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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 Lg 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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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.



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



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



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.



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.  Todevelop 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



