productivity, the 

suitable cutting tool material need to be selected as the paramount of machining. 

(El Hofy, 2014; Y.C Shin, 2004). 

 

2.1.3 Advantages of CNC Milling Machine 

 

The advantages of CNC machine are better result of surface finish. In 

experimental conducted by S.Ekinović et. Al to compute the removal rate,𝑄 and 

feed rate towards surface roughness, 𝑅𝑎 of the steel material, they found that 

increasing in feed rate value will decrease the surface quality. In the other hand, 

instead of conducting in automated way, usage of computer-aided design [CAD] 

or computer-aided manufacturing [CAM] to design is faster compare to other 

software. (El Hofy, 2014) 
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2.1.4 Limitation of CNC Milling Machine 

 

The limitation of CNC milling machine are cutting speed is limited by the 

tool wear during machining of difficult-to-cut materials such as titanium, hardened 

tool steel and others. (C.L Pu et. Al, 2015). 

Besides that, knowledge and programming equipment regarding the 

specific process are important because it need to define the HSM process. There are 

several activities need to be conducted, they are define the Computer-Aided Design 

(CAD) model, transferring CAD model data to the Computer-Aided Manufacturing 

activities (El Hofy, 2014; S. Lavernhe, 2008). 

 

2.2 Flood Lubrication 

 

  According to Pierre (2013), lubrication or coolant are very important in 

the machining process because of: 

 it’s could reduce tool wear 

 it’s help removing chip while machining 

 it’s cool the workpiece and cutting tool while machining 

 it’s lubricate the contact surface between the tool, chip and workpiece 
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2.3 Advance Cutting Tool Materials 

 

  Appropriate choosing the cutting tool material is very important as to meet 

the chemical and physical composition of the workpiece and machine tool 

capabilities. Machine tool and cutting device must balance each other to gain the 

productivity, finished part and toward economical use. (Erdel, 2003). Moreover to 

limit the manufacturing cost, to produce the good surface finish and to improve the 

efficiency of machine, it advisable to use the advanced cutting tool materials. 

(Wassila Bouzid, 2005; S. Ekinović, 2007). 

 

2.3.1 Carbides 

According to Erdel (2013), the advantages of carbide is the properties of 

tool that provided toughness, high impact strength and high resistance to thermal 

shock. The experimental conducted by the J Matter Sci, 2012 and Xiaoxiao Chen 

et al, 2012 on the P20 steel workpiece have used the coated, cemented carbide end 

ball mill of cutting tool 

 

2.3.2 Coating 

Carbide coated insert offer prolonged tool life, economical and tailored to 

specific machining parameter. (Erdel, 2003). The experimental conducted by the 

Mativenga, P. T to machine the AISI H13 steel with used of physical vapour 

deposition of Titanium Nitride, PVD TiN coated with carbide. 
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Figure 2.1: Coating VS tool life  

 

Source: Erdel, 2003 

 

  Based on Figure 2.1 shows that the coated cutting tool provided longer 

tool life span compare to the uncoated cutting tool. This is due to the coated of 

cutting tool provided high strength from wear and corrosion compare to the 

uncoated tool. 

 

 

 

 

 

 

 

 



9 

 

2.4 Tool Wear 

   

In machining process the limiting factor is the tool wear effect that 

occurred in combination of mechanism effect such as abrasion, adhesion and 

corrosion. (P.T Mativenga, 2005).  

 

 Tool wear depend on the cutting tool and the workpiece materials and 

process parameters such cutting speed, depth of cut and feed rate. (A. Attanasio 

et al, 2013). Factor that subjected to the tool wear are high localized stress at the 

cutting tool tip, high temperatures along the rake face and sliding of the cutting 

tool along the newly cut workpiece. (Schmid, 2010). Tool wear is due to the 

simultaneous combination of several wear mechanism such as abrasion, adhesion 

and corrosion (A. Attanasio et al, 2013). 

 

According to H. Çalışkan, wear mechanism can be categorised as : 

 

Wear Mechanism Explanation 

Abrasion this type of wear cause by hard and rough 

surface take place between the sliding surfaces 

contact or between a hard, abrasive particle 

contact of solid body. 

Adhesion this type of wear also called as the sliding wear 

is when tangential force applied on the 

material caused the shearing take place on it. 

Corrosion  

 

also called as oxidation wear caused by 

chemical and electrochemical reaction 

between the surface and environment. 

 

 

Table 2.1: Wear Mechanism 
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As an addition according to H. Çalışkan, type of wear occurred in form of : 

 

Type of Wear Explanation 

Flank wear  occur at relief face of tool cause by rubbing of 

tool along workpiece (abrasion) and high 

temperature effect 

Crater wear 

 

high tool-chip interface temperature and 

chemical affinity between workpiece and 

cutting tool. The factor influencing flank wear 

may affect crater wear. 

 

 

Table 2.2: Type of Wear 
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Figure 2.2 : SEM image of worn cutting tool  

 

Source: H. Çalışkan,2015 

 

  Based on Figure 2.2 shows that image of worn cutting tool of the flank 

wear resulted by the rough rubbing of cutting tool and workpiece that cause the 

built-up edge. 

 

2.5 Surface texture 

 

Surface texture define as the quality of workpiece surface due to several 

characteristics of it, they are roughness, waviness and lay as shows in Figure 2.3. 

(Erdel, 2003). In the other hand, surface texture is one of criteria to determine the 

machinability process for product material. (C.K Toh, 2004). 

Referring to the experimental conducted entitle “ High Speed Turn-

Milling versus Conventional Turning of Steel” resulted, good surface quality for 

the high speed turn milling on machined surface is better compare to the 

conventional turning of steel. (S. Ekinović, 2007). The parameters that will 

effected the surface texture are material of the product, cutting tool, machining 

periphery and CAD/CAM. (Erdel, 2003).  
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Figure 2.3: Surface texture  

 

Source: Erdel, 2003 

 

Roughness surface cause by the irregular process such as high feed rate 

will cause the rough surface. (Erdel,2003; S. Ekinović et. al, 2007). Secondly, the 

surface texture of the waviness surface cause by irregularities greater than 

sampling length such as run out. Lastly for the surface texture of lay surface cause 

by the surface pattern produced by the machining method such as turning. 

 

2.5.1 Free form surface profile 

 

The surface of free form texture categorized as the smooth shape and 

texture such as valley and mount (Kumazawa et al, 2015). In I.Lazonglu,2009 

experiment, he applied zig-zag direction of tool path strategy for machining 

simulation for free form surface design as shown in Figure 2.4. 

According to T.Chen (2002), to avoid the local gouging that may occurred 

on the free form surface, two approached suggested. Firstly, used the small radius 

of cutting tool that smaller than radius of workpiece curvature. Secondly, 

implemented the larger diameter of cutting tool and skip the region of tool 

interference.  
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Figure 2.4: Free form surface design 

 

Source: I.Lazonglu, 2009 

 

2.5.2 Tool Path Strategy 

 

The process of free form surface divided into two categories, they are 

design and machine activities. In design phase, some designer used CAD system 

to build their own product. (Duc, 1999). For geometric representation product, 

CAD CAM system will calculate the tool path based on planning progress that 

will involve machine tool, cutting tool, cutting tool geometry, machining 

parameter etc.  

In Figure 2.5 shows the process of free form surface in machine activities.  

Started from the geometrical model of free form surface, it then divided into three 

main activities such as tool path calculation, tool path motion via NC and milling 

process. (Duc, 1999) 
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Figure 2.5: Process of free form surface  

 

Source: Duc, 1999 

 

One of the most critical issues in process planning of CAM system is 

selection of suitable tool path strategy for machining the free form surface. (I. 

Lazonglu, 2009). Adequate choice of tool path milling can improve production 

cost and surface roughness. (Adriano, 2014). As the a lot field industry required 

the sculptured surfaces for their geometric design of the product, the tool path 

optimization and calculation of machining time closer is chosen according to best 

cutting strategy for the CAM system possible. (Monaro et al, 2013).  

 In free form surface, there are three major type of tool path topologies, 

they are contour parallel type, direct parallel type and space-filling curve. Among 

three tool path topologies, the direction tool path parallel and contour parallel path 

widely used in industry as shown in Figure 2.6 (Z. Lin, 2015). 
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Figure 2.6: Free form surface topologies for finishing operation.  

 

a) Directional parallel. b) Contour-parallel. c) Space-filling curve. 

 

Source: Z. Lin, 2015 

 

In Adriano (2014) experimental used six types tool path strategies, they 

are zigzag, contour curve, spiral curve, space filling curve, sequential generated 

curve and radial curve. He used the AISI P20 steel of 30 HRC hardness is used as 

the workpiece machine by 3 axis high speed milling, down cutting without 

coolant. The cutting tool used is a carbide ball end mill coated with titanium 

aluminium nitride with 6 mm diameter. The roughness of surface is measured 

using Taylor Hobson surface roughness. 
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Table 2.3: The cavity part and result of surface roughness  

Source: Adriano, 2014 

 

Referring to Table 2.3, cavity 1 is the contour path, the tool path in a 3D 

offset started from the floor with step over 0.15mm. For cavity 2 is spiral curve 

which move in spiral path which started from top to the floor with step over 0.14 

mm. As for cavity 3 is for radial curve that tool path start from the floor to the top 

with step over 0.81 degree. In the other hand, cavity 4 is the radial curve of tool 

path start from the top to the floor with step over 0.81 degree. For the cavity 5 is 

for zig zag curve that move one way tool path with step over 0.135mm. As the 

result, cavity 3 with the radial curve tool path is the best tool path strategy for the 

cavity design based on the smallest and smooth surface roughness in term of Ra, 

Rz and Rt. 
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2.5.3  Application of free form surface 

 

Free form surface widely used in the field of dies product of automobile 

and aeronautics industry for their characteristics of aero-fluid dynamic efficiency. 

(S. Lavernhe, 2008; I. Lazoglu, 2009). In the other hand, medical care industries 

such as surgical prostheses and electronics industries also have been applied the 

free form surface that give desirable ergonomics shape to the users. (Monaro et 

al, 2013). 

 

2.5.4  Advantages of Free Form Surface 

 

Free form surface give aero-fluid dynamics efficiency, ergonomic and 

aesthetics design that beneficially in aerospace, automotive, biomedical and die-

mold industries. (I. Lazonglu, 2009; Monaro et al, 2013; Kumazawa et al, 2015) 

 

2.5.5 Disadvantages of Free Form Surface 

 

The ordinary tool path strategy such as zigzag, concentric and radial 

cannot be simply optimum to machine the free form surface. (I. Lazonglu, 2009). 

The user must have the knowledge regarding the tool path strategies offer by the 

CAM software to process the free form surface. (Adriano, 2014).  
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2.6        Design of Experiment (DOE) 

 

Statistical analysis was carried out by parameter setting of Taguchi and 

analysis of variance [ANOVA]. Taguchi method is to find the optimum process 

parameter and ANOVA is to study the performance of parameter characteristics. 

(Gopalsamy, 2009) 

 

2.6.1  Introduction to Taguchi Method 

 

Taguchi has developed a methodology for the application of factorial 

designed experiments from statistical world and brought it into the manufacturing 

industry. (Gopalsamy, 2009) 

In year 1970’s, various of optimization approaches have been practiced to 

produced good quality of product, but Fong and Cheng (2006) have practiced 

Taguchi experiments to optimize the parameter process in turning for steel tools 

that include cutting speed, feed rate, depth of cut etc. that resulted to the maximum 

in accuracy and low of surface roughness and accurate in dimension. (Pawade, 

2011) 

 

2.6.2  Taguchi Concept 

 

 In Taguchi robust design method, process variables are classified into 

control, noise and signal factor. Control factor are those parameters of the system 

that specify by nominal values and for maintaining cost effectively. For noise factor 

is the cause variability in term of practical or leading to performance deterioration. 

Signal factor is sent into the system in response to the intent user. (Y.-F Tzeng, 

2003) 
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 P-diagram is must for every development project to define the 

development scope. Firstly, we must identify the signal (input) of process and 

response (output) of process. Next, consider the parameter or factor beyond the 

control of designer. Those factor are called noise factor. Later on, determine the 

factor that can specify the designer that called control factor. ( Madhav,2015) 

 The effect of many different parameters on the performance characteristic 

in a condensed set of experiments can be examined by using the orthogonal array 

experimental design proposed by Taguchi. (Fraley et al, 2007). Table 2.4 shows 

example of 𝐿4 orthogonal array. That shows 4 number of experiment with 3 levels.  

In the column of experiment is the number of experimental that will be conducted. 

In the table, it shows that there will 4 times of experiment will be conducted. The P 

symbol is mean by parameter. In the table, it shows that, in each level of experiment, 

there will be 3 parameter conducted denoted by symbol of P1, P2 and P3. 

 

Experiment P1 P2 P3 

1 1 1 1 

2 1 2 2 

3 2 1 2 

4 2 2 2 

 

 

Table 2.4 : 𝐿4 orthogonal array  

 

Source: http://reliawiki.org/index.php/Taguchi_Orthogonal_Arrays 
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2.6.3  Taguchi Method 

 

In the experimental conducted by Gopalsamy (2009) about “ An 

approach for process parameters optimization of hard machining while machined 

hardened steel”, The hardness of material used for Gopalsamy’s experiment is 55 

HRC. Taguchi has been used to study the effect of four input machining 

parameters that are cutting speed, depth of cut, feed rate and width of cut with two 

output that are surface roughness and tool life.  

Table 2.5 shows the shows the four cutting parameters and three levels. 

As the result, S/N ratio is calculated for the output process for surface finish, tool 

wear and tool life as shown in Table 2.6. 

 

Machining Parameter Level 1 Level 2 Level 3 

Cutting speed, m/min 100 150 204 

Feed, mm/tooth 0.05 0.1 0.2 

Depth of cut, mm 0.05 0.1 0.2 

Width of cut, mm 0.1 0.2 0.4 

 

Table 2.5: Machining parameters and levels   

 

Source: Gopalsamy, 2009 
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Table 2.6: Experimental result of tool wear, tool life and surface finish. 

 

 Source:  Gopalsamy, 2009 

 

S/N analysis and mean response provide the optimization of process. (Prosenjit, et 

al, 2014) S/N characteristics formulated for three different characteristics in 

equation (1), (2) and (3) : 

Nominal the better characteristics : S/N = - 10 log (ỹ /𝑠2𝑦)              (1) 

Lower the better characteristics : -10 log (1/n) (∑(𝑦2)               (2) 

Larger is the better characteristics : -10 log (1/n) (∑(1/𝑦2)              (3) 

 

Where ỹ is average observed data, 𝑠2𝑦 is the varience and y is number of 

observation. (Gopalsamy, 2009) 
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In Gopalsamy experimental, surface roughness is the lower the better 

performance calculated using equation 2, while tool life is larger is the better 

performance calculated using equation 3. 

 

2.6.4 Advantages of Taguchi Method 

 

1. Improve product quality 

Taguchi is the significant method approaches for optimization process and product 

development because of it well performance, good quality of result and cost. ( 

Zheng et al, 2002; Gopalsamy, 2009).  

 

2. Benefit in field of manufacturing 

Taguchi performed in the manufacturing system related to the environmental, wear 

and machine. (A. Gupta, 2011) 

 

2.6.5 Disadvantages of Taguchi Method 

 

Orthogonal arrays do not test all variable combinations 

Taguchi also has its own limitation which is the model system applied in the 

Taguchi is for the single response optimization for a single performance that 

effected the time and cost of process. (A. Gupta, 2011) 
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2.6.6 Analysis of Varience (ANOVA) 

 

Taguchi method cannot determine the individual parameter on the entire 

process thus ANOVA mathematical is used investigate the parameter process. 

(Gopalsamy,2009). In Gopalsamy experimental is to evaluate the most 

optimization parameter in each level after the Taguchi method, resulted the 

ANOVA calculation as shown in Table 2.7.  

 

 

 

Table 2.7: ANOVA result for S/N ratio for surface finish and tool life 

 

 Source: Gopalsamy, 2009 
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Table 2.8: Cell mean of parameter for surface finish in ANOVA 

 

 Source: Gopalsamy et al, 2009 

 

Based on the Table 2.8, resulted the highest cutting speed, feed rate, depth 

of cut and width of cut will produce low surface roughness.  

In optimization result  of Gopalsamy, (2009) of ANOVA , the cutting 

speed on the Level 3 form the best surface finish due to the optimize value confirm 

by ANOVA. Same as the feed rate and depth of cut at Level 3 they resulted the 

optimize result of machine parameter for best surface roughness, while width of 

cut on Level 2 resulted optimize machining parameter in this experiment. 
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2.7 Pre Hardened Steel of P20 

 

The demand for pre hardened steel has greatly increased because they are 

more practical and greater economic efficiency compare to post-rough machining 

of hardened steel. One of the pre hardened steel widely used in industry is P20 

steel. (J Mater Sci, 2012).   

The P20 steel is a low carbon steel containing chromium and molybdenum 

alloying element that performed in wear and corrosion resistant because it has 

through the proper heat treatment. (Chen et al, 2010; J Mater Sci, 2012).  

The machinability test were performed on the P20 steel by J Mater Sci 

(2012) with three axis CNC end milling by using cemented coated carbide tools 

as to study the relationship between the cutting force with the work hardening. 

Moreover it also recorded that machined process of hardened P20 with hardness 

of 41 HRC at relative high speed of 301-754 m/min by using TiAlN coated carbide 

end mills cutting tool. (Zhengwen, 2013). 

 

2.7.1  Properties of P20 steel 

 

The chemical composition of the steel given in Table 2.9. The steel is 

Uddeholm Impax HH that has been modified to AISI P20. It has been through hot 

rolled followed by a stress relieving treatment at 650°c for 9 hour and cooling to 

room temperature. It then been austenitized at 900°c, 950°c, 1000°c and 1050°c 

for 30 minutes to obtain different austenite grain size and lastly it been quenching 

in oil and double tempering at 540°c for 2x2 hour. A hardness of 42 Rockwell C 

Hardness (HRC) was realized after all the heat treatment process.  
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Chemical Composition Percentage (%) 

C 0.39 

Si 0.27 

Mn 1.36 

P 0.017 

S 0.006 

Cr 1.95 

Ni 1.0 

Mo 0.27 

V 0.06 

Fe Bal 

 

 

Table 2.9: Chemical Composition of P20 Steel (wt. %).  

 

Source: Xiaoxiao, 2011. 

 

2.7.2  Application of P20 steel 

 

The P20 die steel is widely used to produce plastic injection molds. The 

P20 tool steel is thermally hardenable through proper heat treatment that provide 

it good performance in wear and corrosion resistant. (Chen et al, 2010; J Mater 

Sci, 2012). The suitable cutting tool used to machine the P20 steel is coated, 

cemented carbide tool. (J Mater Sci, 2012). 
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CHAPTER 3 

 

 

METHODOLOGY 

 

3.1 Introduction 

 

Methodology contains of experimental process for testing and selection of 

tool path strategies along with the machining parameter. The selection of tool path 

strategies based on the best surface roughness and tool wear result will conducted 

on the next experiment, which is optimization of machining parameter. CAD 

CAM system has been used in for simulated the tool path strategy and conducted 

machining parameter through generated of NC codes. 
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3.2 Testing and Selection of Tool Path Strategies 

 

 

 

Figure 3.1: Flowchart of Testing and Selection of Tool Path Strategies 
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Figure 3.1 shows the flowchart of testing and selection of tool path 

strategies. The important of selection different tool path strategies is for testing 

the capability of tool motion on the free form design especially for the pre harden 

steel that limited in the machining process as to produce the best surface finish 

and low tool wear effect.  

 

3.2.1 Material Preparation Process 

  

Workpiece 

Material 

Dimensional 

(mm) 

Quantity 

(unit) 

Hardness 

(HRC) 

P20 Steel 50 x  50 x 50 1 45 

 

Table 3.1: Details of P20 Steel Workpiece 

 

Table 3.1 shows the details of P20 steel workpiece while Figure 3.2 shows 

the picture of P20 steel. P20 steel has been used in this experiment due to its 

properties of hard-to-cut material with average hardness of 45 HRC after tested 

under the Rockwell Hardness Tester. The size of actual workpiece is 50 mm 

height, 50 mm width and 50 mm length. 

 

 

 

 

 

 



30 

 

 

 

Figure 3.2: P20 Steel Workpiece 

 

Type of Cutting 

Tool 

Dimensional (mm) Quantity (unit) No. of Flute 

Ball end mill of 

coated carbide of 

TiAlN 

6.0 12 2 

 

Table 3.2: Details of Cutting Tool for Finishing Process 

 

Table 3.2 shows the details of the cutting tool used for the finishing 

process in this experiment.  
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Figure 3.3: Ball end mill of coated carbide of TiAlN 

 

Type of cutting tool used in this experiment is ball end mill of coated 

carbide of TiAlN with dimensional of 6.0 mm. Total quantities of cutting tool 

used in this experiment are 12 units. Figure 3.3 shows the picture of ball end mill 

of coated carbide of TiAlN with 6.0 mm diameter. 

 

3.2.2 Create 3D Model 

 

3D model of free form design created in the Catia V5R21 software. Figure 

3.4 shows the free form design sketched with 22.0 mm radius of concave and 

convex surface and 50.0 mm length. 
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Figure 3.4: Free form design sketched 

 

The design has been extruded to 50.0 mm width according to the actual 

size of workpiece that has length of 50.0 mm and width of 50.0 mm as shows in 

Figure 3.5. 

 

 

 

Figure 3.5: Design extruded by 50.0 mm width 
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3.2.3 Computer Aided Manufacturing (CAM) 

 

Computer aided manufacturing function as to generated NC codes of the 

tool path strategy with machining parameter set up from the software to be 

transmitted to the CNC  milling machine system as shows in Figure 3.6.  

 

 

 

Figure 3.6: CNC milling machine 
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Figure 3.7: Advance machining selection 

 

In Figure 3.7 shows the advance machining selection in CATIA software 

for the initial step of generated CAM system 
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Figure 3.8: Part Operation 

 

Based on Figure 3.8 shows part operation need to be set up before begin 

the simulation of tool path. Selection of “Machine” is 3 axis milling machine, 

“Reference Machining Axis System”, “Design Part”, “Stock” and “Safety Plane” 

is selected at the design of free form. 

 

 

 

 

 

Machine 

Reference 

Machining 

Axis System 

Design part 

Stock 

Safety plane 
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Figure 3.9: Tool path strategy of finishing process 

 

The tool path of finishing process conducted in this experiment are 

contour-driven and sweeping. This is because this two finishing process have 

similar tool path motion and machining parameter set up that suitable for the free 

form design. Figure 3.9 shows the tool path strategies of finishing process are 

selected. 

Tool path strategies have been conducted on concave and convex surface 

separated because to test the uniformity of surface roughness and tool wear result 

at the end of selection.  

 

 

 

 

Sweeping

 
 

Roughing 

Contour-

driven 
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Figure 3.10: Surface feature of finishing process 

 

Figure 3.10 shows surface feature of finishing process selected. For the 

first experimental conducted, the tool path strategy will be generated on the 

convex surface of sweeping process. Next, the tool path strategy will be conducted 

on the concave surface of sweeping process. The same steps will be conducted on 

the contour-driven process. 
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Figure 3.11: Zig-zag tool motion  

 

Figure 3.11 shows the zig-zag tool motion conducted in the sweeping 

process, same also with the contour-driven, zig-zag motion is applied. 
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Figure 3.12: Radial parameter set up 

 

Figure 3.12 shows the radial width of cut set up. Type of stepover chosen 

is via scallop height with maximum, minimum distance and scallop height 

between pass is 0.1 mm. 
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Figure 3.13: Axial parameter set up 

 

Figure 3.13 shows the axial depth of cut set up. The multi-pass selected is 

number of level and total depth with 0.3 mm total depth of cut and 2 times of 

cutting levels. 

 

3.2.4 Test and Analyse Result 

 

Test result of surface roughness in term of average surface roughness, Ra, 

maximum surface roughness, Rz and profile, Pt of each process of surface profile 

have been conducted with surface roughness tester as shown in Figure 3.14. 3 

times of each level of surface was recorded with 40.0 mm evaluation length. 
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Figure 3.14: Surface Roughness Tester 

 

 

 

Figure 3.15: Measuring profile surface 

 

Figure 3.15 shows the ways of the Surface Roughness Tester measuring 

the profile of free form surface by placing a roll of plaster sink to ease the 

measurement method on the slope surface. 
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Meanwhile, tool wear result have been tested under the Video 

Measurement System as shown in Figure 3.16. Six point of tool wear result 

measured and captured with 3.5 times magnification to get the result of tool wear 

and to determine the mechanism of tool wear from the surface part at the tip of 

cutting tool. 

 

 

 

Figure 3.16: Video Measurement System 

 

The result of Ra, Rz, Pt and TW have been average calculated  and 

recorded in the Table 3.3, table result of surface roughness and tool wear. 
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Tool Path 

Strategy 

Surface 

Profile 

Ra 

(𝝁𝒎) 

Rz 

(𝝁𝒎) 

Pt 

(𝝁𝒎) 

Tw 

(mm) 

Sweeping Concave     

Sweeping Convex     

Contour-

driven 

Concave     

Contour-

driven 

Convex     

 

Table 3.3: Table result surface roughness and tool wear 

   

 3.2.5 Selection of Tool Path Strategy 

 

Selection of tool path strategy is based on the uniformity result of Ra, Rz, 

Pt and TW for convex and concave surface. Analysis of result will be presented in 

the bar graph chart. 
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 3.3 Optimization of Machining Parameter 

 

 

 

Figure 3.17: Flowchart machining optimization 

 

Figure 3.17 shows the flowchart of machining optimization. The main 

setting of the machining parameter is on the CAM system based on the Taguchi 

method. The optimize result will be conclude in the cell mean of Taguchi and 

mathematical ANOVA will detecting machining parameter that give the most 

significant effect to the optimize result. 

‘ 
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 3.3.1 CAM Programming 

 

Machining parameter have been set up in the Taguchi system. 3 factor and 

2 level of Taguchi design set up based on the machining parameter selected, that 

is Feed Rate of 300 mm/min and 400 mm/min, Axial depth of cut of 0.3 mm and 

0.4 mm and Radial width of cut of 0.1 mm and 0.2 mm as shows in Table 3.4. 𝐿4 

Orthogonal array of experimental as shown in Table 3.5 is the experimental that 

has been set up in the Taguchi. 

 

Factor/ Level 1 2 

Axial Depth of Cut  

( mm) 

0.3 0.4 

Feed Rate (mm/min) 300 400 

Radial Width of Cut 

 ( mm) 

0.1 0.2 

 

Table 3.4: Machining parameters and levels 
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Experiment 

No. 

Machining Parameters 

 Axial Depth of 

Cut  

( mm) 

Feed Rate 

(mm/min) 

Radial Width of 

Cut 

 ( mm) 

1 0.3 300 0.1 

2 0.4 300 0.2 

3 0.3 400 0.2 

4 0.4 400 0.1 

 

Table 3.5: 𝐿4 Orthogonal array of experimental 

   

Feed rate, axial depth of cut and radial width of cut of each experimental 

level generated in the CAM system. Figure 3.18, Figure 3.19 and Figure 3.20 is 

the examples of machining parameter set up for experiment number 1. Figure 3.18 

shows the radial width of cut set up is 0.1 mm. Figure 3.19 shows the axial depth 

of cut set up is 0.3 mm and Figure 3.20 shows the feed rate set up is 300 mm/min 

with constant spindle speed that is 3000 RPM. Every each of parameter according 

to the number of experimental will be generated in form of NC codes. 
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Figure 3.18: Radial width of cut 

 

 

 

Figure 3.19: Axial depth of cut 
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Figure 3.20: Feed rate setting 

 

3.3.2 Optimization of Machining Parameter 

 

 After every of each experimental completed, the machining time is 

recorded to calculate with the tool wear in form of mm/hrs as shows in Table 3.6. 

The result of surface roughness in term of Ra, Rz and Pt recorded in the table of 

Taguchi with S/N ratio and mean calculated in statistical as shows in Table 3.7, 

Table 3.8, Table 3.9 and Table 3.10. 
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Exp. 

No 

 

Machining Parameter 

 

Tool Wear, mm Machining Time, 

Hours 

(mm/hrs) FR D.O.C W.O.C 

1 300 0.3 0.1   

2 300 0.4 0.2   

3 400 0.3 0.2   

4 400 0.4 0.1   

 

Table 3.6: Machining time and tool wear 

 

Exp. 

No 

 

Machining Parameter 

 

Average 

Surface 

Roughness, Ra 

(𝝁𝒎) 

S/N Ratio Mean 

FR D.O.C W.O.C 

1 300 0.3 0.1    

2 300 0.4 0.2    

3. 400 0.3 0.2    

4 400 0.4 0.1    

 

Table 3.7: Table result of Ra with S/N ratio and mean 
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Exp. 

No 

 

Machining Parameter 

 

Maximum 

Surface 

Roughness, Rz 

(𝝁𝒎) 

S/N Ratio Mean 

FR D.O.C W.O.C 

1 300 0.3 0.1    

2 300 0.4 0.2    

3 400 0.3 0.2    

4 400 0.4 0.1    

 

Table 3.8: Table result of Rz with S/N ratio and mean 

 

Exp. 

No 

 

Machining Parameter 

 

Profile, Pt 

(𝝁𝒎) 

S/N Ratio Mean 

FR D.O.C W.O.C 

1 300 0.3 0.1    

2 300 0.4 0.2    

3 400 0.3 0.2    

4 400 0.4 0.1    

 

Table 3.9: Table of result of Pt with S/N ratio and mean 
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Exp. 

No 

 

Machining Parameter 

 

Tool Wear Rate, 

TW 

(mm/hrs) 

S/N Ratio Mean 

FR D.O.C W.O.C 

1 300 0.3 0.1    

2 300 0.4 0.2    

3 400 0.3 0.2    

4 400 0.4 0.1    

 

Table 3.10: Table of result of TW with S/N ratio and mean 

 

3.3.3 Test and Analyse Result 

 

 Taguchi will analyse in S/N ratio calculation and will shows the optimize 

result of machining parameter graphically in form of lower the better according 

to the result of the surface roughness and tool wear  that resulted to the lowest is 

the best output of process.  

 

3.3.4 Validate the Optimize Results 

Taguchi will recommended parameter that need to be validate for the 

better result of experimental performed before as shows in Table 3.11 for Ra, 

Table 3.12 for Rz, Table 3.13 for Pt and Table 3.14 for TW. While mathematical 

ANOVA will calculated in form of P-Value that give the most significant effect 

of the optimize parameter as shows in Table 3.14 for Ra, Rz, Pt and TW. 
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Validate 

Exp. 

 

Machining Parameter 

 

Average Surface 

Roughness, Ra 

(𝝁𝒎) FR D.O.C W.O.C 

1     

 

Table 3.11: Table of validate experiment for Ra 

 

 

Validate 

Exp. 

 

Machining Parameter 

 

Maximum 

Surface 

Roughness, Rz 

(𝝁𝒎) 

FR D.O.C W.O.C 

1     

2     

3     

4     

 

Table 3.12: Table of validate experiment for Rz 
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Validate 

Exp. 

 

Machining Parameter 

 

Profile, Pt 

(𝝁𝒎) 

FR D.O.C W.O.C 

1     

2     

3     

4     

 

Table 3.13: Table of validate experiment for Pt 

 

Validate 

Exp. 

 

Machining Parameter 

 

Tool Wear Rate 

(𝒎𝒎/𝒉𝒓𝒔) 

FR D.O.C W.O.C 

1     

2     

3     

4     

 

Table 3.14: Table of validate experiment for TW 
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Parameter Degree of 

Freedom 

Sum of 

Square 

Mean 

Square 

P-Value 

FR     

DOC     

WOC     

 

Table 3.15: Table of ANOVA result 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSION 

 

4.1 Introduction 

  

Chapter 4 shows the results for selection of the best tool path strategy from 

the testing and the optimization of machining parameter that have been conducted. 

The best selection of tool path strategy is based on the result of surface roughness 

and tool wear that shows to the most uniformity result conducted on concave and 

convex surface. The optimization of machining parameter is based Taguchi 

setting and validate result, while the most significant parameter that give effect to 

the output is analyse with mathematical ANOVA.  
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4.2 Result for Selection of Tool Path Strategy 

 

Tool Path 

Strategy 

Surface 

Profile 

Ra 

(𝝁𝒎) 

Rz 

(𝝁𝒎) 

Pt 

(𝝁𝒎) 

TW 

(mm) 

Sweeping Concave 0.663 4.971 12.415 0.050 

Sweeping Convex 3.451 15.185 18.066 0.056 

Contour-

driven 

Concave 0.249 1.603 12.153 0.041 

Contour-

driven 

Convex 0.331 2.607 9.83 0.046 

 

Table 4.1: Average result for selection of tool path strategy 

 

Table 4.1 shows the average result for selection of tool path strategy. From 

the Table 4.1 it shows value of Ra, Rz, Pt and TW process by sweeping and 

contour-driven for concave and convex surface. From overall result, sweeping 

process conducted on the concave and convex surface resulted bigger Ra, Rz, Pt 

and TW value compare to the contour-driven process conducted on the concave 

and convex surface. 
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Figure 4.1: Result of Surface Roughness 

 

From Figure 4.1 shows the result of surface roughness for sweeping and 

contour driven process for concave and convex surface surface. From figure 

shows that value of Ra, Rz and Pt for sweeping process conducted on the both 

surfaces is higher compare to Ra, Rz and Pt for contour-driven conducted on the 

both surfaces. This shows, surface roughness of contour-driven process is better 

compare to the sweeping process. In the other hand, the result of Ra, Rz and Pt 

for both surfaces of contour-driven process performed to the almost uniformity 

result compare to the sweeping process. 

Thus, contour-driven is selected based on the best surface roughness 

formed in term of Ra, Rz, Pt and TW, in the same time it could perform on concave 

and convex surface to the almost uniformity result. 

 

 

 

0.663

3.451

0.249 0.331

4.971

15.185

1.603
2.607

12.415

18.066

12.153

9.728

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

Sweeping  (concave), 
μm

Sweeping (convex), 
μm

Contour Driven 
(concave),μm

Contour Driven 
(convex), μm

Surface Roughness and Profile, μm 
Ra Rz Pt



58 

 

4.2.1 Surface Structure of Process 

 

 

 

Figure 4.2: Surface structure of sweeping process 

 

 

 

Figure 4.3: Surface structure of contour driven process 
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From Figure 4.2 and Figure 4.3 shows surface structure formed from 

sweeping and contour-driven process. In sweeping process, the surface roughness 

of workpiece at the concave part is not smooth enough compare to the convex part 

surface. Differ to the contour-driven process, the surface roughness for concave 

and convex surface are almost too similar. This proved that, contour-driven 

process suitable for machining the free form surface of hard-to-cut material. 

 

4.2.2 Tool Wear Result 

  

 Tool wear result at the end tip of the cutting tools has been observed 

through the Video Measurement System. Figure 4.4 shows the chips of steel sticks 

and melts on the cutting tool even the cutting tool has been clean several time. 

This mechanism of wear is called adhesion while sweeping process conducted. 

 

 

 

 

Figure 4.4: Adhesion 

 

 

 

Chips stick and 

melts on the tips 
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Figure 4.5 shows at the tip of cutting tool, the coated of TiAlN have been 

eroded due to rough contact between the cutting tool and the workpiece. This 

mechanism of wear called abrasion while contour-driven process conducted. 

 

 

  

 

 

 

 

 

Figure 4.5: Abrasion 

 

4.3 Result of Machining Optimization 

 

Experimental of machining optimization have been conducted based on 

the 𝐿4 orthogonal array of Taguchi set up. Besides of Ra, Rz and Pt result, 

machining time of each experimental level were recorded to measure the tool wear 

rate as shows in Table 4.2. 
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Exp. 

No 

 

Machining Parameter 

 

Tool Wear, mm Machining Time, 

Hours 

FR D.O.C W.O.C 

1 300 0.3 0.1 0.490 22 H, 38 Min 

2 300 0.4 0.2 0.564 12 H, 57 Min 

3 400 0.3 0.2 0.246 8 H, 42 Min 

4 400 0.4 0.1 1.110 15 H, 35 Min 

 

Table 4.2: Tool wear and machining time 

 

From Table 4.2 shows the tool wear and machining time, it shows that on 

the 4th experimental recorded the longest time of machining time with Feed rate, 

400 mm/min, Depth of cut, 0.3 mm and Width of cut, 0.1 mm. Meanwhile the 

shortest time of machining time is on the 2nd experimental with Feed rate, 300 

mm/min, Depth of cut, 0.4 mm and Width of cut, 0.2 mm. The largest tool wear 

resulted on the 4th experimental while the shortest tool wear resulted on the 3rd 

experimental. 

 

Exp. 

No 

 

Machining Parameter 

 

Average 

Surface 

Roughness, Ra 

(𝝁𝒎) 

S/N Ratio Mean 

FR D.O.C W.O.C 

1 300 0.3 0.1 1.310 -2.3454 1.310 

2 300 0.4 0.2 1.615 -4.1635 1.615 

3. 400 0.3 0.2 1.794 -5.0765 1.794 

4 400 0.4 0.1 1.300 -2.2789 1.300 

 

Table 4.3: Result S/N ratio and mean for Ra 
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Based on Table 4.3, result S/N ratio and mean for Ra, the optimize 

parameter result will affect to the S/N Ratio value. Based on the S/N Ratio value, 

the best Ra value is 1.300 𝜇𝑚 resulted to the biggest S/N Ratio, which is -2.2789. 

Thus the optimize parameter for Ra is feed rate, 400 mm/min, depth of cut, 0.4 

mm and width of cut, 0.1 mm.  

 

 

 

Figure 4.6: Data mean of recommend experiment for Ra 

 

Based on statically data mean of lower the better shows in Figure 4.6, the 

recommended parameter to obtain the best Ra are feed rate, 300 mm/min, depth 

of cut, 0.4 mm and width of cut, 0.1 mm. 
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Exp. 

No 

 

Machining Parameter 

 

Maximum 

Surface 

Roughness, Rz 

(𝝁𝒎) 

S/N Ratio Mean 

FR D.O.C W.O.C 

1 300 0.3 0.1 5.757 -15.2039 5.575 

2 300 0.4 0.2 8.528 -18.617 8.528 

3 400 0.3 0.2 7.874 -17.924 7.874 

4 400 0.4 0.1 5.689 -15.101 5.689 

 

Table 4.4: Result S/N ratio and mean for Rz 

 

Based on Table 4.4, the optimize parameter result will affect to the S/N 

Ratio value. Based on the S/N Ratio value, the best Rz value is 5.689 𝜇𝑚 resulted 

to the biggest S/N Ratio, which is -15.101. Thus the optimize parameter for Rz is 

feed rate, 400 mm/min, depth of cut, 0.4 mm and width of cut, 0.1 mm. 
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Figure 4.7: Data mean of recommend experiment for Rz 

 

Based on statically data mean of lower the better shows in Figure 4.7, 

recommended parameter to obtain the best Ra are feed rate, 400 mm/min, depth 

of cut, 0.3 mm and width of cut, 0.1 mm. 

 

Exp. 

No 

 

Machining Parameter 

 

Profile, Pt 

(𝝁𝒎) 

S/N Ratio Mean 

FR D.O.C W.O.C 

1 300 0.3 0.1 8.760 -18.8501 8.760 

2 300 0.4 0.2 8.829 -18.918 8.829 

3 400 0.3 0.2 8.540 -18.629 8.540 

4 400 0.4 0.1 8.960 -19.047 8.960 

 

Table 4.5: Result S/N ratio and mean for Pt 
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Based on Table 4.5, the optimize parameter result will affect to the S/N 

Ratio value. Based on the S/N Ratio value, the best Pt value is 8.540 𝜇𝑚 resulted 

to the biggest S/N Ratio, which is -18.629. Thus the optimize parameter for Pt is 

feed rate, 400 mm/min, depth of cut, 0.3 mm and width of cut, 0.2 mm. 

 

 

 

Figure 4.8: Data mean of recommend experiment for Pt 

 

Based on statically data mean of lower the better shows in Figure 4.8, 

recommended parameter to obtain the best Ra are feed rate, 400 mm/min, depth 

of cut, 0.3 mm and width of cut, 0.2 mm. 
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Exp. 

No 

 

Machining Parameter 

 

Tool Wear Rate, 

TW 

(mm/hrs) 

S/N Ratio Mean 

FR D.O.C W.O.C 

1 300 0.3 0.1 0.022 33.152 0.022 

2 300 0.4 0.2 0.045 26.936 0.045 

3 400 0.3 0.2 0.029 30.752 0.029 

4 400 0.4 0.1 0.072 22.853 0.072 

 

Table 4.6: Result S/N ratio and mean for TW 

 

Based on Table 4.6, the optimize parameter result will affect to the S/N 

Ratio value. Based on the S/N Ratio value, the best Tw value 0.022 resulted to the 

biggest S/N Ratio, which is 33.152. Thus the optimize parameter for Pt is feed 

rate, 300 mm/min, depth of cut, 0.3 mm and width of cut, 0.1 mm. 
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Figure 4.9: Data mean of recommend experiment for TW 

 

Based on statically data mean of lower the better shows in Figure 4.9, 

recommended parameter to obtain the best Ra are feed rate, 300 mm/min, depth 

of cut, 0.3 mm and width of cut, 0.2 mm. 
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 4.3.1 Validate Results 

   

Validate 

Exp. 

 

Machining Parameter 

 

Average Surface 

Roughness, Ra 

(𝝁𝒎) FR D.O.C W.O.C 

1 300 0.4 0.1 1.115 

 

Table 4.7: Validate Result for Ra 

 

 

 

Figure 4.10: Comparison result of Ra 

 

Table 4.7 shows the validate parameter result recommended by Taguchi 

for Ra with machining parameter of Feed Rate, 300 mm/min, Depth of cut, 0.4 

mm and Width of cut, 0.1 mm. Figure 4.10 shows comparison result Ra of the 

initial parameter with the validate parameter. It shows that validate result perform 

better Ra value that is 1.115 μm than setting parameter that is 1.300μm  
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Validate 

Exp. 

 

Machining Parameter 

 

Maximum 

Surface 

Roughness, Rz 

(𝝁𝒎) 

FR D.O.C W.O.C 

1 400 0.3 0.1 5.651 

 

Table 4.8: Validate Result for Rz 

 

 

 

Figure 4.11: Comparison result of Rz 

 

Table 4.8 shows the validate parameter result recommended by Taguchi 

for Rz with machining parameter of Feed Rate, 400 mm/min, Depth of cut, 0.3 

mm and Width of cut, 0.1 mm. Figure 4.11 shows comparison result Rz of the 

initial parameter with the validate parameter. It shows that validate result perform 

better Rz value that is 5.651 μm than setting parameter that is 5.689 μm  
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Validate 

Exp. 

 

Machining Parameter 

 

Profile, Pt 

(𝝁𝒎) 

FR D.O.C W.O.C 

1 400 0.3 0.2 8.214 

 

Table 4.9: Validate result of Pt 

 

 

 

Figure 4.12: Comparison resulf of Pt 

 

Table 4.9 shows the validate parameter result recommended by Taguchi 

for Pt with machining parameter of Feed Rate, 400 mm/min, Depth of cut, 0.3 mm 

and Width of cut, 0.2 mm. Figure 4.12 shows comparison result Pt of the initial 

parameter with the validate parameter. It shows that validate result perform better 

Pt value that is 8.540 μm than setting parameter that is 8.214 μm  
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Validate 

Exp. 

 

Machining Parameter 

 

Tool Wear Rae, 

TW 

(𝒎𝒎/𝒉𝒓𝒔) FR D.O.C W.O.C 

1 300 0.3 0.2 0.026 

 

Table 4.10: Validate result of TW 

 

 

 

Figure 4.13: Comparison result of TW 

 

Table 4.10 shows the validate parameter result recommended by Taguchi 

for TW with machining parameter of Feed Rate, 300 mm/min, Depth of cut, 0.3 

mm and Width of cut, 0.2 mm. Figure 4.13 shows comparison result TW of the 

initial parameter with the validate parameter. It shows that initial result perform 

better TW value that is 0.022 mm/hrs than validate parameter that is 0.026 mm/hrs  
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4.3.2 Analysis of Varience (ANOVA) 

 

Taguchi method cannot determine the individual parameter on each on the 

process, thus ANOVA function is to determine the most influencing of machining 

parameter that give effect in the experiment. In mathematical ANOVA, Degree of 

Freedom mean how many times of experimental was conducted. Sum of square 

and Mean of square mean related to the effects of experiment to the parameter. 

 

Parameter Degree of 

Freedom 

Sum of 

Square 

Mean 

Square 

P-Value 

FR 1 0.0071 0.0071 0.798 

DOC 1 0.0089 0.0089 0.775 

WOC 1 0.1596 0.1596 0.047 

 

Table 4.11: ANOVA result for Ra 

 

Based on Table 4.11 of mathematical ANOVA, all of machining 

parameter give significant effect to Ra because P-value below than 0.05, but the 

most optimize parameter is width of cut because it resulted the lowest P-value that 

is 0.047. Largest value of Sum of square and mean of square resulted to the most 

significant effect for the parameter. 
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Parameter Degree of 

Freedom 

Sum of 

Square 

Mean 

Square 

P-Value 

FR 1 0.13 0.13 0.857 

DOC 1 0.09 0.09 0.884 

WOC 1 6.140 6.140 0.017 

 

Table 4.12: ANOVA result for Rz 

 

Based on Table 4.12 of mathematical ANOVA, width of cut is the most 

optimize parameter for Rz because the P-value is below than significant value, P 

< 0.05 and resulted the lowest P-value that is 0.017. Largest value of Sum of 

square and mean of square resulted to the most significant effect for the parameter. 

 

Parameter Degree of 

Freedom 

Sum of 

Square 

Mean 

Square 

P-Value 

FR 1 0.0020 0.0020 0.854 

DOC 1 0.0598 0.0598 0.196 

WOC 1 0.0308 0.0308 0.423 

 

Table 4.13: ANOVA result for Pt 

 

Based on Table 4.13 of mathematical ANOVA, there no optimize 

machining parameter to Pt because there no P-value below than 0.05, but the 

parameter that give large significant effect for Pt is depth of cut because it 

recorded the lowest P-value that is 0.196. Largest value of Sum of square and 

mean of square resulted to the most significant effect for the parameter. 
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Parameter DF SS MS P 

FR 1 0.003 0.003   0.558 

DOC 1 0.001 0.001 0.142 

WOC 1 0.0001 0.0001 0.740 

 

Table 4.14: ANOVA result for TW 

 

Based on Table 4.14 of mathematical ANOVA, there no optimize 

machining parameter for TW because there no P-value below than 0.05, but the 

parameter that give large significant effect for  TW is depth of cut because it 

recorded the lowest P-value, that is 0.142. Largest value of Sum of square and 

mean of square resulted to the most significant effect for the parameter. 
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 4.4 Discussion  

 

Tool path strategy selected for the free form surface of P20 steel is 

contour-driven due to the better result compare to the sweeping process and 

uniformity result of Ra, Rz, Pt and low tool wear effect for concave and convex 

profile. 

The most optimize machining parameter to form best surface roughness in 

term of Ra is along parameter of feed rate, 300 mm/min, depth of cut, 0.4 mm and 

width of cut, 0.1 mm. As to form best Rz with the optimized parameter are feed 

rate, 400 mm/min, depth of cut, 0.3 mm and width of cut, 0.1 mm. Meanwhile to 

form best Pt are by conducted optimized parameter of feed rate, 400 mm/min, 

depth of cut, 0.3 mm and width of cut, 0.2 mm. In the other hand, the 4th 

experiment set in the 𝐿4 orthogonal array of experiment by using optimized 

parameter of feed rate, 400 mm/min, depth of cut, 0.4 mm and width of cut, 0.1 

mm will form low tool wear rate. 

According to the ANOVA result from the P-Value, the most optimize 

parameter that give large significant effect for Ra and Rz is width of cut, while 

for the Pt and TW, the machining parameter still does not optimize due to the P-

value result that higher than the significant value, but depth of cut resulted the 

lowest P-value for Pt and TW, so depth of cut give large effect to them in the 

experimental. 
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CHAPTER 5 

 

 

CONCLUSION AND RECOMMENDATION 

 

 

5.1 Introduction 

 

Chapter 5 shows the conclusion and some recommendation for the 

research and experiments that have been done. 
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5.2 Conclusion 

  

 As the nutshell, the overall objectives for this experimental had achieved. 

The tool path strategy for machining the pre harden steel that resulted to the 

smooth surface roughness with the low tool wear effect has been found that is 

contour-driven as result shown in Table 4.1 and Figure 4.1.  

As an addition, the optimize machining parameter in term of feed rate, 

axial depth of cut and radial width of cut could be set up in Taguchi method with 

least number of experimental due to the limited time to conduct the Final Year 

Project 2. The validate result of machining parameter recommended by the 

Taguchi have proved the result for Ra, Rz and Pt is better compare to the 

machining parameter set up in the 𝐿4 orthogonal array of experimental.  

Percentage of validated Ra value is 14.23%, and for percentage validate  Rz value 

is  0.67%, for percentage validate Pt value is 3.81% and for percentage of validate 

TW value is -18.18%  From percentage validate of result for the TW 

recommended by the Taguchi doesn’t prove the result of given better TW effect, 

it might due to the lack of precise Video Measurement System in measuring the 

length of tool wear or during conducting the experiment, the coolant from the 

machine has been stop suddenly that stressed the contact of cutting tool and the 

workpiece that resulted to the greater abrasion effect. 

Improvement in the optimization after validate result shows that to get the 

best Ra value is by implemented machining parameter of Feed Rate, 300mm/min, 

Depth of Cut, 0.4 mm and Width of Cut, 0.1 mm. In the other hand, to get the best 

Rz value is by implemented machining parameter of Feed Rate, 400mm/min, 

Depth of Cut, 0.3 mm and Width of Cut, 0.1 mm. Besides that, to get the best Pt 

value is by implemented machining parameter of Feed Rate, 400mm/min, Depth 

of Cut, 0.3 mm and Width of Cut, 0.2 mm. As for improve the tool life of cutting 

tool, the optimize machining parameter that need to be implemented are Feed 

Rate, 300mm/min, Depth of Cut, 0.3 mm and Width of Cut, 0.1 mm 
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5.3 Recommendations 

 

In this experimental, there are some recommendation could be make: 

 

a. For further study in the tool wear result, research on the microstructure of 

cutting chip recommend as it could give the better answer for the reason of the 

mechanism and type of tool wear. In this experiment, measuring wear by using 

Video Measurement System does only limit to the outer part surface of cutting 

tool but the reason that lead to the wear cannot precisely answered. 

 

b. During machining process in this experiment, cutting force between the 

cutting tool and the workpiece does not being measured due to the limited tool to 

measure the cutting force. So as the recommendation, while conducted the 

experiment, there need to measure the cutting force so that we can measure the 

chatter effect that lead to the reason of surface roughness and tool wear effect. 

 

c. Taguchi method only provided to the robust design of the experimental, 

but it does not provided to the most optimize and validate parameter in once 

conducting experiment. As the recommendation, Design of Experiment in Minitab 

Software could improve the optimization methodology in this experiment. 

 

d. Along conducting the experiment, the machining time generated in the 

Catia software and the actual machining time does not give the same result and 

synchronize even the override of the machining has been turn to 100%. As the 

recommendation for generating the future CAD CAM process using the CNC 

Makino Milling Machine, some other software should be used to get the same 

result of machining time resulted in the software and the actual machining time. 
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