
STUDY OF TOOL ENGAGEMENT AND TOOL 

PATH STRATEGY IN HIGH SPEED END MILLING  

 

 

ROSHALIZA HAMIDON 

 

 

A thesis submitted in fulfillment of the requirement for the 

degree of Doctor of Philosophy in Engineering 

 

 

 

Kulliyyah of Engineering 

International Islamic University Malaysia 

 

 

 

 

 

 
MARCH 2017 

http://www.google.com.my/url?url=http://www.iium.edu.my/educ&rct=j&frm=1&q=&esrc=s&sa=U&ei=KHqFVJaTIZKyuATNwoGoBw&ved=0CBMQFjAA&usg=AFQjCNH8CPBB4-yr6XSF1EeEZS5f3iT02w


 

i 

 

ABSTRACT 

This thesis presents an investigation of the relationship between tool engagement, tool 

path strategy (TPS) and the machining output during pocketing operation to form a 

mould. For pocketing, the cutting tool is required to travel along a straight path and 

corner path by following the predefined tool path strategy. Variation of tool 

engagement occurs during the pocketing that leads to fluctuation of cutting force and 

cutting temperature that give a bad impact on surface quality. Although previous 

studies have demonstrated a relation between cutting force and tool engagement, the 

relation with cutting temperature has not given much attention.   The aim of this study 

is to improve surface quality of mould through end milling process by considering 

tool engagement, tool path strategy, cutting force and cutting temperature.  

 

Firstly, the tool engagement models for slot and peripheral cutting for different case of 

corner cutting were developed. From the model, relation between tool engagement 

and three different types of tool path strategy were analysed. The significant changes 

of tool engagement were observed during the corner when the tool changes direction 

for each tool path strategy. Then, experimental work was conducted to investigate the 

effect of variation engagement for the tool path strategies on cutting force and cutting 

temperature. The highest cutting force and cutting temperature were found in 

pocketing operation by using inclination tool path strategy compared to contour and 

zig zag tool path strategy. The variation of tool engagement is one of the attributed to 

high cutting force and cutting temperature. 

 

Further investigation was conducted to evaluate the effect of cutting parameters on 

cutting force, cutting temperature and surface finish. The three key parameters are 

cutting speed, feed per tooth and depth of cut. Taguchi L9 design of experiment and 

analysis of variance (ANOVA) was used to determine the significant factors that 

influence the result. Within the range of cutting parameters that have been selected, 

cutting speed and feed rate were the most significant parameters that influence cutting 

force, cutting temperature and surface finish. Meanwhile, it was found that the 

increasing of cutting speed and feed per tooth have shown increasing of surface 

roughness.  

 

Finally, the relationship between cutting parameters (controllable factors) and 

machining output (uncontrollable factors) with surface roughness for different tool 

engagement angles were established. Pearson correlation analysis was used to explore 

the correlation between the controllable and uncontrollable factors. It was found that, 

most of the factors have positive relationship between each other. Then, multiple 

regression analysis was used to establish the correlation models. From the analysis, 

the model showed acceptable accuracy and are significant. 

 

The main achievement of this study is improving surface quality of a mould, which 

the surface roughness obtained is in the range of surface quality of mould. In addition, 

it was found that cutting temperature is also closely related to cutting forces and tool 

engagement that affected surface quality.  
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ة البحثخلاص  
 

 القطع استراتيجية مسار أداة أداة القطع، اشتباكطروحة التحقيق في العلاقة بين تقدم هذه الأ
(TPS و ) في عملية  أداة القطع يتُطلب منقالب. لتشكيل الالجيب عملية ل القطعمخرجات

 القطع باتباع استراتيجية مسار أداة لمستقيم والزاويعلى طول الطريق ا أن تتحرك الجيب
إلى  لجيبدث أناا  عملية ايح ذيال القطع اشتباك أداة تغير فيال. يؤدي ددة مسبقا  لمحا

 سطح القالب. جودةتذبذب في قوة القطع ودرجة حرارة القطع التي تؤنر بشكل خطير على 
مع ذلك، لم  .القطع أداة اشتباكو أنبتت معظم الدراسات السابقة العلاقات بين قوة القطع 

 إن الكثير من الاهتمام.القطع وحرارة  أداة القطع اشتباكين قوة القطع، اح العلاقات بتُ 
ئي اهاالقوالب من خلال عملية الطحن السطح  جودةالهدف من هذه الدراسة هو تحسين 

قطع قوة ال، القطع استراتيجية مسار أداة القطع، أداة اشتباكمن خلال الاظر في  وذلك
 .القطع حرارةدرجة و 

، تم أولا   مرتبطة.هذا البحث، تم تقسيم الدراسة إلى نلاث مراحل  فمن أجل تحقيق هد
تم تحليل العلاقات بين . قطع الزاوياللحالات مختلفة من  أداة القطع اشتباكتطوير نماذج 

. من هذه الاماذجالقطع  استراتيجيات مسار أداةونلانة أنواع مختلفة من القطع أداة  شتباكا
أناا  القطع  لكل استراتيجية مسار أداة القطع القطع أداة تباكشلوحظت تغييرات كبيرة في ا

قوة القطع  على لاشتباكجري العمل التجريبي لدراسة تأنير التغيرات في ا، أُ بعد ذلك .الزاوي
تم الحصول على  .القطع سار أداةلم الثلانة المختلفة ستراتيجياتالالجميع  القطع حرارةودرجة 

الميل  قطع من استراتيجية مسار أداة يبالجقطع في عملية  أعلى قوة قطع ودرجة حرارة
 القطع اشتباك أداة إن التغير في .والمحيطي تعرجالقطع الم بالمقارنة مع استراتيجيات مسار أداة

 عاليتين. قطعودرجة حرارة قطع قوة لهو واحد من المساهمين 
 القطع حرارةقوة القطع، درجة  لات القطع علىتم إجرا  المزيد من التحقيق لتقييم تأنير معام

 التغذية في السن ،سرعة القطع التي دُرست هيالمعايير الأساسية الثلانة . السطح نهايةو 
من التجربة وتحليل التباين  Taguchi L9تصميم  ستخدما   وعمق القطع.
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(ANOVA.لتحديد العوامل الهامة التي تؤنر على الاتيجة )  معاملات ضمن و جد من
 لذانال لأهميةالأكثر ا ناملاالمع هما التغذية سرعة القطع ومعدلأن   تم اختيارهاالتي القطع
 زيادةالجد أن وُ  علاوة على ذلك، السطح.نهاية و  القطع حرارةدرجة  على قوة القطع، يؤنرّان

 .زيد من خشونة السطحتفي السن  تغذيةسرعة القطع وال في
رجات القطع مخ( و بها ع )عوامل يمكن التحكمت القطمعاملا، تم تأسيس العلاقة بين أخيرا  

تم  ختلفة.الم القطع شتباك أداةعليها( مع خشونة السطح لزوايا اعوامل لا يمكن السيطرة )
 بها يمكن التحكم التي عواملاللاستكشاف العلاقة بين  Pearsonاستخدام تحليل ارتباط 

لها علاقة إيجابية مع بعضها تبين أن معظم العوامل  السيطرة عليها.تلك التي لا يمكن و 
من خلال أظهر الاموذج ج الارتباط. البعض. تم استخدام تحليل الانحدار المتعدد لإنشا  نماذ 

 .دقة مقبولة وهي مهمة للاستجابة )خشونة السطح(التحليل 
 أداة اشتباك، قوة القطع، القطع حرارةدرجة ونيقة بين العلاقة الأنشأت هذه الدراسة باجاح 

، حققت هذه الدراسة هدفها في تحسين جودة سطح اهايةفي الو  السطح. جودةو  القطع
 .قوالبال

 

Arabic  
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  CHAPTER ONE

INTRODUCTION 

1.1 BACKGROUND 

The mould and die industry is a rapidly growing industry with high demands 

especially in the aerospace and automotive parts. For this industry, improving 

production and at the same time providing the best quality of products is extremely 

essential. To fulfil these criteria, conventional machining is less favourable compared 

to high speed machining thus making the latter more relevant in today's fast moving 

world.  

Previously, polishing is required as a finishing process for mould and die. 

However, the cost of labour and the time consumed for such process has encouraged 

the industry to alternatively switch to a better choice. According to Tsui & Chan, 

(2005) 30% of the total expense in mould and die making which comes from polishing 

process. For example in the automotive industry, hardened steel parts, gears and 

bearings need to go through the finishing process of grinding and polishing. If this 

need can be eliminated, the automotive industry can decrease capitals as much as 40% 

whilst at the same time improve productivity by 30%  (Yan et al., 2005). One way of 

doing this is by employing high speed machining (HSM) which offers higher 

productivity, better quality and lower cost compared to polishing process especially in 

the long run. Though HSM has the potential to replace the polishing process, proper 

selection of cutting conditions such as cutting parameters, tool path strategy, cutting 

and workpiece is needed. 
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Cutting parameters play an important role to achieve optimum performance of 

HSM. The three key cutting parameters in machining is cutting speed, feed per tooth 

and depth of cut. However, to form a mould, end milling with tool path strategies is 

required for the process known as pocket operation.  A pocket operation is a process 

in which an inner empty volume of a part is created. The machining process starts 

from the surface of the part to a pre-defined depth by following a particular tool path 

strategy.  

An efficient and productive tool path strategy is determined by the tool 

engagement. Tool engagement can be defined as the percentage of the tool that 

engages with the material while the cutter is moving during machining (Kramer, 

1992). In performing pocketing operation to a form a mould, tool needs to travel in 

straight and corner cuttings depending on the shape of the mould. This kind of actions 

leads to various engagements between the tool and workpiece. As a result, fluctuations 

in the cutting force occurs which in turn would affect the surface quality.  

In addition, the heat generated during the engagement is another challenge 

during the pocketing process. The friction developed between the tool and the 

workpiece as well as the formation of chips during the machining process are related 

to the cutting force and the cutting temperature. Therefore in order to improve the 

quality of moulds, it is important to explore the relationship between tool path strategy 

and tool engagement cutting force and cutting temperature.  

In this study, HSM was employed to perform pocket operation. Tool 

engagements model were developed for different tool path strategies. The relationship 

between tool engagement and cutting forces was analysed. Furthermore, the effect of 

cutting parameters on different machining strategies was investigated. Finally, the 
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relationship between controllable factors and uncontrollable factors with surface 

roughness for different tool engagements was established. 

 

1.2 PROBLEM STATEMENT AND ITS SIGNIFICANCE 

In a general milling operation, cutting tool travels along a straight path to remove 

material.  For a pocketing operation, the tool is required to travel along a straight path 

and corner path by following the predefined tool path strategy on surface of the 

workpiece. In a straight cutting, radial depth of cut maintain at the same value along 

the path. When it turns to corner or curve shape, radial depth of cut is changing during 

the corner. Changing radial depth of cut causing the variation of tool engagement. As 

consequences, variations in cutting force causes more heat to be generated which can 

deteriorate the surface quality of the mould. 

To solve the problem, some of researchers develop a cutting force prediction 

model during corner cutting. Han & Tang (2015), presented cutting force model that is 

based on tool engagement model during a corner. The model was verified 

experimentally by using titanium as work material. Another prediction model 

developed by  Zhang et al., (2015). For verification, aluminium was used as work 

material and low cutting speed was utilized in the experiment. For both model, a good 

agreement was obtained between the prediction model and experimental result. 

However, it was only verified for low cutting speed process. In addition, the 

prediction model is a complex model to be implemented in a tool path strategy.  

Another issue is the effect of tool engagement on machining output such as 

cutting force, cutting temperature and surface roughness. Not much study has been 

done which focuses on this issue. The study that was found on the related issue is only 

concerning on the effect of tool path strategy on the machining output. Among recent 
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studies were conducted by Riza (2016) and Pinar (2013). From the result it was found 

that different tool path strategy has different effect on machining output. However, the 

studies were more focused on the optimization of tool path strategy and cutting 

parameters. The discussion of tool engagement that affected the result was not 

seriously discussed. Moreover, some of studies narrow down on soft material and low 

cutting speed only.  

The empirical model developed from the previous researches focused on the 

relationship of three key cutting parameters (cutting speed, feedrate and depth of cut).  

The cutting parameters are the controllable factor that can be selected by machinist. 

However, machining output not only affected by controllable factors. According to 

Hou et al. (2014), the uncontrollable factors such as cutting force has relation on 

cutting temperature, surface roughness and tool wear. The study that focused on the 

relation of controllable factors and uncontrollable factors was done by Aguiar et al. 

(2013). The correlation of tool vibration and surface roughness was investigated. Tool 

vibration was assigned as the uncontrollable factor. The same area of study was done 

by Hessainia et al.(2013). The relationship of cutting parameter and tool vibration was 

presented in this study. It can be concluded that, surface quality not only affected by 

controllable factor, but same does for uncontrollable factor. However, not much study 

concerning on the issue.  

By taking into account the importance of all of the above factors, there is still a 

gap that needs to be filled up. The objective of this study is discussed in the next sub 

chapter. 
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1.3 RESEARCH PHILOSOPHY 

In mould and die making, milling operation is used to replace polishing operation for 

economical purpose. End milling operation with tool path strategy is usually used to 

perform pocket operation to form a mould. In order to meet surface quality 

requirement, selection of good process and cutting parameters is very important. 

However, in pocketing operation, tool engagement and tool path strategy is an 

additional criterion that needs to be seriously focused on as it can affect cutting force 

and cutting temperature. Since surface quality also affected by cutting force and 

cutting temperature, the relationship between the factors need to comprehensively 

study. 

 

1.4 RESEARCH OBJECTIVE 

The aim of this study is to enhance the surface quality of mould and die through end 

milling process. This is achieved through a series of objectives outlined as follows: 

i. To develop a tool engagement models for different tool path strategies 

ii.  To analyse the relationship between tool path strategies, cutting force and 

cutting temperature 

iii. To evaluate the effect of cutting parameters of different tool path strategies 

on cutting force, cutting temperature and surface roughness 

iv. To establish correlation between cutting parameters and machining output 

with surface roughness 

 


