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ABSTRACT

Micro milling with minimum quantity lubrication (MQL) have the ability in reducing
cutting temperature and prolongs the tool life. However, uncontrolled vibration, known
as chatter remains as a critical issue in micro milling process especially with the
presence of MQL. Thus, the main aim of this research is to analyse the vibrational signal
produced by the various combination of micro milling and MQL parameters during
machining in target to control and reduce the undesired chatter. High-precision CNC
machine tool was used to machine the microchannels onto a copper workpiece with a
500 pm micro end mill tool which is lubricated using an MQL system. This research
consists of two parts which are the preliminary investigation (1% part) and vibration
investigation (2" part). Preliminary experiment (1 part) determines and isolates the
significant parameters towards the vibrational signal. During this part, spindle speed,
depth of cut, feed rate, nozzle air pressure, and nozzle distance were used as the
controlled parameters. The vibrational signal; spindle speed frequency (SSF)
amplitudes, and overall amplitudes; were measured using an accelerometer and a data
acquisition system. It was found that, the parameters which influence the vibrational
signals were the spindle speed (20000 — 50000 rpm), depth of cut (20 — 50 pm), oil flow
rate (3.75 — 11.25 ml/hr), nozzle air pressure (0.200 — 0.275 MPa), and nozzle direction
(90 - 270°). These parameters were used as the controlled parameters in the vibration
investigation (2" part). In this 2" part, Taguchi L1s was used to design the experimental
run. The accelerometer and the data acquisition system were used to measure the SSF
amplitudes and chatter amplitudes. Based on the amplitudes, chatter ratio were
calculated and analyzed using signal-to-noise (S/N) ratio and analysis of variance
(ANOVA). It was found that the nozzle direction and depth of cut has the highest
influence on the chatter ratio followed by nozzle air pressure, spindle speed and oil flow
rate. The optimum parameters for minimum chatter ratio (0.0104) were found to be 3.78
ml/hr oil flow rate, 0.275 MPa nozzle air pressure, 270° nozzle direction, 49.89 pum
depth of cut, and 49959 rpm spindle speed. The developed model is found to be
adequate since the percentage error is relatively small (= 7%). As a conclusion, chatter
ratio is the best indicator compared to other amplitudes in determining the presence of
chatter produced during micro milling process with MQL.
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CHAPTER ONE
INTRODUCTION

1.1 BACKGROUND OF THE STUDY

As the technology in manufacturing keep advancing forward, the requirement for the
machining accuracy and dimension also keep getting higher. Thus, the fabrication of
the micro products greatly relies on the microfabrication technologies. Microfabrication
is the collection of techniques that used to fabricate products in micrometer range
(Boswell, Islam, Davies, Ginting and Ong, 2017; Boswell, Islam and Davies, 2017,
Chavoshi and Luo, 2015; Franssilla, 2010). These micro-sized products commonly are
used in the field of microelectronics, biomedical, and also aerospace (Pratap and Patra,
2014).

Following this, micro milling is recognized as the most flexible microfabrication
process that has the capability to generate a wide variety of micro components and
microstructures (Chen, Teng, Zheng, Xie and Huo, 2018). In addition, one of the many
reasons why micro milling is the suitable choice for microfabrication is because of their
ability to fabricate parts directly from a three-dimensional (3D) computer-aided design
(CAD) model and making prototypes from designs much easier and faster
(Guckenberger, De Groot, Wan, Beebe and Young, 2015).

However, high-speed micro milling process produces high friction between the
micro milling tool and the workpiece. This ultimately resulted in high temperature
machining and greatly reduces the lifespan of the cutting tool (Koklu and Basmaci,
2017). Hence, the most common way to overcome these problems is by using lubricant
during the machining operation where the generated heat is able to dissipate and

prolongs the tool life (Vasquez, Gomar, Ciurana and Rodriguez, 2015).



Normally in industries, large amount of continuous flowing cutting fluids also
known as flood lubrication or flood cooling are used to lubricate workpiece, remove the
generated heat from the machining zone, and protect the cutting tool edge. However,
the usage of flood lubrication in micro milling is proven to be inefficient, increases the
overall production cost, and also produces adverse health effect with long exposure of
the fluid (Boubekri and Shaikh, 2014). Thus, minimum quantity lubrication (MQL) is
selected as the preferred alternative to flood cooling due to its efficiency in lubricating
the workpiece and reduces production cost (Sharma, Singh and Sorby, 2015; Sharma,
Tiwari and Dixit, 2016).

Although, the application of MQL is considered as a solution for the tool life
problem, it does not help in eliminating fundamental machining issues such as
vibrations which hugely affects the dimensional accuracy of the machined product. It is
known that MQL parameter, when interacting with machining parameters, does
influence the vibration during machining process. Interestingly, this fundamental issue
of vibration can be controlled by adjusting the parameters involved during machining
process (Carou, Rubio, Abrao and Davim, 2016; Guo, Dong, Wang and Ke, 2016).
Therefore, by controlling the vibration produced by MQL and micro milling parameters,

this ensures the output quality of the workpiece.

1.2 PROBLEM STATEMENT

Micro milling is one of the highly demanding micro processing technologies that
offered various advantages such as the ability to machine a wide range of workpiece
materials, 3D surface machining, low energy, and high efficiency machining process

(Lu, Jia, Wang, Si and Wang, 2016).



Micro milling is a process where it is commonly done in a dry condition.
Nevertheless, it possesses a critical problem where high friction causes high cutting
temperature during the machining operation. High temperature during machining
directly and indirectly affects the surface quality, dimensional accuracy, and tool
lifespan of the machining process. Therefore, in order to overcome these problems,
lubrication is needed during the machining process since it helps to lubricate and reduce
the friction between the workpiece and the tool.

Commonly, lubricant is applied in traditional milling by flooding the workpiece.
Nonetheless, flood lubrication is not suitable to be used in micro milling because of its
inefficiency in costing, adverse health effects, and environmental problem. Thus, MQL
is introduced as the alternative for flood lubrication. MQL which is a near-dry
lubrication method is considered as an effective solution due to its advantage in
reducing the friction together with the cutting temperature while maintaining less
cutting fluid volume usage.

However, vibration in micro milling using MQL is still not fully investigated
due to the complex behaviour of MQL mechanism and its combination with micro
milling parameters. Furthermore, a mathematical model that can predicts appropriate
machining parameters and its values for controlling vibration are still undeveloped.
Hence, the vibration issues in micro milling with the presence of MQL are found to be

unsolved and it remains as a critical issue.

1.3 RESEARCH OBJECTIVES

The main aim of this research is to investigate and control the vibration produced in

micro milling with the presence of MQL. The specific objectives are as follows:



1. To determine the machining parameters that influence the vibration in micro
milling with MQL.

2. To analyse the vibration signal and formulate a mathematical model in
relation to the machining parameters to control the vibration during micro
milling with MQL.

3. To validate the formulated mathematical model and determine the optimum

parameters of the vibration produced in micro milling with MQL.

1.4 SIGNIFICANCE OF RESEARCH

The main purpose of this research is to analyse and control the vibration produced
during micro milling process with the presence of MQL. The breakthrough of this
research is the successful control of vibration during micro milling process with MQL
and the identification of the most significant process parameter affecting the vibration.
Furthermore, the ability to control the vibration also opens the possibility to reduce the
chatter which greatly affects the machining of the workpiece. Finally, the developed
mathematical model can be used for the contribution in the field of vibrational studies,

especially in micro milling process with MQL.

1.5 RESEARCH METHODOLOGY

The research starts with the literature review in order to identify the possible problem
and the objectives that are to be achieved with this investigation. The research continues
with the selection of micro milling and MQL parameters that significantly affects the
vibration by running several preliminaries experiment. Then, vibration investigation in
which the selected micro milling and MQL parameters are combined and experimented

using Taguchi orthogonal arrays (OA). Henceforth, the results from this vibration



investigation experimental runs are analysed using signal-to-noise (S/N) ratio and
analysis of variance (ANOVA). Finally, a mathematical model is developed to control
the vibration produced by the parameters combination and to achieve the best output on

the machined workpiece.

1.6 SCOPE OF RESEARCH

The research focuses on the vibration issues in the micro milling process with the
presence of MQL. The detailed scopes of the research are as follow:
1. Use of an accelerometer as the sensor and placed at the air bearing spindle
for the measurement of vibration during machining process.
2. Use of unmodified vegetable biodegradable based oil without additives as
the MQL lubricant.
3. Use of suggested tool overhang and nozzle directions angle as one of the
process parameters.
4. Use of two-flutes tungsten carbide end mill with the diameter of 500 pum as
the cutting tool and C1100 copper as the workpiece material.
5. Analysis of the chatter to SSF amplitudes ratio onto the chatter marks on the
machined microchannel.
6. Use of Taguchi design of experiment with signal-to-noise (S/N) ratio and

analysis of variance (ANOVA) as the analysis tools.

1.7 THESIS ORGANIZATION

This thesis is systematically organized by starting with Chapter One which consist of
the background of this research, problem statement, research scope, and research

objectives. Next, in Chapter Two, the literature review on the micro milling, the



implementation of MQL, and the relationship between vibration and micro milling
process are presented. Taguchi OA as the experimental design while S/N ratio and
ANOVA as the analysis method are also discussed in this chapter. Furthermore, in
Chapter Three, the methodology of the investigation is explained. This section covers
from the flowchart of the research, the material and the equipment used, the experiment
designs for preliminaries investigation and vibration investigation, as well as the
detailed procedures for both experiments. In addition, Chapter Four discussed on the
results of the preliminaries experiments which selects the parameters that significantly
affect the vibration and to be used in the vibration experiment design. Then, Chapter
Five explained on the design of the vibration investigation which uses the selected
parameters from the preliminaries investigation. Chapter Six discussed on the data
results and analyses of the vibration investigation using S/N ratio and ANOVA
methods. Finally, Chapter Seven concluded the research and provide several

recommendations for the upcoming future works.



CHAPTER TWO
LITERATURE REVIEW

In this chapter, a comprehensive literature review of related topics are presented. It
includes the introduction to micro milling process, the use of minimum quantity

lubrication (MQL) in machining, and the vibration in micro milling.

2.1 MILLING

Milling is a process that removes materials from workpiece by a rotating cutter. It is
considered as a secondary process after casting, forging, or rolling is done onto the
workpiece material. As the demand of micromachining is increasing to produce
miniature devices. Thus, a machining is required, and this introduces micro milling into
the industry (Deng, Wan, Huang, Huang and Zhou, 2016; Ali, Khan and Asfana, 2012a;
Ali, Mohamed, Asfana, Lutfi and Fahmi, 2012b).

Following this, as the machines and the metrologies keep getting advanced, it
critically needs to meet the requirement of part sizes, features, definition, accuracy, and
precision (Gao and Huang, 2017). Micromachining refers to the production of high-
precision and low-tolerances 3D products. These products consist of features with the
sizes that is ranged from tens of micrometer to a few millimeters in a wide variety of
materials (Unune and Mali, 2015). As a result, micro milling which is a type of
micromachining process is the scale down of its conventional milling process where it
has the ability to fabricate a wide range of miniaturize products (Oliaei, Karpat, Davim

and Perveen, 2016; Oliaei, and Karpat 2018).



2.1.1 Micro Milling

Micro milling is one of the subtractive manufacturing processes that uses a micro-sized
milling cutter with diameter less than or equal to 1 mm. Micro milling have the basic
milling system which consist of a worktable, cutting tool, and overhead spindle as
shown in Figure 2.1. It is commonly combined with a CNC machine rather than a
manual control in order to achieve high accuracy, precision, and automation (Xu, Liu,

Wang and Yu, 2017; Guckenberger et al., 2015).
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Figure 2.1: Micro milling machining process (Guckenberger et al., 2015)

Micro milling is also considered as a very flexible process because it can be used
to machine a wide variety of material such as metals and polymers (Pratap, Patra and
Dyanokov, 2015; Pratap and Patra, 2014; Camara, Rubio, Abrao and Davim, 2012;
Dornfeld, Min and Takeuchi, 2006). Normally, in micro milling, the type of the milling
process used is the end milling due to the incredibly small diameter of the cutting tool
(Guckenberger et al., 2015).

The basic principle of micro milling is quite similar to the conventional milling.

The surface of the workpiece is mechanically removed using a cutting tool, in this case



