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ABSTRACT

Glass fiber reinforced polymer (GFRP) composites are used in many industrial
applications due to the advantages they offer compared to other materials. These
advantages are the light weight with the high strength, good toughness, high
corrosion resistance, high thermal resistance and relative ease of manufacture of
components using GFRPs, makes these materials candidates for more and more
applications. Joining GFRP composite laminate to other metal material structure
could not be avoided; the bolt joining efficiency depend critically on the quality of
machined holes in all the industrial applications. There are many cutting processes
which are used for producing riveted and bolted joints during the assembly operation
of composite laminates with other parts. For riveted and bolted joints, precise holes
must be made in the components to ensure high joint strength and precision.
Conventional machining such as drilling and milling of hole making in composite
materials face many challenges due to the properties of the matrix, diverse fiber ,
fiber orientation and the inhomogeneous nature of the composite. Non conventional
machining like abrasive water jet machining (AWJM) & laser beam machining
(LBM) processes have been used for processing composite materials because of the

advantages they offered as compared to the traditional techniques.

The objective of the current work is to evaluate the effect of drilling, milling,
abrasive water jet and laser beam machining parameters on hole making process of
GFRP. Statistical approach is used to know the effects of the predictor parameters on
the response variables. Analysis of variance (ANOVA) was used to isolate the effects
of the predictor parameters affecting the hole making in both abrasive water jet and
laser processes. The result shows that abrasive water jet cutting promises a better



cutting, less cost of operation and high production compared to the other cutting

technologies.

Keywords: CO; laser, AWJM, Cutting Parameters, Laminated GFRP, Cut quality,

Cost, Productivity and Optimization.
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Cam elyaf ile giiglendirilmis polimer (CTP) Kompozit ¢iinkii bunlar diger geleneksel
ve geleneksel olmayan malzemeler ile karsilastirildiginda istiin avantajlart sunar
uygulamalar1 bir ¢ok sayidaki kullanilmaktadir. Bu avantajlar agirlik orani yiiksek
mukavemetli, yiiksek modiillli, yiiksek kirilma toklugu, yiiksek korozyon ve 1sil
direnci vardir. Dolayisiyla iiretim maliyeti diisiik sunan GFRPs ile komponent
imalati goreceli olarak kolay, daha fazla uygulama icin bu malzemeler aday hale
getirlir. Yapisal malzeme olarak diger metal malzeme yapisi kompozit laminate
katilmadan kacinilmasi olamazdi; verimliligi ve kaliteyi birlestiren civata tim
endistriyel uygulamalarda islenmis delik kalitesine elestirel baglidir. Cesitli kesme
islemleri yaygin olarak diger bilesenler ile kompozit laminatlarin montaj islemi
sirasinda perginli ve civatalarini tiretmek i¢in kullanilir. Perginli ve civatali eklem
icin, hasarli ticretsiz ve hassas delikler yiiksek ortak giicii ve hassasiyeti saglamak
icin bilesenleri olarak yapilmalidir. Delik delme ve frezeleme fiber takviyeli
kompozit yapma gibi Konvansiyonel isleme cesitli lif ve matriks 6zellikleri, elyaf
oryantasyonu, malzemenin homojen olmayan yapisi nedeniyle zordur. Asindirici su
jeti ile isleme (AWJM) & Lazer 1sin1 isleme (LBM) islemleri nedeniyle geleneksel
tekniklerle karsilastirildiginda bu teknolojilerin sagladigi avantajlardan kompozit

malzemelerin islenmesi i¢in kullanilmaktadir.

Mevcut calismanin amaci delik GFRP verme siirecinde iizerinde delme, frezeleme,
asindirict su jeti ve lazer 1smn1 isleme parametrelerinin etkisini degerlendirmek igin.
Istatistiksel yaklasim yanit degiskenler kontrol parametrelerinin etkisini anlamak i¢in
kullanilir. Varyans analizi (ANOVA) analiz asindirict su piiskiirtme ve lazer
islemleri hem de alma deligi etkileyen parametrelerin etkilerinin izole etmek igin
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yapildi. Bunun sonucu asindirict su jeti kesim, lazer 151 kesme teknolojisi ile
karsilagtirildiginda ¢alisma ve yiiksek iiretim daha iyi bir kesim, daha az maliyet

vaad edir gosterir.
Anahtar Kelimeler: CO2 lazer, AWJM, delme, frezeleme, Parametreler, Lamine

GFK, Kesme kalitesi, Maliyet, Verimlilik ve Optimizasyon Kesme.
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Chapter 1

INTRODUCTION

1.1 Composite Materials

Composite materials are constructed from two materials; one material is called the
reinforcement or discrete phase. The other is called a matrix or continuous phase.
The fiber and the matrix have two different properties but when combined together
they form a material with significantly different properties that are not found in either
of the individual materials, such as high strength per weight ratio, high corrosion and
thermal resistance and high stiffness, which are markedly superior to those of
comparable metallic alloys. The duty of the matrix phase is to hold the reinforcement
in order to form the desired shape; while the function of the reinforced is to carry the
major external load thus improves the overall mechanical properties of the matrix.
When the two phases are mixed properly, the new combined material present better
strength than would each individual material [1]. The simplest explanation of a

composite material is shown in figure 1.

Fibers Resin Composile

Figure 1: Formation of composite material using fibers and resins [2].



1.2 Advantages of Composite Materials

Composite materials are used in various fields compared to other materials due to

the following advantages [2]:

1. They have high strength per weight ratio. The use of light weight materials
result in the increase of the fuel efficiency of automobiles and airplanes.

2. High fracture toughness,

3. Composites show better impact properties compared to metals; they are a
good dampers and they reduce the noise and vibration high damping, which
makes these materials candidates in more applications like in automobiles,
aircrafts, tennis rackets and golf clubs.

4. Composites have a low thermal expansion coefficient, which can lead to
provide a good dimensional stability.

5. Most composites materials are made of plastics or resin and hence provide a
high level of corrosion resistance compared to other traditional materials
which need a special treatments to protect them from corrosion

6. Manufacturing composite materials take less time, and the part can be made
to be a particular shape or size not requiring further more. Complex parts
with special shapes and contours can be directly machined. The fabrication of
complex parts means, a fewer number of parts is required to assemble and
more production time saved.

7. The pressure and temperature required in the processing of composite is
much less than that required for metals, thereby providing aflexibility in the

way of processing the composites, in turn providing flexibility in production.

2



1.3 Disadvantages of Composite Materials

Although there are many advantages in using the composite materials, some

drawbacks need to be taken into consideration [2]. Some of these drawbacks are:

1. Composite materials are more costly than other materials like steel and
aluminum.

2. The temperature resistance for composite is dependent upon the matrix
material used for binding the fibers. Most matrix materials are polymer based,
hence, the maximum working temperature is less than in metals do.

3. Composites absorb moisture, which affect the way they behave.

4. Recycling of composite is difficult.

In spite of all the above drawbacks mentioned previously, the composite materials
have more advantages than metals to use. The weight reduction that composite bring
about is of a great advantages. Composites are replacing metals in most parts, as they
are much lighter than metals. Most of the drawbacks can be controlled or composites
can be used in places or environments, which do not affect them. Thus offering low
cost of production, makes these materials candidates for more and more applications

[3]. An indication of the increased usage of composites is shown in figure2 [4].

50% A 46%
45% A
40% A
35% A
30% A
25% A
20% A
15% -
10% -

5% -

0% -

0, .
31% B commercial Aerospace

B Space & Defence
O Electronic Materials

O Industrial

Usage

Figure2: Percentage use of composites by various industries [4].



Joining composite laminate to other metal material structure could not be avoided;
the bolt joining efficiency depends critically on the quality of machined holes in
many industrial applications as in the assembly of aerospace components [5]. Many
machining processes are used for producing riveted and bolted joints during the
assembly operation of composite laminates with other components. Hole making is
one of these operations. As an example, there are over 100,000 holes made for a
small single engine aircraft, while a million of holes are made in a large transport
aircraft for fasteners such as rivets, bolts and nuts [6]. For riveted and bolted joints,
precise holes must be made in the components to obtain high strength and reliable

joints [7, 8].

1.4 Classification of Composite Materials

Composite materials can be available for the use in the following two forms [9]:

1. Natural Composites

There are many natural materials, which can be grouped under the natural
composites such as bones, shells, wood, pearlier (steel which is a mixture of a phase
and FesC) etc.

2. Man-Made Composites

Man-made composites can be obtained by combining two or more materials in
definite proportions under controlled conditions. For example Mud mixed with the
straw to produce stronger mud mortar and bricks, decorative laminates, fiber
reinforced plastic (FRP), Composites, concrete and RCC, reinforced Glass etc.

Man-made Composites can be classified in the following manner:



1.4.1 According to the Type of Matrix Material

Composite materials can be classified according to the type of the matrix material
used in their fabrication [9]:

1. Metal Matrix Composites.

2. Ceramic Matrix Composites.

3. Polymer Matrix Composites

1.4.1.1 Metal Matrix Composites (MMC)

This type of Composites has many advantages over other metals such as higher
specific strength, better properties at elevated temperatures, and lower coefficient of
thermal expansion. Because of these characteristics, metal matrix composites are
used for applications requiring higher operating temperatures than are possible with
polymer matrix composites materials. Most of these composites are developed for
the aerospace industry, but there are also anew applications are found in the
automotive industry, like in the automobile engine parts. For example, the
combustion chamber nozzle of the rockets and the space shuttle, housing, heat
exchangers, structural members etc.

1.4.1.2 Ceramic Matrix Composites (CMC)

The main purpose in producing ceramic matrix composites is to increase the
toughness.

1.4.1.3 Polymer Matrix Composites (PMC)

Polymer matrix composites are the commonly used matrix materials in the industrial
applications. The reason for this is twofold. First, the mechanical properties of
polymers are inadequate (low strength and stiffness compared to the metals and
ceramics) for many structural purposes. This problem can be overcome by

reinforcing other materials with polymers. Secondly, there is no needing for high



pressure and temperature in the processing of polymer matrix composites. In
addition, simpler equipments are used for producing the polymer matrix composites.
For these reasons the polymer matrix composites are rapidly became a popular for
structural applications. There are two main types of polymer composites, these are:
fiber reinforced polymer (FRP) and particle reinforced polymer (PRP).

1.4.2 According to the Geometry of Reinforcement

Composite materials can be classified according to the geometry of reinforcement.
The strengthening mechanism is strongly dependent on the geometry of

reinforcement. Figure 3 shows a commonly accepted classification scheme for

composite materials.
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Figure3: Classification of composite materials [9].
It is clear from Figure 3 that there are three main configurations of composites
according to the geometry of reinforcement, and a brief description for each type is

available in the following subsections.



1.4.2.1 Fibrous Composite

A fiber is characterized by its length greater than its cross-sectional dimensions. The
dimensions of the reinforcement determine the properties of the composite. Fibers
are very active in improving the failure resistance of the matrix, since a
reinforcement having a long dimension prevent the growth of incipient cracks normal
to the reinforcement that might happen, otherwise lead to failure, especially with
brittle matrices. Fibers of non polymeric materials exhibit much higher strength
along their length since large flaws, which may be present in the bulk material, are
minimized because of the small cross-sectional dimensions of the fiber. In the case of
polymeric materials, orientation of the molecular structure is responsible for high
strength and stiffness. Fibrous composites can be widely classified as single layer
and multi layer composites. Single layer composites may actually be made from
several layers with each layer having the same orientation and properties and thus
the entire laminate may be considered as a single layer composite. Most composites
used in the structural applications are multilayered. Each layer is a single layer
composite and its orientation is varied according to the requirement. Several identical
or different layers are bonded together to form a multilayered composites applicable
for engineering applications. When the constituent materials in each layer are the
same, they are called simply laminates. While the hybrid laminates refer to the
multilayered composites consisting of layers made up of different constituent
materials. Fibers in a single layer composite may be short or long compared to its
overall dimensions. Composites with long fibers are called continuous fiber
reinforced composites and those with short fibers, discontinuous fiber reinforced
composites. The continuous fibers in single layer composites can be all in one

direction to form a unidirectional composite. These composites are produce by laying



the fibers parallel and mixed them with resinous material. While the bidirectional
reinforcement is fabricate in a single layer with mutually perpendicular directions as
in a woven fabric. The strength of the two perpendicular directions is approximately
equal in the bidirectional reinforcement. The direction distribution of discontinuous
fibers in the composite material cannot be easily controlled. Therefore, fibers can be
either randomly distributed or preferred distributed. In most cases, the fibers are
assumed to be randomly distributed in the composites. But, in the injection moulding
of a fiber reinforced polymer, the orientation of fibers may be occur in the flow
direction of preferred oriented fibers in the composites.

1.4.2.2 Particulate Composites

In this type of composites, the reinforcement is of particle nature. It can be spherical,
cubic, tetragonal, a platelet, or of other regular or irregular shape. In general,
particles are not very active in improving fracture resistance but they improve the
stiffness of the composite to a limited extent. Particle fillers can be used to improve
the properties of composite materials such as to modify the thermal and electrical
conductivities, improve performance at elevated temperatures, reduce friction,
increase wear and abrasion resistance, improve machinability, increase surface
hardness and reduce shrinkage.

1.4.2.3 Flake Composite
A flake composite consists of thin, flat flakes held together by a binder or placed in a

matrix. Almost all flake composite matrixes are plastic resins. The most important
flake materials are aluminum, mica and glass [10].

Flakes will provide:

1. Uniform mechanical properties in the plane of the flakes

2. Higher strength

3. Higher flexural modulus



4. Higher dielectric strength and heat resistance
5. Better resistance to penetration by liquids and vapor

6. Lower cost

1.5 Types of Fiber Reinforced Polymer (FRP)

According to the type of fiber material, the fiber reinforced composite materials can
be classified to three types; these are: Carbon fiber reinforced plastic (CFRP), glass
fiber reinforced plastic (GFRP) and aramid fiber reinforced plastic (AFRP) [5]. The
following is a brief description for the three types:

1.5.1 Carbon Fiber Reinforced Polymer (CFRP)

This type of reinforced polymer contains thin fibers of about 0.005-0.010 mm in
diameter and composed mostly of carbon atoms. The carbon atoms are mixed
together in microscopic crystals that are more or less aligned parallel to the long axis

of the fiber.

1.5.2 Glass Fiber Reinforced Polymer (GFRP)

Glass fiber reinforced plastic is commonly known as fiberglass, developed
commercially after the Second World War. It was the first lightweight, high-strength,
and relatively inexpensive engineering composite. The use of fiberglass has grown
rapidly since that time. The term ‘Fiberglass’ is referred to as a thermoset plastic
resin which is reinforced with glass fibers. Through the GFRP composite, the glass
fibers are surrounded by polymers matrix. Each of the glass fiber and the matrix keep
its own chemical, physical and mechanical properties [1]. There are two common
types of glass fibers. These are the E-glass (electrical) and the S-glass (high

strength).  E-glass can be considered as the most commonly used fiber



reinforcement. This type of glass has a good heat resistance, and high electrical
properties. For more critical requirements, S-Glass offers higher heat resistance and
about one-third higher tensile strength (at a higher cost) than that of E-glass. GFRP
composites has been used in many engineering applications such as aircraft
structures, boats, automobiles, machines tools and sports equipments, due to the
advantages they offer compared to other conventional and non-conventional
materials [1]. The level of composite strength can be determine during the moulded
of FRP/Composite by control the arrangement of the glass fibers ( How the
individual strands are positioned). The three basic configuration of glass fiber
reinforcement are unidirectional, bidirectional and multidirectional. The former
provide the maximum strength in the direction of the fibers. It can be continuous or
intermittent, depending on the specific needs depending on the part shape and
process used. This configuration allows a very high reinforcement loading for
maximum strengths. The fibers in a bidirectional configuration are in two directions
perpendicular to each other, thus providing the highest strength in those directions.
The same number of fibers need not necessarily be used in both directions. High
fiber loading can be obtained in woven bidirectional reinforcements. Multidirectional
or random configuration provides essentially equal strength in all directions of the
finished part [11]. The glass fibers are made from silicon oxide with addition of some
amounts of other oxides [9]. They have a high strength, good temperature and
corrosion resistance, and low price. Glass Fiber Reinforced Plastics (GFRP’s) are
widely used in the mechanical joints of components and structures in various

applications [12].

Glass fiber is available in the following forms [10]. Figure 4 shows these forms
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1. Continuous Fiber
2. Chopped strands

3. Woven

(&) Continuous Fiber (b) Chopped Strands

(c) Woven Fabric

Figure 4: Forms of Glass Fiber: (a) Continuous Fiber (b) Chopped Strands (c) Woven

Fabric [5, 10].
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1.5.3 Aramid (Kevlar) Fiber

Aramid is the universal name for aromatic polyamide. It is presented in 1972 by du
Pont under the trade name Kevlar. There are two commercial types: Kevlar-29 and
Kevlar-49. The former has a low-density, high strength, low modulus fiber and it is
designed for some applications like ropes, cables, armor shield, etc. while the second
one has low density, high strength, and high modulus. It is used in aerospace, space
shuttle, ships and boats, automotive, and other industrial applications [1]. The present

work focuses on glass fiber reinforced plastics.

1.6 Machining of Glass Fiber Reinforced Plastic

Machining process in general is one of the basic operations required to cut the
materials into the required size and dimensions. Machining include removal of
material from the work piece by means of certain processes in order to get the
desired size and shape as per the specifications. Machining of GFRP composite
materials differs in many aspects from the machining of traditional materials [7].
Machining of composites is difficult. This is because, the material behavior is non-
homogeneous and anisotropic and also depends on the diverse reinforcement and
matrix properties, and the volume fraction of matrix and reinforcement. The tool
which is used in the machining process is subjected to alternatively the matrix and
reinforcement materials, whose response to the machining process can be entirely
different. For that reason, a number of problems may be follow the machining of
fiber reinforced composite materials [13]. The differences in the material properties
and the degree of anisotropy, cause difficulty in the predicting of the material
behavior while being machined. This can result in specific problems of FRP

machining which can be listed as follows:
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(@) Delamination due to local dynamic loading caused by different stiffness’s of the

fiber and matrix, illustrating for the delamination can be shown in Figure 5.

Figure 5: The delamination around the drilled hole [14].

(b) Spalling, chipping and delamination of the material.

(c) Fuzzing due to pulled out and crushed fibers;

(d) Burning due to poor thermal conductivity;

(e) Dimensional accuracy during machining of composite is very hard to predict since
the reinforcement and matrix have different coefficient of thermal expansion.

Cutting tools may also be damaged by abrasive fibers rounding the cutting edges
prematurely. The difference in hardness between the fiber and matrix may lead to
edge chipping of the tool. In addition, the tool may be clogged by melted matrix
material. Some of the most common conventional machining processes used are
drilling, turning, and milling. Earlier composites were machined like metals, but due

to the bad cut quality which resulted from such type of machining processes and the
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tool wear problems led to the further study of composite machining [13]. These
types of conventional machining techniques were adapted to machine glass fiber-
reinforced composites because of the availability of equipment and experience,
although the response of GFRP composites to the machining is completely different
from the machining of other materials. In some cases, conventional machining with a
cutting tool harder than the work material may not be an economical proposition.
Therefore, the need arises for alternate material removal processes or
nonconventional machining processes, like laser machining, water jet machining
(WJIM) and abrasive water jet machining (AWJM) processes, electrical discharge
machining, etc. [1]. When the GFRP became more popular and widely used in the
civilian sector, such as in auto and other consumer industries, material and
machining costs became the driving factors and a high level of automation for the
mass manufacturing of composite parts will be required to bring the costs down and
compete with other materials. The progress in the nonconventional machining
processes offer an a chance to process these materials economically, therefore

realizing the full potential of the composite materials.

Machining can be classified into the following two types.
1) Conventional machining

2) Non-conventional machining

The following is the description for the two types of machining processes of GFRP

composite materials.
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1.6.1 Conventional Machining

Conventional machining processes are those processes, which involve cutting action
by physical contact between tool and work piece having relative motion between the
same. They are (i) drilling, (ii) milling, (iii) turning, (iv) shaping, (v) grinding, etc.
[15].

1.6.1.1 Drilling Process

It is one of the popular cutting processes which is used a drill bit in a drill to make
holes in solid materials. When the drill is rotated and moved on the work piece, the
material is removed in the form of chips and moves along the fluted shank of the
drill. Figure 6 shows the schematic of drilling process. There are various types of
tools used in drilling process depending on the type of material to be machine, the
size and number of the holes required, and the time required to complete the
machining. The holes created are used primarily for fastening one component to
another, passing coolants, and for wiring purposes. Drilling has been widely used to
make holes in metals, but due to its availability and because it is more cost effective
than the non-conventional cutting processes, it is now being used to remove materials
from composites as well. However, composites machining by drilling process result
in some problems. One of the major problems caused by drilling process is
delamination. It was mentioned in the literature that, in aircraft industry for example,
the rejection of parts made from the composite laminates due to drilling- induced
delamination damages in final assembly was 60% [16]. Therefore, any drilling-
induced delamination that results in reject of the component represents an expensive
loss since the drilling process is a final machining operation in the assembly of the
component that is made from the composite laminates. Thus, and in order to increase

the drilling efficiency of the composite laminates with the minimum waste and
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damages, it is necessary to understand the behavior of the available drilling processes

[16].

Figure 6: Schematic illustrating the drilling process [17].

1.6.1.1.1Advantages of Drilling Process of Composite Materials

1. It is a simple process.

2. It is economical and efficient machining processes for the assembly of
components in the aerospace and automotive industries [18].

3. It can produce deep circular holes [19].

1.6.1.1.2 Disadvantages of Drilling Process on Composite Materials

There are many problems encountered when drilling of composite materials. These
problems include [18].

1. Rapid tool wear due to material abrasiveness

2. The delamination, debonding and fiber pullout resulted by the thrust of the tool.
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1.6.1.2 Milling Process

It can be consider as a corrective operation for removing the excess material by using
a milling cutter to make a high cut quality surface [20]. The rotation axis of the tool
is perpendicular to the feed direction [21]. Figure 7 shows, the schematic of milling
process. Using the milling process to machine the composite materials may be
affected by the ability of these materials to delaminate and the fiber/resin of the
composite is pullout due to the action of machining forces. Therefore, in order to

improve the quality of the machined surface, such problems must be addressed [22].
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Figure 7: Schematic illustrate the milling process [22].

1.6.1.2.1 Advantages of Milling Process of Composite Materials
This type of machining process can be considered as a good completely operation in

order to produce a well-defined and high cut quality surfaces [23].
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1.6.1.2.2 Disadvantages of Milling Process of Composite Materials
1. Surface delamination associated with the characteristics of the material and the

cutting parameters used is the major problem in milling of composites.
2. Chatter or vibration can occur resulting in low quality of surface finish and quite

often accelerated tool wear [24].
1.6.2 Non-Conventional Machining

There are a numbers of unconventional machining processes used in
manufacturing industries. These are: (i) Chemical, (ii) Electrochemical (iii)
Thermoelectric (iv) Electro-discharge machining (v) LBM (vi) Ultrasonic Machining
(vii) WIM (viii) AWIM [25].
1.6.2.1 Abrasive Water Jet Machining (AWJM)
AWJIM is a process applicable to all the types of the materials [26]. It is used in
various industrial processes especially in the cutting of complex shapes, mining and
demolition, industrial machining and impulse fragmenting. The mechanism of
machining by AWJ can be described as follows: a jet of water at a high pressure and
velocity is mixed with a stream of fine-grained abrasive particles like silicon carbide
or aluminum oxide in a suitable ratio, and focused on a work piece surface through a
nozzle. The material removal process happens due to the erosion resulted by the
impact of abrasive particles on the workpiece surface [27]. Figure 8 shows, the
schematic of an abrasive water jet cutting system. When the water pressure is
increased, the increase in the jet kinetic energy results in a high momentum which is
transfered to the abrasive particles such that the impact and change in momentum of

the abrasive material leads to cut the target [28].
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Figure 8: Schematic of abrasive water jet cutting system [29].

Figure 9 shows, a sample of cut surface generated by abrasive water jets. It is shown

from the figure that the kerf is wider at the top than at the bottom, this is due to the

decrease in water pressure, produced the taper.
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Figure 9: Kerf geometry image example [30].

Probably the most important aspect in kerf geometry is the taper angle, as shown in

Figure 10. According to Shanmugam, D. K. [31] , kerf taper angle is an undesirable

geometrical feature inherent to abrasive water jet machining.
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Figurel10: Kerf width and kerfs taper illustration [31].

Striations are formed due to the change in the distribution of the particles with
respect to the cut surface [32]. Chao and Geskin [33] used spectral analysis and
found in their study that the machine vibration is the main cause of striation in AWJ
cutting. The general cut surface produced by the abrasive water jet (AWJ) cutting
consists of an upper smooth zone, which is free of any striations, and a lower rough
zone where the wavy striations are the dominant characteristic features [33].

1.6.2.1.1 Advantages of AWJM Process

The following are the advantages offers by using the abrasive water jet machining
process [29].

1. Extremely versatile process;
2. No heat affected zones;

3. Localizes structural changes;

4. Easy to program;
5. Maximum cutting thickness can be up to 25 mm,;

6. Minimum material waste due to cutting;

20



7. Minimum cutting forces;
8. One jet setup can be used for nearly all abrasive jet jobs;

9. Eliminates thermal distortion.

1.6.2.1.2 Disadvantages of AWJM Process
Despite all the characteristics they posses, abrasive water jet cutting holds some
disadvantages, as described below [29]:

1. An inappropriate selection of the cutting velocity may produce surface
roughness values and kerf taper angles out of normal. It may also cause the
burr, which would require secondary finishing. The existence of a material
gap may produce cut surface defects. Each material has its own set of
characteristics. The short life of some parts, like nozzle and orifice, add
replacement costs and overheads to AWJ operation.

2. Another disadvantage is the fact that the cutting material is placed on top of
support bars. The support bars may represent a problem in the final
presentation of the work pieces, due to jet deflection.

3. The capital cost is high.

4. High noise levels during operation.

1.6.2.2 Laser Beam Machining (LBM)

It is a thermal material-removal process which uses a high-energy, coherent light
beam to melt or vaporize particles on the surface of material work pieces. In LBM
process, the work piece material is locally melted by the focused laser beam. The
melt is then blown away with the help of assist gas like oxygen and nitrogen, which
flows coaxially with the laser beam. Lasers have been used in many industrial
applications on various types of materials. It is used for different types of machining
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such as micromachining and macro machining. LBM has been applied also in the
three dimensions machining, namely, threading, turning, grooving etc. [26]. Figure

11shows a schematic of laser beam machining.
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Figurell: Schematic of laser beam machining [35].

The three essential components of a laser-cutting machine are laser medium,
excitation source and the optical resonator. The excitation source drives the atom,
ions or molecules of the laser medium to a position where there is an excess of those
at high energy level over those at a low level. This inversion in the normal

thermodynamic population distribution result the laser action.

Each laser beam has its own power and, thus, has a defined heat input into the
workpiece. However, because of the different properties of the fiber and matrix, the
two components react very differently due to the thermal input. In general, the fibers
needed higher energy for the vaporization than that required for the matrix. When a
CO. laser is used to machine composites materials of higher conductive fibers, a
large volume of resin is vaporized in the process, this lead to the delamination and

22



matrix recession of the composite. There is a limitation in using laser machining, that
is the heat-affected zone (HAZ). This zone results from the matrix recession, matrix
decomposition and delamination. Matrix recession occurs when the matrix and fibers
are removed at different rates owing to their different thermo physical properties.
Matrix recession leaves a zone of fibers free from the matrix material.

1.6.2.2.1 Types of Lasers

The main types of the lasers applied in the industries nowadays are carbon dioxide
(CO2) laser, neodymium yttria-alumina garnet (Nd: YAG) (Y3AlsO12), and excimer
lasers. The range of power for the CO. lasers can be up to 15 kW and there is
possibility to use it in continuous-wave or pulsed mode. The YAG lasers are used in
pulsed mode and the power range can be of 7-10 kW [36]. CO. laser has a
wavelength of 10.6 um while the YAG laser has a wavelength of 1.06 um [37].
Because CO; lasers have higher average powers with cheaper cost-per-watt and they
have an early history of success in industrial laser cutting, today the majority of
cutting operations are carried out by CO2 lasers, especially for nonmetals, which
have better absorption at far infrared wavelength. Nd: YAG laser has shorter
wavelength, smaller focused spot size, and is better absorbed by metals than CO2
lasers. Multikilowatts Nd: YAG lasers are commercially available and they usually
are delivered by fibers. All these factors lead to the increasing popularity of Nd:
YAG lasers in industrial laser cutting, especially for metals. Q-switched Nd: YAG
lasers are dominant in pulsed laser cutting. Excimer lasers have UV wavelengths that
are strongly absorbed by both metals and nonmetals, the spatial resolution are higher
than visible and infrared lasers, and thus they are mainly used for high-precision
laser cutting, especially for polymers and semiconductors. Recently, conventional

lasers using diode pumping and direct diode lasers are reducing their size and
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increasing their average power quickly, which may change the dominant role of

bulky conventional lasers in industrial laser cutting [37].

1.6.2.2.2 Advantages of LBM Process

There are many advantages offered by laser machining, these are including the

following: [37, 38].

1.

2.

3.

4.

5.

Minimum waste of material;

Minimum required time for the set-up ;

Parallel-sided cuts is possible;

Low overall distortion of part ;
The lasers can be used to cut a plastic of varying thickness by simply change
in the intensity of the beam;

Lasers are used to cut through plastics and to engrave on it;
There is no tool wear because the method is a non- contact approach. Thus,

preventing the product from any damage and deformation.

1.6.2.2.3 Disadvantages of LBM Process

There are some limitations combined the use of LBM process [37] .These are as

follow:

1.

A composite material is one, which contains two distinct phases that are not
in thermodynamic equilibrium. The property of the two phases used in the
composite are usually significantly different, which makes the machining of
them is difficult;

Limitations on the material thickness due to the taper problem;

The capital cost is high;

Maintenance need high cost.
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1.7 Problem Statement

With the upcoming usage of the GFRP composites in many areas of applications,
machining of these materials has become a major concern in the manufacturing
fields. The present knowledge about machining of GFRP composites, unfortunately,

Is seemed inadequate for the optimal economic utilization.

There is some areas in the machining of composites is still need to be enlightened
more clearly. It was shown from the literature survey that: One of the areas where
there is still much scope of work is necessary to be done is the hole making of
woven glass fiber reinforced polyester composite materials as there is little work has
been done on this material among all the fiber reinforced composite materials.
Concerning the quality of machined hole, the main problem is related to the
delamination, fiber/resin pullout, out of roundness, dimensional accuracy, the surface
roughness and the reduction in tensile strength. In order to get over these problems, it
IS necessary to go on various types of cutting process in order to estimate the
optimum values of the above drawbacks because the unsuitable choice may lead to
unwanted work material degradation. Also, it is necessary to decide which type of

the machining process is the optimal process.
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Chapter 2

LITERATURE REVIEW

The objective of studding the literature is to provide information on the issues to be
considered in this thesis and to emphasize the relevance of the present work.
Composite materials play an important role in a wide range of application fields in
many switches from the traditional engineering materials. Glass fiber reinforced
composite materials are such type of materials which is used in various types of
products like aerospace, automobile, sporting chattels, marine components, pipes,
containers, etc. Machining of polymers/ composites is used when the quantity of the
required items does not excuse the cost for moulds, or when a product needs an
accurate dimension and better surface finish. As a high performance polymers have
been increasingly used in a large number of industrial applications. Therefore, the
machining quality becomes a predominant factor in the development of a new
processes and materials [39]. However, the knowledge about the polymer behavior

under machining is still insufficient.

The following subsections provide a review on the diverse research activities
accomplished in drilling, milling, AWJM and LBM processes of composite

materials.
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2.1 Previous Works Related to the Drilling and Milling Processes

Many researchers carried the consideration in drilling and milling of composite
materials separately. E. Kilickap [40] investigates the effect of cutting parameters in
drilling process of composites, like cutting speed and feed rate, and point angle on
the delamination. The generated lesion associated with the drilling of GFRP
composites were observed, at the upper and lower surface. He used the Taguchi
method for the analyses in his study. The conclusion revealed that feed rate and
cutting speed were the most influential factors on the delamination. He assigned that
minimum delamination were obtained using lower cutting speeds and feed rates. El-
Sonbaty, et al. [41] studied the effect of some variables upon the thrust force, and
surface roughness in drilling machining of fiber-reinforced composite materials. The
cutting parameters included in this study are cutting speed, feed rate, drill diameter
and fiber content in the composite. Drills with diameters of 8, 9, 10, 11, 12, and
13mm to are used to machine GFRP at a constant rotational speed. The composite
material used in their work was manufactured from randomly oriented glass fiber-
reinforced epoxy, with different values of fiber volume fractions (\Vf), using hand-
lay-up technology. They found that the thrust force and torque increases with the
increase of drill diameter and feed rate, due to the increase in the shear area. They
also, concluded that in composite with volume fraction equal to 9:8-23.7%, the
thrust force and torque decreased as the cutting speed is increased. The drilled holes
of GFRP with lower Vf ratio at lower feed have higher surface roughness than that
drilled at higher feed. N.S. Mohana, et al. [42] studied the effects of machining
parameters upon the delamination in drilling process of high strength E-glass
chopped fiber composite material. The evaluated parameters in their study were

speed, feed rate, drill diameter and specimen thickness. They used the Taguchi and
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response surface methodology to select the factors and the combination of factors
that affect the delamination. They concluded that the specimen thickness, feed rate
and cutting speed are reckoned to be the most significant factors contributing to the
delamination. M.B. Lazar, et al. [43] defined experimentally, the distribution of the
loads (axial and tangential) along the thickness of the carbon-fiber and glass-fiber
reinforced composite plates. They found that the highest loads at the tool tip near the
chisel edge for all cases. They also concluded that the maximum load per ply varies
mainly with the axial feed rate and tool geometry, while the spindle speed has small
or no effect. M. Adam Khan, et al. [44] studied the machinibility of E-glass
composite material. They have been used two different alumina-cutting tools, these
are a mixed alumina cutting tool (CC650) and a Sic whisker reinforced alumina-
cutting tool (CC670). The machining was performed at different cutting speeds with
constant feed rate and depth of cut. The execution of the alumina cutting tools has
been evaluated by measuring the flank wear and surface roughness of the machined
composite. It was found that the mixed alumina cutting tool fails after 8 min of
machining at 250 m/min as it crosses the failure criterion for flank wear (i.e. 0.4 mm
wear for finish machining). While the failure in the same cutting tool occurs after 6
min of machining at 300 m/min; however, the Sic whisker reinforced alumina cutting
tool approaches tool failure after 9 min of machining. V. Krishnaraj, et al. [45]
evaluated the generated damage through the use of drilling in GFRP material, which
was prejudicial to the mechanical behavior of the composite structure. Their study is
concentrated on the analyzing of the effect of spindle speed and feed rate upon the
strength of the woven fabric laminates composite and they have been studied also,
the residual stress distribution around the hole. The holes have been made at the

centre of the specimens by a CNC machining centre using 6 mm diameter micrograin
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carbide drill for two spindle speeds (1000, 4000 rpm) and different feed rates (0.02,
0.06, 0.10 and 0.20 mm/rev). The results assigned that the failure strength and the
stress concentration depends on the drilling parameters. Better mechanical strength is
obtained by using a spindle speed of 3000 rpm and feed rate of 0.02 mm/rev. E.S.
Lee [46] investigated experimentally the drilling of GFRP using a tools made from
different types of materials with various geometries. He found that the excellent
machining of the work piece is achieved by the proper selection of the cutting tool
material and geometry. The results indicated also, that the surface quality is related
closely to the feed rate and cutting tool. S.A. Hussain, et al. [47] studied and
developed a model for the surface roughness in machining of GFRP pipes using
Response Surface Methodology (RSM). Experiments were conducted through the
established Taguchi’s Design of Experiments (DOE). The studied cutting parameters
were cutting speed, feed rate, depth of cut, and fiber orientation of the workpiece.
The result shows that the developed model is a suitable for the prediction of surface
roughness in the machining of GFRP composites. V. Schulze, et al. [48] presented
two strategies for making a hole by milling process using standard tools. The two
strategies included the guide of the process forces toward the center of the work
piece when machining the outer layers. The experiments have been accomplished
upon a short glass fiber reinforced polyester. The experimental results support the
idea that the machining damage can be significantly reduced by machining strategies
which direct the process forces inwards as compared to the reference process of
circular milling. The results also assigned that the failure decreases with the increase
of the process forces that is directed toward the center of the work piece. R. Rusinek
[49] studied the milling process of the epoxide-polymetrxi composite reinforced

carbon fiber. He investigated the influence of the feed rate and rotational speed upon
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the cutting forces. The experiments have been done using a CNC machine with feed
rate ranging from 200 to 720 mm/min and rotational speed from 2000 to 8000-rpm
.The researcher analyzed the experimental time series using the delay coordinates
method in order to find the stable cutting regions. He used this information to predict
a new model for the cutting forces that can be used to build a new regenerative
vibration model for milling of the material used in his study. The analysis
demonstrate that oscillations of cutting force are more regular, with larger amplitude,
in case of unstable cutting, while cutting is stable (with less amplitude) the signal has
stochastic component that is visible in Poincare maps and recurrence plots. . V.
Schulze, et al. [20] examined the effect of cutting velocity and feed rate upon the
machining force (Fw), delamination factor (Fd), surface roughness (Ra) and
international dimensional precision (IT) using two types of GFRP composite
materials, these are Viapal VUP 9731 and ATLAC 382-05. Analysis of variance is
executed to evaluate the cutting characteristics of GFRP composite materials using a
cemented carbide end mill. The results show that the end mill produces less damage

on the Viapal VUP 9731 composite material than the ATLAC 382-05.

2.2 Previous Works Related to the AWJM and LBM Processes

The related studies on AWJM & LBM of composite materials have been carried out
by many researchers. M. A. Azmir, et al. [50] assessed experimentally the effect of
Abrasive Water Jet Machining parameters upon the surface roughness and kerf taper
ratio of aramid fiber reinforced plastics composite. The approach was based on
Taguchi’s method and Analysis of Variance to optimize the AWJM parameters for
effective machining. They found that the traverse rate was considered to be the most

significant factor followed by the hydraulic pressure upon the roughness quality
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criteria. While in the case of the kerf taper, traverse rate showed that the greatest
influence is by the standoff distance. They were also confirmed that the optimal
combination of AWJM parameters satisfy the real need for machining of composites
in practice. E. Lemma, et al. [3] studied experimentally the performance of cutting
the GFRP composite between using the oscillation and normal (without head
oscillation) cutting process. A comparison of the results has been made and it has
been shown that there is valuable improvement in the quality of the cut surfaces
produced by the head oscillation technique than normal AWJ technique. D.A.
AXxinte, et al. [51] studied the ability of the AWJM to cut the polycrystalline diamond
(PCD) using abrasive media with different hardness, like aluminum oxide (Al203),
silicon carbide (SiC) and diamond. While they keep some other operating parameters
constant like pump pressure, standoff distance and size of abrasives. The feed speed
has been adjusted to enable full jet penetration for each type of the abrasives. It was
found that the material removal rates and the nozzle wear ratios vary significantly
with the employment of different types of abrasives. D.K. Shanmugam, et al. [28]
used the abrasive water jet technique to machine two types of composites: epoxy pre-
impregnated graphite woven fabric and glass epoxy. They studied the cutting
performance measure and the kerf taper angle. The results indicate that, within the
selected ranges of the machining parameters, the increase in the jet pressure results in
decrease of the kerf taper angles and increased within the standoff distance range of
2-5mm. While, the kerf taper angle seems to decrease insignificantly with increases
the abrasive mass flow rate. A. A. E1-Domiaty, et al. [52] proposed a model for
predicting the maximum depth of cut for different types of materials using various
machining parameters. The predicted model is able to predict the maximum depth of

cut that can be obtained in a given material for a given set of process parameters
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without the need for many experimental constants. The only hypothesis used in this
model is the shape of the kerf. This hypothesis requires a definition for the kerf
contour over which the abrasive water jet is acting. L.M. Hlava, et al. [53] measured
the slop angle between the tangent to the striation and the tangent to the axis of the
water jet. Then, the slop angle is used to predict the model. The obtained model is
included into the algorithm of the program to authorize the quality control through
the abrasive water jet cutting. J. Wang [54] studied experimentally the abrasive
Water jet cutting of polymer matrix composites. It has been shown that the abrasive
water jet cutting technology is a good alternative method for machining the polymer
matrix composite, with a good productivity and kerf quality. A.A. Cenna, et al. [55]
improved a model to predicts some parameters in the laser cutting of composite like
the kerf width, material removal rate and the energy transmitted through the cut kerf.
Many experiments were carried out using different laser to compare the experimental
result with the predicted results. The results show very good agreement. |.A.
Choudhury, et al. [38] used a CO> laser to machine three polymeric materials namely:
polypropylene, polycarbonate and polymethyl methacrylate. The response variables
measured in this study are the heat affected zone (HAZ), surface roughness and
dimensional accuracy. Predictive models have been developed by the response
surface methodology (RSM) and their adequacy was tested using the analysis of
variance. It was found that the response is well modeled by a linear function of the
input parameters. The dimensional accuracy were examined by measuring the
deviation of the actual value from the nominal value. It was found that polymethyl
methacrylate has less HAZ, followed by polycarbonate and polypropylene. For the
surface roughness, polymethyl methacrylate has better cut edge quality than

polypropylene and polycarbonate. Z.L. Li, et al. [56] studied the quality characteristics
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in machining the carbon fiber reinforced plastic using the diode pumped solid-state
(DPSS) UV laser. The results show that the minimum HAZ is achievable using the
short-pulsed UV laser. F. Caiazzo, et al. [57] used the CO: laser to machine three
thermoplastic polymers, namely: polyethylene (PE), polypropylene (PP),
polycarbonate (PC) with various thicknesses ranging from 2 to 10 mm. The
examined response variables were laser power, range of cutting speed, type of
focusing lens, pressure and flow of the covering gas, thickness of the samples. As a
result, the authors determined the “degree” of laser cutting machinibility for the three
polymers as follows: PC high, PP medium-high, and PE lower. Ming-Fei Chen, et al.
[58] studied the effects of various process parameters, such as, assisted gas-flow rate,
pulse repetition frequency, cutting speed, and focus position to achieve the optimum
characteristics of transmittance ratio and work-piece surface roughness in composite
material. Nine experiments were performed based on the orthogonal array. The
results assigned that the optimal process parameters as 20 L/min for assisted-gas
flow rate, 5 kHz for pulse repetition frequency, 2 mm/s for cutting speed, and 0 mm
for laser focusing position. It was also found that the assisted-gas flow rate has more
effect than any other single parameter. H.A. Eltawahni, et al. [59] introduced a
method for selecting the process parameters in laser cutting of MDF based on the
design of experiments (DOE) approach. ACO: laser was used to cut three thicknesses
of MDF panels, these are: 4, 6 and 9 mm, of MDF. The process factors studied are:
laser power, cutting speed, gas pressure and focal point position. The response
variables are the upper kerf width, the lower kerf width, the ratio between the upper
kerf width to the lower kerf width, the cut section roughness and the operating cost.
D.K. Shanmugam, et al. [60] studied the kerf characteristics and surface roughness of

two different materials, carbon composite and fiber-reinforced plastic, using abrasive
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water jet, plain water jet and laser cutting. The results show the potential possibility
of using those methods. Though using all the methods seemed to be quite possible,

Abrasive water jet cutting promises a better cutting compared to the other two.

2.3 The Goal of the Present Work

The optimization of the process parameters for multiple performance characteristics
of the material included in the present research is still not reported in the literature
and as the optimal machining process parameters is more efficient it was applied in
the present study than the “trial and error” method. The current research presents a
comprehensive approach to select optimal cutting parameters for high cut quality,

productivity and low cost, minimum reduction in tensile strength of hole making
using conventional machining technologies (drilling and milling machining
processes) and non conventional machining technologies (AWJM and LBM
processes) in glass fiber reinforced epoxy composite material sheets type 3240, using
a statistical approach. Analysis of variance (ANOVA) was performed to select the
optimal cutting parameters. A numerical optimization was also completed in order to

simultaneously maximize/minimize different combinations of performance measures.
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Chapter 3

EXPERIMENTAL WORK

The experimentations which have done in the present work specifies the machining
of glass fiber specimens on drilling, milling, abrasive water jet and laser beam
machines for the purpose of optimization the process parameters using statistical

computing package Design-Expert 8.

The following sub-sections describe the cutting mechanism by drilling and milling
processes, cutting mechanism by AWJM and LBM process, material used, design of

experiment and experimental setup.

3.1 Cutting Mechanism by Drilling and Milling Processes

The mechanism following the operation of hole making using drilling and milling
machining processes at both exit and entry surface of glass fiber specimens is
described as follow: Machining of composite laminates is difficult to perform due to
their non-homogeneous, anisotropic, and the highly abrasive of their reinforced
fibers render them difficult to machine [7, 61]. Several undesirable problems like
delamination, and fiber pullout produced by drilling and milling, drastically reduce
the strength against fatigue, thus sitting the long-term performance of composite
laminates [62]. Among the problems caused by drilling and milling of composites,
delamination is considered as a major damage. To minimize these problems, and to

achieve the acceptable range of quality upon the machined surface, it is required to
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understand the cutting mechanisms of material removal. Delamination occurs at the
entry and exit sides of the hole. Delamination by drill tool on either side follows
different mechanisms. This type of damage occurs as a result of the peeling effect of
the drill tool as it approaches the surface of the laminate during drilling [63]. This
mechanism is called as "peeling-up”. Similarly as the tool approaches the exit
side, the last ply called sub-laminate which is under the pressure of drill tool
gets delaminated. This trend of delamination is refer to as Push-out mechanism.
When the drill bit approaches the entrance, it has to machine a relatively thick
laminate, because of this higher resistance would be faced by the drill bit. When the
drill bit approaches the exit it has to machine a relatively thin laminate, because of
this lower resistance would be applied on the drill bit. This particular reason makes
peel up delamination as minimum one compared to the push out delamination [63].
The delamination due to peel up and push out action can be decreased to a
minimum extent by supplying a pad support at the inlet and outlet side of the hole
through the drilling process [64]. The chip formation process depends upon either
fracture or shear or upon the combination of both, based on the fiber orientation and
tool geometry. The high volume fraction of abrasive fibers can cause rapid tool wear

[13].

3.2 Cutting Mechanism by LBM and AWJM Processes

Alternative machining processes have been adopted to conquer the rapid tool wear
in conventional machining of some composites. LBM and AWJM processes are two
types of these alternative processes. These two types of machining are noncontact
machining operations. Thus, no cutting tools, and consequently, no cutting forces

accompanied these types of machining. In the following text, some of the issues
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involved in the cutting mechanism of composites using the two cutting processes are

outlined.

As it is mentioned previously, the GFRP composites are blend of two materials, glass
fiber and polymer matrix, that have significantly different characteristics. Since each
of these materials oxidizes at a different temperature, the laser beam process used to
cut the glass fibers would cause the epoxy resin to decompose and melt resulting in a
flow of the fibers within the resin causes charring and tearing of the resin layer [65].
There are three mechanisms in laser cutting, these are: laser fusion cutting, laser
oxygen cutting, and laser sublimation/vaporization cutting. In the first mechanism,
the material is melted by the laser beam, and a jet of gas is used to blow out the
slushy material or a vacuum device is used to suck away the molten material. A
cutting front is formed at one end of the cutting kerf. The laser supplies the energy
for melting and thermal diffusion while the gas jet provides the momentum to
remove the molten material. In order to block the oxidation, it is necessary to use
assistant gases like argon, nitrogen, and helium. Laser oxygen cutting applies to
reactive materials such as low carbon steel and titanium. In laser oxygen cutting, the
laser is used to heat the material until the exothermic reaction with oxygen begins.
The material is burnt through by the chemical reaction mainly. In this process the
oxygen gas jet is used. This will reduce the requirements in the laser power. Under
the same power level, higher cutting speed and thicker section cutting can be
achieved using laser oxygen cutting than laser fusion cutting. Laser
sublimation/vaporization cutting generally applies to materials having low
conductivity and low latent heat of vaporization, like the organic materials. Chemical

reaction with oxygen may be uncontrollable for these materials. In the laser
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micromachining, however, this mechanism applies to a wide range of materials,
comprising metals and ceramics. For this mechanism, no oxygen is used and the
material is vaporized or sublimated by the laser energy only. This mechanism
requires the highest laser power and laser intensity among the three mechanisms

[37].

The Abrasive water jet cutting technology uses a jet of water under high pressure,
and high velocity mixed with abrasive slurry to cut the target material by means of

erosion.

GFRPs, like most other composites, are inhomogeneous materials that contain both
ductile and brittle behaving materials, which interact differently with the forces
exerted by the incoming abrasive jets [1]. The closely accepted explanation
concerning the physics of the material removal process and the striation formation
mechanisms in ductile and homogenous materials is that of Hashish [66] who
performed an implementation of the AWJ cutting process using a high-speed camera
to record the material removal process in a Plexiglas sample. He concluded that the
material removal process is a cyclic penetration process which consists two cutting
regimes. He termed these two regimes as ‘‘cutting wear zone’’ and ‘‘deformation
wear zone”’. Figure 12 shows these two zones and the abrasive particle trajectory
path in these two zones. Hashish also suggested that the cutting process include three
stages, these are: the entry stage, the cyclic cutting stage and the exit stage as shown
in Figure 13. In the cutting wear zone, material removal occurs by the striking of the
abrasive particles with the work piece at shallow angles of attack while the material
removal in the deformation wear zone is achieved by the impinging of the abrasive

particles at large angles of attack. The general erosion process starts in a periodic
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state with a steady material removal up to a critical depth (hc) followed by the
construction and removal of steps as the cutting depth increases. Under the critical
depth, the material removal process is starting to be unsteady, resulting in the
construction of striations or waviness on the wall of the cut surface [67]. Thus, the
change of material removal process from one style to another is suggested to be the
reason of striation or waviness [68]. The material removal process in ductile
materials is regarded to be mainly as a result of the erosion process at shallow angles
and the plastic deformation at large angles [69]. However, in contrast, the material
removal process in the brittle materials is viewed as a brittle fracture process i.e.
material removal occurs by mainly chipping [70]. EI-Domiaty and Abdel-Rahman
[70] proposed elastic—plastic erosion models based on fracture mechanics to
calculate the maximum depth of cut and the surface roughness. The models were
constructed to predict the maximum depth as a function of the fracture toughness,
hardness and process parameters. The erosion process of the brittle materials is
controlled by the formation of cracks and their progress. The fracture toughness of

the material is a measure of the materials resistance to the crack propagation [70].
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Figure 12: Cutting and deformation wear zones in AWJ cutting [69].
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Figure 13: Stages in the AWJ cutting process [69].

3.3 Material

The experiments have been carried out in a sheet of woven laminated glass fiber
reinforced plastic (GFRP), type 3240 produced by Jinhao Material Co. / China. The
glass fiber was E-glass and the matrix polymer was epoxy resin. Two fiber densities
(gram of fiber per cubic centimeter in GFRP): 0.82 gm /cm® and 1.32 gm /cm?,
which are equal to fiber volume fractions of 45% and 70%, respectively, of GFRP,
with 8 mm and 16 mm thickness for each material density, were selected for the

present work as shown in figure 14.
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Figure 14: (a) Laminated GFRP with the two thickness. (b) Cross-sectional view

The main properties of the laminated GFRP material are listed in Table 1.
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Table 1: Main properties of the Laminated GFRP Type 3240

No. Property Value /unit
1 Fiber density in GFRP 0.82 gm/cm?®
2 Fiber volume fraction 45%

3 Max. working temperature 200°C
4 Average tensile strength 295.45 MPa
S Layer thickness 0.5 mm

This type of GFRP is mainly used in aerospace, transportation tools, building panels,
portable buildings, floor grating, doors, boats, ship structures, car panels, decorative

art, sporting components, insulation boards and circuit boards, etc.

3.4 Design of Experiments

In general, factorial design is considered to be the most efficient way of conducting
the experiments. Factorial design signifies that, in each complete trial or replication
of the experiment all possible combinations of the levels of the factors are examined.
For all the experiments in drilling, milling, AWJM and LBM processes, some of the
predicted variables were chosen depending upon the available literature, availability
of the machine specifications, and the experience of the authors and the others are
selected based on the preliminary trial runs.

3.4.1 Design of Experiments for Drilling and Milling Process

A four factors, two-levels, full-factorial design of experiments (2* = 16 tests) was

developed for each of the two cutting processes to select the effective factors upon
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the cutting quality and the reduction in tensile strength. High and low, setting of the

input parameters is shown in table 2.

Table 2: High and low levels of the input factors in drilling and milling process

Code Input factor Unit Level 1 Level 2
A Specimen thickness mm 8 16
B Cutting speed m/min 24 48
c Feed rate (Drilling) mm/rev 0.06 0.09
Feed rate (Milling) mm/tooth 0.06 0.09
D Nominal hole diameter mm 6 8

3.4.2 Design of Experiments for AWJM and LBM Process

Two groups of the control parameters in each type of the cutting processes were
developed to study the effects of more factors affecting the response variables. Some
of the control parameters, which are the parameters related to the machining process
are determined by trial runs. Preliminary trial runs were carried out using abrasive
water jet for determining the minimum or maximum values of jet pressure, cutting
feed and standoff distance that is required for the GFRP material to cut through. With
those trial runs it was determined that the jet pressure should be not less than 150
MPa, standoff distance should be not more than 3mm and cutting feed not less than
0.2 m/min. Using laser beam cutting process, preliminary tests were conducted to
determine the range of laser power, cutting feed and standoff distance. In this study,
it was determined that the GFRP material was cut through with laser power not less
than 1.5 KW, standoff distance not more than 2 mm and cutting feed not less than 0.1
m/min. The control parameters ranges are carefully provided between the levels for
comparison purpose. A five factors, two-levels, full-factorial design of experiments

(25= 32 tests) were developed in each group of each cutting technologies (AWJIM
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and LBM). High and low levels of the control parameters for the AWJM and LBM

are shown in tables 3 and 4 respectively.

Table 3: High and Low levels of the input factors in (AWJM)

) Group 1 Group 2
code Input factor Unit
Level 1 Level 2 Level 1 Level 2
A |Nominal hole diameter (D) | mm 6 8 6 8
B [Material thickness (t) mm 8 16 8 16
C |Cutting feed (\Vc) m/min 0.2 0.3 0.2 0.3
D |Fiber density(p) gm/cm?® 0.82 1.32 Fixed(0.82) | Fixed(0.82)
E |Abrasive flow rate (AF) gm/min 100 130 Fixed(100) | Fixed(100)
F |Jet pressure (P) MPa | Fixed(150) | Fixed(150) 150 200
G |Standoff distance (Sod) mm Fixed(1) Fixed(1) 2 3
Table 4: High and Low levels of the input factors in (LBM)
code Input factor Unit Group 1 Group 2
Level 1 Level 2 Level 1 Level 2
A |Nominal hole diameter (D) | mm 6 8 6 8
B [Material thickness (t) mm 8 16 8 16
C |Cutting feed (Vc) m/min 0.2 0.3 0.2 0.3
D |Fiber density (p) gm/cm3 0.82 1.32 Fixed(0.82) | Fixed(0.82)
E |Assist. Gas flow rate (V) | Lit/min 25 45 Fixed(25) | Fixed(25)
F [Laser beam power (LP) KW | Fixed(1.5) | Fixed(1.5) 15 2
G |Standoff distance (Sod) mm Fixed(1) Fixed(1) 1 2
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3.5 Response Variables

The response variables (performance measures) to be measured in 32 tests for each

group can be described as follows:

1. Arithmetic surface roughness: The goodness of a manufactured part is describe
by its geometry and surface roughness. The surface roughness is influenced by
the fatigue life, friction, wear, and tear of the parts [38]. The arithmetic mean
surface roughness (Ra), is a commonly used parameter in the industries. In the
present work, it was measured using a contact-type stylus Mahr Perth meter. The
readings were taken at four different locations along the cut hole depth surface—
measured in microns. The mean values is reported for the analysis.

2. Delamination can be defined as the ratio between the expanded diameter (Dmax)
of the damage zone around the hole to the actual diameter of the hole (D).
Delamination can be quantified by a ratio known as delamination factor (DF)
[63]. Figure 4 illustrates the above description.

Dr=Dmax /D ..ovv... (1)

If delamination factor is 1, then there is no delamination, but if it is more than 1,
then delamination exists. In the present work, both upper & lower maximum
diameters (Dmax) in the damage around each hole for each specimen were
measured by using optical microscope type Leica DVM500. Higher values of
delamination factor represent high surface damage. Delamination factor was
measured at the upper and lower surfaces around the hole.

3. Thrust force (F;) and Machining force (Fw): The former is the force acting along
the hole depth during the drilling process. In the present work, the thrust force is
measured by a piezoelectric dynamometer fixed on the table of the drilling

machine and the force is recorded through a charge-amplifier on a data-recorder.
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While in the case of milling process, Machining force (Fw) is determined from

the following equation:

Fu= JFX2+Fy2 +F22 2)

Where:

Fx, Fy and F; are the three perpendicular components of the machining force.
The three components of the machining force were measured using a piezoelectric

dynamometer.

4. Dimensional accuracy. The dimensional accuracy of an item is of a crucial
importance in the industrial applications, especially for the discipline assembly
operation. In the manufacturing process, the designed part will be introduced in a
drawing with all the measurements given within a certain range of allowances.
The allowance determines the limits of the induced deviations for which the
tolerance should be made in the design, and within which actual size is
permissible. In the present work, the dimensional accuracy was taken in terms of
out of roundness (O.0.R) and the difference between the upper & lower diameter
(Dy-Dv). High values of these terms represent low dimensional accuracy.

O.O.R = (Li+LotLls) /3 .....eeee.. 3)
Where:
L1, Lo and Lz are the deviation distances at three different points measured from
the optical microscope image for each hole.

5. Tensile strength, measured in MPa. 64 tensile tests of hole specimens (32 hole
specimens cut each by AWJM and LBM ) according to ASTM D5766 [13] were
carried using Universal Tensile Testing Machine, Type WDW-300, made by

Changchun Kexin Com. / China. Figure 15 shows this setup.
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Figure 15: (a) Standard hole specimen for tensile test. (b) Universal Tensile

Testing Machine

6. Cost (C), which includes the machining cost and tool cost.
a. Cost for drilling process is given by:

Cost = Tool cost per hole + Machining cost
Where:

e Machining cost = cost of labor/hr + electrical power consuming + tool change
cost = 11.2 USD/hour
e Tool cost is as follows :

- Cost of HSS drill, 6mm diameter = 1.92 USD
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- Cost of HSS drill, 8mm diameter = 2.56 USD
Life of HSS drill is 100 holes based on the operator’s experience.
Total cutting time (T) through the total life of the HSS drill is

=100 holes x cutting time (t)

=100 x thickness/feed rate

Tool cost = (cost of drill / total cutting time) x cutting time per hole
= cost of drill / 100

Cost = cost of drill / 100 + 11.2 (USD/ hour) = cutting time (hour)

b. Cost for milling process is given by:

Cost = tool cost + machining cost

Where:

Machining cost including cost of labor/hr + electrical power consuming +
tool change cost = 11.2 USD/hour
Tool cost is as follow :

- Mill 5mm diameter (cemented carbide) =8.01 USD

- Mill 6mm diameter (cemented carbide) =9.61 USD
Life of cemented carbide mill is 600 holes based on the operator’s experience.
Total cutting time (T) through the total life of the cemented carbide mill is

= 600 holes x cutting time per hole (t)

=600 x thickness/feed rate

Tool cost = (price of the tool / total cutting time) x cutting time per hole =

price of tool / 600

Cost = price of tool / 600 + 11.2 (USD/ hour) x cutting time (hour)
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c. Cost for abrasive water jet machining (AWJM) is given by:

Cost = tool cost + machining cost

Where:

Abrasive water jet cutting cost = Hourly equipment cost + cost of
consumables (cost of electricity + cost of abrasive + cost of water + cost of
tips) + cost of service and maintenance.

Where:

Hourly equipment cost =8 .012 USD / hr

Cost of consumables + cost of service & maintenance = 8.012 USD / hr

Total cost = 8,012+8.012 = 16.024 USD / hr x cutting time (hr)

d. Cost for laser cutting is given by:
Cost = tool cost / hr + cost of consumables (cost of electricity + cost of the
laser & assistance gasses + cost of lenses) / hr + cost of service and
maintenance / hr
=16.025 USD / hr (tool cost) + 11.217 USD / hr (electricity) + 20.833
USD / hr (machining, service & maintenance)

=48.07 USD / hr

7. Productivity (Pr) that represents the number of holes cut per minute.

a. Productivity calculation for drilling cutting:

No. of holes per minute = 1/ [material thickness to be cut (mm)/feed (mm/min)] +

(tool positioning+ retraction time)
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b. Productivity calculation for milling cutting:

No. of holes per minute = 1/ feed (mm/min) [material thickness to be cut (mm) + (1+

3.14) (D- Dm)] + (Tool positioning & Retraction time)

Where:

D = Nominal hole diameter

Dm = Tool diameter

Tool positioning + Retraction time in both drilling and milling processes = 2 sec

c. Productivity calculation for AWJM and LBM cutting:

Time (min) per hole = tr+tp+tc

No. of holes per minute= 1/ tr+tp+tc

No. of holes per minute = 1/ [Retraction and positioning time + piercing time +

cutting time]

Retraction and positioning time for AWJM = 2 sec

Piercing time for AWJM = 1 sec

Retraction and positioning time for LBM = 1.5 sec

Piercing time for LBM = 1.5 sec

Cutting time for AWJM and LBM = [(1 + 2nt) (D —Dn /2)] / Vc

Where:

D = hole diameter (mm)
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Dn = diameter of water jet or laser beam (mm) = 1.5mm

Vc = cutting feed (mm/min)

3.6 Experimental Setup

3.6.1 Experimental Setup for Drilling and Milling Process

Drilling & milling experiments have been conducted on CNC Vertical Machining
Center, type TH5 660 A in Nanjing university of aeronautic and astronautic/China .
The spindle power is 7.5 kW and the maximum speed is 5300 rpm. In all the tests,
the cutting tool used for drilling process is high speed steel (HSS) twist drill of 6 and
8 mm diameters. The geometry of the twist drills is a straight shank length of 38 mm
for 6 mm diameter, and the shank length of 42 mm for 8 mm, helix angle for the
drill tool of 6 mm is 25 °, while the helix angle for the drill tool of 8 mm is 30°. The
number of flutes for both twist drills is equal to 3. The twist drill is hardened. The
tool used for cutting the holes by milling process is made of cemented carbide with
diameters of 5 mm and 6 mm. The geometry for both mill cutters can be summarized
as: a rake angle of 7°, a straight shank length of 26 and no. of flutes is two. Figure 16
shows the twist drill and end mill cutter used in these experiments.

The advantage of using cemented carbide drills over HSS is its strength to withstand
cutting forces. From the tool life point of view, HSS performs very well in
discontinuous cutting applications. The dimensions of the work piece material used
in the present works are 200mm x 200mm x 8mm and 200mm x 200mm x 16mm. A
multi component piezoelectric dynamometer Kistler type 9256 C, together with a
load amplifier was used to obtain the three perpendicular components of the

machining forces on the work pieces. Arithmetic surface roughness (Ra) was
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measured along the depth of the cutting hole at four points using Mahr Perth meter
M1 according to 1SO 4287. Optical Microscope type Leica DVMS500, having
accuracy 0.001 mm has been used to measure the cut profile. The experimental setup

for drilling and milling processes is presented in figurel7.

Figure 16: Twist drill (left) and end mill (right) used in the experiments.
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Dynamometer

(a)

Roughness meter

B —

(b) (©

Figure 17 Experimental Setup: (a) Fixation of work piece on the vertical machining
center with Kistler dynamometer and its oscilloscope (b) Surface measurement setup

(c) Optical microscope measurement setup.

3.6.2 Experimental Setup for AWJM and LBM Process

AWJM experiments were conducted on ultra high pressure water cutting machine
produced by Nanjing Hezhan Microtechnic Co. Ltd., China with a maximum

pressure of 220-230 MPa, abrasive flow rate 3.7 gm/min and water flow rate 3.5-3.7
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lit/hr. The type of abrasive used was garnet. In all the AWJM experiments, the nozzle
diameter was 1 mm. LBM experiments were conducted on Rw — 6015 X cantilevered
flight optical path laser cutter produced by Nanjing Nanchuan Laser Equipment Ltd.,
China. CO> continuous beam laser using nitrogen as assistant gas, has been used. The
laser equipment has a power range of 2-4 KW; maximum speed 50m/min and table
size 2500/1250mm. In all the laser experiments, the nozzle (orifice) diameter was
1.5 mm. The dimensions of the work piece material used in the present work are
200mm x 200mm x 8mm and 200mm x 200mm x16mm. Arithmetic surface
roughness (Ra) was measured along the depth of the cutting hole at four points using
Mahr Perth meter M1. Optical Microscope of type Leica DVM500, having accuracy
0.001 mm was used to measure the cut profile. The experimental setup for AWJM

and LBM processes is presented in figurel18.
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(@) AWJIM setup (b) LBM setup

(c) Optical microscope setup

Figure 18 Experimental setup : (a) Fixation of the work piece on the AWJM; (b)

Fixation of the work piece on the LBM; (¢) Optical microscope setup
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Chapter 4

EXPERIMENTAL RESULTS

The quality of cutting hole using drilling, milling, AWJM and LBM processes is
evaluated by the response parameters: surface roughness, delamination factor,
difference between upper & lower diameter, and out of roundness. Thrust and
machining forces in drilling and milling processes were also evaluated. The
reduction in tensile strength of all the cutting specimens for all the types of cutting
processes was also evaluated in this work. The experimental data has been analyzed

using the analysis of variance.

4.1 ANOVA (Analysis of Variance)

It is a computational procedure used to select the effect of various design factors and
to observe the degree of sensitivity of the result to various factors that affect the
quality characteristics [73]. It can be defined also as a statistical technique used to
locate the rate of the effect of an input parameter or group of an input parameter on
the total variation of response parameter(s) [78]. ANOVA provides a statistical
inspection of whether or not the means of several groups are all equal. As there are
many predictor and response variables included in the present work, it means a large
number of ANOVA tables will take a big space. For that reason, only F and P values
were included in the ANOVA tables. F-value can be defined as the ratio between the
square mean of the input parameter to the square mean of the error (mean square of

any factor is a ratio between the sum of squares to the degree of freedom). While P-
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value is minimum level of a significance that would result in reject of the null
hypothesis, (In Null hypothesis, there is no difference between the mean of all
predictor variables, i.e. there is no effect of each or all the predictor variables on the
response variable). The bold numbers of p- values represent the parameters having
significant effects. ANOVA analyses were completed using a version 8 of
commercial statistical software called Design-Expert®. More details concerning the

analyses are given in the upcoming sub-sections.

4.2 Experimental Results for Drilling and Milling Processes

Tables 5 & 6 present the results obtained from 16 tests each by drilling & milling

processes.
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Table 5: Experimental results for drilling process

Control Variables Response Variables
Exp.
t Vc f; D
NO J(mm) | (m/min) | (mm/rev) | (nm)| Fz | Ra bF C |PwDLIOOR. T.S. (hollzglmi
1 5 1 ¢ 1ol®™ [@)[Cor or|UsD) | (mm)| (mm)|MPa) ™0

1 8 24 0.06 6 |]60.84[1.380]0.616|0.689]0.0681 |+0.093| 0.248 |265.46| 7.24
2 16 24 0.06 6 | 64.56 |1.572]0.684| 0.75 ] 0.0901 |+0.051| 0.270 |262.89| 4.11
3 8 48 0.06 6 |63.59 |1.146]0.813|0.843]0.0461 |+0.070| 0.341 [265.99| 11.66
4 16 48 0.06 6 57.8 |1.208]0.796| 0.85 ] 0.0591 [+0.043| 0.376 |250.33| 7.24
5 8 24 0.09 6 |]85.15[1.853]1.189|1.158]0.0521 |+0.145| 0.546 |246.51| 9.69
6 16 24 0.09 6 |]80.43[2.004]1.116|1.118]0.0681 |+0.053| 0.350 |256.81| b5.78
7 8 48 0.09 6 |88.93(1.488] 1.27 |1.254]0.0431 | +0.12 | 0.487 |266.32| 14.65
8 16 48 0.09 6 |]89.18 [1.786]1.215|1.248] 0.0521 |+0.025| 0.297 |253.95| 9.69
9 8 24 0.06 8 |]84.46 |1.762]0.683|0.719] 0.0802 [+0.029| 0.459 |260.96| 5.78
10 | 16 24 0.06 8 ]95.45(1.602] 0.69 [0.784]10.1082 |+0.086| 0.453 |250.48| 3.19
11 8 48 0.06 8 ]189.89(1.321]0.77 | 0.881]10.0492 | +0.16 | 0.580 |244.41| 9.69
12 ] 16 48 0.06 8 |101.61| 1.4 ]0.823|0.864]0.0652 |+0.167 | 0.475 |250.96| 5.78
13 8 24 0.09 8 ]93.15| 1.95]1.124|1.09210.0592 (+0.177| 0.485 |253.31| 7.91
14 ] 16 24 0.09 8 ]98.15(1.863]1.118(1.19210.0772 |+0.123| 0.491 |253.35| 4.55
15 8 48 0.09 8 ]104.49|1.632] 1.31 | 1.284]10.0462 |+0.138| 0.483 |248.01| 12.51
16 ] 16 48 0.09 8 ]108.66| 1.59 | 1.27 | 1.31 1 0.0562 |+0.131| 0.450 |249.96| 7.91
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Table 6: Experimental results for milling process

Control Variables Response variables

Exp.] t Ve fz D
Fu Ra DF C |Du-DI|O.OR.| TS. | Pr

No [(mm) [(m/min)| (mm/z) | (mm)
(N) | (um) (USD) | (mm) | (mm) |(MPa)|(holes
A B C D UDF | LDF /min)
1 8 24 0.06 6 [65.869|1.462]1.012| 0.94 | 0.0625 |-0.001| 0.335 |267.76| 10.04
2 | 16 24 0.06 6 ]63.461| 1.35 | 0.81 |0.968]0.0775 | +0.01 | 0.252 |268.13| 6.98
3 8 48 0.06 6 ]70.122|0.885] 0.88 | 0.91 ] 0.0405 | +0.02 | 0.239 |258.62| 15.05
4 1| 16 48 0.06 6 [67.880|0.936 |0.924|0.986 | 0.0495 |+0.018| 0.338 |259.21| 11.33
5 8 24 0.09 6 ]79.459|1.631 |1.163|1.151]0.0465 | +0.04 | 0.523 |248.16| 12.90
6 | 16 24 0.09 6 [133.62|1.582[1.083|1.050 | 0.0595 |+0.034| 0.225 |258.36| 9.38
7 8 48 0.09 6 [88.939]1.194 |1.112|1.068 | 0.0405 |+0.085| 0.356 |247.43| 18.04
8 | 16 48 0.09 6 [81.209| 1.28 |1.142|1.228]0.0465 |+0.052| 0.333 |248.16| 14.29
9 8 24 0.06 8 134.120| 1.246 ]0.684 | 0.724 ] 0.1086 |+0.017| 0.354 |247.43| 6.90
10 | 16 24 0.06 8 |38.84|1.320]0.771|0.801 ] 0.0966 |+0.012| 0.408 |289.67| 5.30
11| 8 48 0.06 8 |34.511|1.248]0.843|0.876 | 0.0686 |+0.116| 0.349 |269.78|11.23
12 | 16 48 0.06 8 [42.944|1.140]0.794 | 0.85 | 0.0596 | -0.04 | 0.445 |251.99| 9.02
13| 8 24 0.09 8 139.407|1.382]1.111|1.057 | 0.0806 | +0.03 | 0.487 |254.19| 9.29
14 | 16 24 0.09 8 |[46.746|1.283|1.100|1.155] 0.0716 | -0.03 | 0.408 |255.44| 7.31
15| 8 48 0.09 8 |41.795| 1.25 |1.072|1.056 | 0.0596 | -0.046 | 0.302 |261.32| 14.19
16 | 16 48 0.09 8 |[47.564|1.294|1.111|1.126] 0.0526 | -0.027 | 0.404 |263.24| 11.76
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4.3 Experimental Results for AWJM and LBM Processes

The experimental results for the two groups in each of the AWJM and LBM

processes are listed in Tables 7- 10 respectively.
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Table 7: Experimental results for group 1 of AWJM process , P=150 MPa , Sod=

2mm

Predictor Variables

Response Variables

Nfo [t ve 0 AF | R) JOOR[D.DF| TS [ C Pr
mm) | (mm) | (m/min) | (gm/cm3) [(gm/min)] wm | (mm) | (mm) | (MPa) | (USD) | (holes/mi
AlBs| c D E n)

11 6 8 0.2 0.82 100 10.402 | 0.111 | -0.133 | 283.95| 0.062 7.51

21| 8 8 0.2 0.82 100 |1.968 | 0.141 | -0.265 | 283.53 | 0.053 5.90

3] 6 16 0.2 0.82 100 | 0.475 | 0.145 | -0.021 | 285.23 | 0.062 7.51

41 8 16 0.2 0.82 100 |]1.415 | 0.114 | +0.097 | 246.76 | 0.075 5.90

51 6 8 0.3 0.82 100 10.727 | 0.161 | +0.164 | 294.74 | 0.053 9.74

6] 8 8 0.3 0.82 100 10.849 | 0.135 | +0.174 | 269.12 | 0.062 7.87

71 6 | 16 | 0.3 0.82 100 ] 0.427 | 0.062 | +0.133 | 249.67 | 0.053 9.74

8] 8 16 0.3 0.82 100 |1.523 | 0.094 | +0.13 | 291.32| 0.062 7.87

91 6 8 0.2 1.32 100 |]1.887 | 0.110 | +0.205 | 341.57 | 0.062 9.74

101 8 8 0.2 1.32 100 |2.049 | 0.196 | +0.311 | 346.27 | 0.075 7.87

111 6 16 0.2 1.32 100 | 2.121 | 0.061 | +0.077 | 347.02 | 0.062 7.51

121 6 8 0.3 1.32 100 | 1.666 | 0.070 | +0.166 | 360.17 | 0.053 9.74

131 8 16 0.2 1.32 100 |2.764 | 0.162 | +0.071 | 338.29 | 0.075 5.90

14| 8 8 0.3 1.32 100 | 1.936 | 0.108 | +0.335 | 371.74 | 0.053 7.87

15] 6 | 16 | 0.3 1.32 100 ] 1.996 | 0.088 | +0.151 | 350.31 | 0.053 9.74

16| 8 | 16 | 0.3 1.32 100 |1.988 | 0.133 | -0.103 | 348.10 | 0.062 7.87

171 6 8 0.2 0.82 130 10.763 | 0.129 | +0.259 | 97.43 | 0.048 7.51

181 8 8 0.2 0.82 130 11.091 | 0.136 | +0.25 |122.79| 0.071 5.90

191 6 16 0.2 0.82 130 |1.660 | 0.21 |+0.659 | 235.36 | 0.062 7.51

20| 6 8 0.3 0.82 130 ]0.623 | 0.123 | +0.101 | 91.25 | 0.066 9.74

21] 6 8 0.2 1.32 130 | 1.522 | 0.135 | +0.131 | 349.23 | 0.062 7.51

221 8 16 0.2 0.82 130 ]2.107 | 3.05 | Defect | 284.67 | 0.062 5.90

23] 8 8 0.3 0.82 130 |]1.488 | 0.121 | +0.352 | 280.22 | 0.057 7.87

241 8 8 0.2 1.32 130 | 1.769 | 0.159 | +0.455 | 320.56 | 0.075 5.90

25] 6 16 0.3 0.82 130 | 1.276 | 0.202 | +0.786 | 301.45 | 0.053 9.74

26] 6 16 0.2 1.32 130 |12.805 | 0.110 | -0.119 | 360.71 | 0.066 7.51

271 6 8 0.3 1.32 130 11.781 | 0.094 | +0.18 | 359.09 | 0.053 | 9.74

28] 8 8 0.3 1.32 130 | 1.997 | 0.263 | +0.486 | 347.48 | 0.075 7.87

29] 8 16 0.3 0.82 130 |2.197 | 0.219 | +0.503 | 281.51 | 0.053 7.87

30] 8 16 0.2 1.32 130 |2.325 | 0.168 | +0.208 | 345.65 | 0.075 5.90

31] 6 | 16 | 0.3 1.32 130 |2.187 | 0.331 | +0.241 | 358.50 | 0.053 9.74

32| 8 16 0.3 1.32 130 |2.668 | 0.194 | +0.178 | 359.09 | 0.062 7.87
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Table 8: Experimental results for group 2 of AWJIM process,p= 0.82 gm/cm3AF=100

g/min

Predictor Variables

Response Variables

N.| D t Ve P |sod|] R« |OOR|DuDF| TS C Pr
mm) | (mm) | (m/min) | MPa | (mm) | (um) | (mm) | (mm) | (MPa) | (USD) [ (holes/mi
Al B C D | E "

1 6 8 0.2 150 2 10402 | 0.111 | -0.133 | 283.95 | 0.062 7.51
2 8 8 0.2 150 | 2 | 1968 | 0.141 | -0.265 | 283.53 | 0.053 5.90
3 6 16 0.2 150 2 10475 | 0.145 | -0.021 | 285.23 | 0.062 7.51
4 8 16 0.2 150 2 1415 | 0.114 | +0.097 | 246.76 | 0.075 5.90
5 6 8 0.3 150 2 10727 | 0.161 | +0.164 | 294.74 | 0.053 90.74
6 8 8 0.3 150 2 10849 | 0.135 | +0.174 | 269.12 | 0.062 7.87
7 6 16 0.3 150 2 10427 | 0.062 | +0.133 | 249.67 | 0.053 9.74
8 8 16 0.3 150 2 1.523 | 0.094 +0.13 | 291.32 | 0.062 7.87
9 6 8 0.2 200 2 10578 | 0.16 +0.277 | 115.20 | 0.062 7.51
10 8 8 0.2 200 2 1.368 | 0.131 | +0.305 | 115.51 | 0.075 5.90
11 6 16 0.2 200 2 10483 | 0.071 | +0.142 | 299.6 0.057 7.51
12 6 8 0.3 200 2 10876 | 0.154 | +0.069 | 274.61 | 0.053 9.74
13 8 16 0.2 200 2 1.635 | 0.105 | +0.143 | 274.60 | 0.075 5.90
14 8 8 0.3 200 2 1964 | 0.133 | +0.316 | 98.01 0.053 7.87
15 6 16 0.3 200 2 10417 | 0.084 | +0.086 | 291.78 | 0.062 9.74
16 8 16 0.3 200 2 1335 | 0.174 | +0.474 | 224.71 | 0.053 7.87
17 6 8 0.2 150 | 3 | 0.760 | 0.222 | +0.225 | 280.39 | 0.080 7.51
18 8 8 0.2 150 3 1.802 | 0.229 | +0.309 | 263.97 | 0.075 5.90
19 6 16 0.2 150 3 0.6 0.088 | +0.086 | 235.36 | 0.071 7.51
20 6 8 0.3 150 3 ]0.639 | 0.102 | +0.234 | 98.95 0.057 9.74
21 6 8 0.2 200 3 10970 | 0.275 | +0.286 | 281.71 | 0.062 7.51
22 8 16 0.2 150 3 1.852 | 0.069 | +0.015 | 284.67 | 0.075 5.90
23 8 8 0.3 150 3 | 2146 | 0.122 | +0.269 | 114.78 | 0.062 7.87
24 8 8 0.2 200 3 1.789 | 0.167 | +0.378 | 119.34 | 0.075 5.90
25 6 16 0.3 150 3 1.649 | 0.122 | +0.385 | 294.8 0.057 9.74
26 6 16 0.2 200 3 10847 | 0.138 | +0.288 | 291.45 | 0.057 7.51
27 6 8 0.3 200 3 10513 | 0.153 | +0.343 | 71.97 0.053 9.74
28 8 8 0.3 200 3 1938 | 0.198 | +0.389 | 119.56 | 0.062 7.87
29 8 16 0.3 150 3 1509 | 0.124 | +0.074 | 279.34 | 0.057 7.87
30 8 16 0.2 200 3 197 | 0.125 | +0.216 | 287.21 | 0.075 5.90
31 6 16 0.3 200 3 1315 | 0.128 | +0.479 | 288.22 | 0.062 9.74
32 8 16 0.3 200 3 1593 | 0.196 | +0.237 | 281.73 | 0.075 7.87

62




Table 9: Experimental results for groupl of LBM process, LP = 1.5 kW, Sod=1mm

Predictor Variables

Response Variables

NyDl t | Ve VY I r loor|pube| Ts |cmoe]l pr
(njar\n) (mBm) (m/gun) (gml/3cm3) nghl’ wm) | mm) | mm) | Pa) |(usD)|olesiminy
11 6 | 8 | 01 | 082 | 25 |4343|0251 | -0.158 | 159.08 | 0.160 | 4.31
218 [ 8 | 01 | 082 | 25 [2730 0163 | +0.045 | 246.99 | 0.186 | 3.28
31 6 | 16 | 01 | 082 | 25 |4.164 0251 | +0.039 | 160.53 | 0.186 | 431
4 8 [ 16 | 01 | 082 | 25 |3834 0260 +0.206 | 169.93 | 0.227 | 3.28
516 | 8 | 02 | 082 | 25 |4587 0166 | +0.448 | 10842 | 0.106 | 7.09
61 8 | 8 | 02 | 082 | 25 |4609 0134 +0.061 | 10441 | 0.133 | 563
716 [ 16 | 02 | 082 | 25 | 557 |0.393 | +0.001 | 159.54 | 0.133 | 7.09
8l 8 | 16 | 02 | 082 | 25 | 513 |0.303 | -0.100 | 138.27 | 0.146 | 563
ol 6 | 8 | 01 | 132 | 25 |5362 0076 | -0.237 | 182.41 | 0.160 | 431
0] 8 | 8 | 01 | 132 | 25 |4444 | 0164 | -0119 | 152.252 | 0.186 | 3.28
11| 6 | 16 | 01 | 132 | 25 | 3555|0103 | -0.361 | 232.067 | 0.173 | 4.31
12 6 | 8 | 02 | 132 | 25 |3.981|0064 | -0.121 | 185657 | 0.106 | 7.09
13 8 | 16 | 01 | 132 | 25 |4.141|0167 | -0.455 | 221.935 | 0.227 | 3.28
14| 8 | 8 | 02 | 132 | 25 5176|0160 | -0.053 | 155.244 | 0.133 | 5.63
15[ 6 | 16 | 02 | 132 | 25 | 502 |0.121 | -0.284 | 288.83 | 0.106 | 7.09
6] 8 | 16 | 02 | 132 | 25 |4543 | 0206 | -034 | 230809 | 0.133 | 5.63
17 6 | 8 | 01 | 082 | 45 |2951|0134 | -0.116 | 88.82 |0.186| 431
18 8 | 8 | 01 | 082 | 45 | 278 |0.191 | -0.076 | 228.90 | 0.227 | 3.28
19| 6 | 16 | 01 | 082 | 45 |3216|0113 | -0007 | 17553 | 0.173 | 4.31
200 6 | 8 | 02 | 082 | 45 |3331 0087 | -0.080 | 267.04 | 0.106 | 7.09
211 6 | 8 | 01 | 132 | 45 |3.108 0037 | -0.191 | 153.34 | 0.160 | 431
221 8 | 16 | 01 | 082 | 45 | 3649|0182 | -0.072 | 16478 | 0227 | 3.28
231 8 | 8 | 02 | 082 | 45 | 345 |0.186 | -0.055 | 91.18 | 0.133 | 563
241 8 | 8 | 01 | 132 | 45 |2.871 0112 | -0.052 | 3754 | 0227 | 3.28
250 6 | 16 | 02 | 082 | 45 | 513 |0.095 | -0.026 | 183.82 | 0.106 | 7.09
26| 6 | 16 | 01 | 132 | 45 | 448 |0.119 | -0.435 | 235.093 | 0.160 | 4.31
2716 | 8 | 02 | 132 | 45 |3837 | 0.067 | -0.12 | 184.994 | 0.106 | 7.09
28l 8 | 8 | 02 | 132 | 45 |3616 0112 | -0.024 | 149.379 | 0.133 | 563
20l 8 | 16 | 02 | 082 | 45 | 436 |0.187 | -0.208 | 175.96 | 0.133 | 563
30 8 | 16 | 01 | 132 | 45 | 403 |0.147 | -0.629 | 259.692 | 0.213 | 3.28
31 6 | 16 | 02 | 132 | 45 | 414 | 0125 | -0.277 | 230.571 | 0.106 | 7.09
32l 8 | 16 | 02 | 132 | 45 |3913 | 0175 | -0.343 | 247.435 | 0.133 | 563
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Table 10: Experimental results for group 2 of LBM , p=0.82 gm/cm?, V= 25 Lit/hr

Predictor Variables

Response Variables

N. (m?n) (nfm) (m\/{ncin) ('k-v'i) (fnorg) (R)) [0.0R| Du-DF | Ts. |Cimole]  Pr
A B C D E (um) | (mm) | (mm) | (MPa) | (USD) | (holes/min)
11 6 8 0.1 1.5 1 |4.343|0.251 | -0.158 |159.08| 0.160 4.31
2| 8 8 0.1 1.5 1 |2730|0.163 | +0.045 |246.99| 0.186 3.28
31 6 | 16 | 01 1.5 1 |4.164|0.251| -0.039 |160.53| 0.186 4.31
41 8 | 16 | 01 1.5 1 |3.834|0.260 | -0.206 |169.93| 0.227 3.28
5] 6 8 0.2 1.5 1 |4.587|0.166 | +0.448 |108.42| 0.106 7.09
6] 8 8 0.2 1.5 1 |4.609|0.134 | +0.061 |104.41| 0.133 5.63
71 6 | 16 | 0.2 1.5 1 5.57 1 0.393 | +0.001 |159.54| 0.133 7.09
8] 8 | 16 | 0.2 1.5 1 5.13 [ 0.303 | -0.109 |138.27| 0.146 5.63
9] 6 8 0.1 2 1 |4.426|0.188 | -0.022 | 71.51 | 0.200 4.31
10] 8 8 0.1 2 1 |4.444|0.092 | -0.053 | 70.37 | 0.227 3.28
111 6 | 16 | 0.1 2 1 4.06 | 0.081 | -0.102 | 65.89 | 0.173 4.31
121 6 8 0.2 2 1 |3555| 0.19 | -0.09 | 77.11 | 0.160 7.09
131 8 | 16 | 0.1 2 1 |3.884|0.290 | -0.402 | 65.73 | 0.227 3.28
141 8 8 0.2 2 1 |5.302|0.136 | +0.06 | 79.26 | 0.133 5.63
151 6 | 16 | 0.2 2 1 5.16 | 0.110 | -0.207 | 70.07 | 0.146 7.09
16] 8 | 16 | 0.2 2 1 5.03 [ 0.393 | -0.106 | 69.69 | 0.160 5.63
171 6 8 0.1 1.5 2 5.44 10.219 | -0.316 | 88.49 | 0.186 4.31
181 8 8 0.1 1.5 2 5.19 | 0.292 | -0.053 | 84.19 | 0.227 3.28
19] 6 | 16 | 0.1 1.5 2 584 | 0.21 | -0.178 |136.51| 0.186 4.31
20| 6 8 0.2 1.5 2 5.55 [ 0.195 | -0.009 |262.24| 0.106 7.09
21| 6 8 0.1 2 2 4.73 | 0.201 | -0.022 | 68.49 | 0.160 4.31
221 8 | 16 | 0.1 1.5 2 5.67 | 0.220 | -0.156 |130.18]| 0.213 3.28
23| 8 8 0.2 1.5 2 6.27 | 0.25 | +0.003 | 94.56 | 0.133 5.63
24| 8 8 0.1 2 2 |4.945]0.093 | -0.058 | 73.75 | 0.227 3.28
251 6 | 16 | 0.2 1.5 2 6.92 | 0.277 | -0.256 |172.01| 0.133 7.09
261 6 | 16 | 0.1 2 2 5.73 [ 0.192 | -0.256 | 62.56 | 0.173 4.31
27| 6 8 0.2 2 2 569 | 0.28 | +0.09 | 75.99 | 0.186 7.09
28| 8 8 0.2 2 2 5.41 | 0.147 | -0.015 | 78.09 | 0.133 5.63
291 8 | 16 | 0.2 1.5 2 6.49 | 0.459 | -0.022 |131.32| 0.213 5.63
301l 8 | 16 | 0.1 2 2 5.23 | 0.325 | -0.363 | 65.84 | 0.227 3.28
31| 6 | 16 | 0.2 2 2 6.34 | 0.185| -0.032 | 70.18 | 0.133 7.09
32| 8 | 16 | 0.2 2 2 6.18 | 0.333 | -0.048 | 69.88 | 0.227 5.63
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ANOVA tables accomplished on the data concerning the response variables of hole

making by drilling, milling, AWJM and LBM processes were listed in the upcoming

subsections. Influence of all the individual predicted variables have been shown in

these tables. The influence of the possible interactions between the predicted

variables was analyzed and only the significant variables and interactions have been

shown in the plots. The influence of any parameter is considered in ANOVA tables

to be significant if p-value<0.05; marginally significant if 0.05<p-value and

insignificant otherwise.

4.3.1 Results Analysis for Drilling Process

Tables 11-12 present ANOVA results accomplished on the data concerning the

response variables for drilling process.

Table 11: ANOVA for Ra; Fz; and T.S. in drilling process

Source Ra F; T.S.
F-value P- value F-value P- value F-value P- value
Model 22.14 0.0016 50.06 0.0002 0.99 0.5398
A-(1) 3.37 0.1258 5.29 0.0699 0.59 0.4777
B-(V) 80.90 0.0003 14.49 0.0125 0.47 0.5243
C-(f;) 106.82 0.0001 138.98 0.0001 0.64 0.4589
D-(D) 6.47 0.0517 282.86 0.0001 3.84 0.1074
AxB 0.3132 0.3132 0.18 0.6913 0.5870 0.5870
AxC 0.6076 0.6076 2.09 0.2078 0.4807 0.4807
AxD 0.0192 0.0192 12.15 0.0176 0.5545 0.5545
BxC 0.8129 0.8129 5.91 0.0593 0.2653 0.2653
BxD 0.8513 0.8513 5.11 0.0733 0.3530 0.3530
CxD 0.0225 0.0225 33.57 0.0022 0.5433 0.5433
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Table 12: ANOVA for UDF; LDF; and (Dy - Dy) in drilling process

Source UDF LDF Du-DL
F-value P- value F-value P- value F-value P- value
Model 69.44 0.0001 74.48 0.0001 4.86 0.0475
A-(t) 0.15 0.7161 2.40 0.1824 4.85 0.0789
B-(V) 50.56 0.0009 66.40 0.0005 0.35 0.5808
C-(f;) 638.88 0.0001 669.16 0.0001 2.84 0.1530
D-(D) 0.41 0.5494 2.91 0.1488 10.69 0.0222
AxB 0.11 0.7541 1.93 0.2233 0.78 0.4182
AxC 3.55 0.1183 0.081 0.7876 5.13 0.0729
AxD 0.43 0.5414 1.44 0.2838 10.68 0.0222
BxC 1.140 0.9744 0.100 0.7649 5.16 0.0722
BxD 0.26 0.6341 0.32 0.5943 7.15 0.0441
CxD 0.016 0.9029 0.016 0.9044 0.94 0.3774

The columns F-value and p-value in tables 11 and 12 suggest that cutting speed &

feed rate are significant factors upon surface roughness while the machining force is

significantly affected by feed rate, hole diameter and by the interaction between

material thickness & hole diameter and the interaction between feed rate & hole

diameter. The upper and lower delamination factors are significantly affected by feed

rate, while the difference between upper and lower diameter is affected by feed rate

and the interaction between the feed rate and the hole diameter. The table also shows

that there is no significant factor on the tensile strength.

Figures 19 - 23 shows, in a graphical form, the effects of influential variables upon

the surface roughness, thrust force, delamination factor at upper & lower surface and

the difference between upper & lower diameter respectively.
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Figure 19: Factorial plots showing the effects of: (a) cutting speed; (b) feed rate; (c)
interaction between material thickness and nominal hole diameter; and (d) interaction
between feed rate and nominal hole diameter upon arithmetic surface roughness (Ra)
in drilling process.
It is clear from figurel9 (a & b) that surface roughness is a minimum at the high
value of cutting speed and the low value of feed rate . Figurel9 ( ¢ & d ) show the
effects of interaction between 1. material thickness and nominal hole diameter 2.feed
rate and nominal hole diameter. It can be noticed that at the high level of material
thickness & feed rate, the surface roughness acquired is nearly the same value for
the two diameters, but at the low level of the material thickness & feed rate, the
surface roughness increses as the hole diameter increased. The results show that the

increase in the feed rate cause the surface roughness of the hole surface increase upto

1.75 um. The increase in feed rate increased the heat generation and hence, tool wear.
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The increase in the feed rate also cause increases in chatter and produces incomplete

machining at a faster traverse, resulting in a higher surface roughness [15].
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Figure 20: Factorial plots showing the effects of: (a) cutting speed; (b) feed rate; (c)
nominal hole diameter; (d) interaction between material thickness and nominal hole
diameter; and (e) interaction between feed rate and nominal hole diameter upon

average thrust force (Fz) in drilling process

Figure 20 (a) indicates that the increase in the thrust force with the increase in the

cutting speed is not too significant because of the higher temperatures generated

from the increase in heat generation associated with the minimum coefficient of

thermal conduction together with the minimum transition temperature of plastics [8].

From figure 20 (b & c) it is clear that the thrust force is maximum at high levels of

feed rate & hole diameter. The increase in the feed rate causes an increase in the load

upon the drill, which results in an increase of the thrust force in drilling of

composites. The interaction plots in figure 20 (d & e) show that the effect of hole

diameter is significant but it is more significant at the high level of material

thickness. The same behavior was observed in the case of interaction between feed

rate & hole diameter.
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Figures 21 & 22 present the effects of the significant parameters upon the
delamination factor at upper & lower surface. It is clear from the graphs (a & b) in
figures 21 & 22 that the influence of the feed rate is more significant than the cutting
speed upon the delamination. The delamination is increased more as the feed rate
increased than in the case of increasing the cutting speed. The increase of the feed
rate cause increases in the thrust force and delamination. Thrust force and
delamination are the inter-connected phenomenon, in which the increase in the thrust
force cause increases in the delamination factor and vice versa. As the cutting speed
increases, the thrust force causes decreases in the delamination at both upper and
lower surface. It is perhaps due to the fact that the temperature of the cutting area is
elevated at high speed, thus promoting softening of matrix (epoxy resin) and
inducing less delamination. At higher speed drilling behaves like a piercing operation
and lesser entangled fiber pull out takes place within a minimum time. This justifies

the importance of high speed drilling [63].
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Figure 21: Factorial plots showing the effects of: (a) cutting speed; and (b) feed rate
upon delamination factor at the upper surface in drilling process
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Figure 22: Factorial plots showing the effects of: (a) cutting speed; and (b) feed rate

upon delamination factor at the lower surface in drilling process.

Figure 23 shows in graphical form, the effects of the significant parameters upon the
difference between upper & lower diameter. Graphs (a, b) in figure 23 show that the
difference between upper & lower diameter increases as the hole diameter increases.
The difference is a relevant term. By increase in hole diameter, the absolute value of

the difference also increases.
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Figure 23: Factorial plots showing the effects of: (a) nominal hole diameter; and (b)
interaction between material thickness and nominal hole diameter upon the

difference between upper & lower diameter in drilling process.

4.3.2 Results Analysis for the Milling Process

Tables 13- 14 present ANOVA results accomplished on the data concerning

surface roughness, machining force and tensile strength for milling process.

Table 13: ANOVA for Ra; Fw; and T.S. in milling process.

Source Ra Fw T.S.
F-value P- value F-value P- value F-value P- value

Model 11.53 0.0073 70.71 0.0001 0.76 0.666
A-(T) 0.17 0.6983 2.90 0.1491 0.67 0.449
B-(Vc) 54.37 0.0007 4.03 0.1010 0.37 0.568
C-(f;) 22.63 0.0051 67.73 0.0004 2.51 0.173
D-(D) 0.33 0.5930 608.01 0.0001 0.60 0.474
AxB 0.89 0.3898 0.90 0.3870 2.03 0.213
AxC 0.078 0.7908 0.033 0.8621 0.055 0.823
AxD 0.056 0.8226 8.97 0.0303 0.11 0.757
BxC 1.26 0.3125 0.12 0.7414 0.60 0.472
BxD 27.05 0.0035 0.40 0.5569 0.35 0.578
CxD 8.43 0.0336 13.99 0.0134 0.31 0.599
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Table 14: ANOVA for UDF; LDF; and DU-DL in milling process.

Source UDF LDF Du-D.
F-value P- value F-value P- value F-value P- value
Model 7.53 0.019 4.90 0.046 5.07 0.043
A-(T) 0.27 0.624 1.67 0.252 0.032 0.864
B-(Vc) 0.28 0.619 0.74 0.429 13.47 0.014
C-(f;) 63.78 0.0005 38.65 0.001 1151 0.019
D-(D) 5.52 0.065 4.93 0.077 3.03 0.142
AxB 0.98 0.367 0.36 0.573 3.18 0.134
AxC 0.13 0.733 0.059 0.817 0.78 0.418
AxD 1.01 0.360 0.036 0.857 2.43 0.179
BxC 0.46 0.529 0.18 0.692 5.42 0.067
BxD 0.36 0.573 0.089 0.777 0.35 0.581
CxD 2.47 0.177 2.32 0.188 10.52 0.022

Tables 13 and 14 show that the influence of the cutting speed and feed rate are
significant upon the surface roughness while, the machining force is significantly
affected by the feed rate, hole diameter and by the interaction between the material
thickness and the hole diameter and also, the interaction between the feed rate & hole
diameter. The upper and lower delamination factors are significantly affected by feed
rate, while the difference between upper and lower diameter is affected by feed rate
and interaction between feed rate and hole diameter. The table also shows that effect

of non of the input parameters is significant on the tensile strength.

Figures 24 - 27show in graphical form, the effects of influential parameters upon
surface roughness, machining force, delamination factor at upper & lower surface

and the difference between upper & lower diameter respectively.

Figure 24 indicates that the surface roughness of the wall of hole is increased as the

feed rate is increased and decreased as the cutting speed is increased. The effect of
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altering the feed rate on the surface roughness has been more dominant than that of
the cutting speed as indicated in the previous statistical analyses. This is expected,
since the feed rate influences the mechanisms of chip formation is largely determines
the value of surface roughness. Moreover, the deterioration in the surface roughness
at higher feed rate could be attributed to the increased strain rate on the composite
material, which promotes excessive fractures on glass fibers and epoxy matrix.
Actually, the values of surface roughness during milling process can also be
influenced by many factors. These are the range of tool wear, tool geometry like tool
concavity and relief angles as well as the vibrations or chatter [77]. While the
increase in the cutting speed resulting in improving the surface roughness. This is
due to the reduction in the material deformation at the tool-chip interface through the
cutting process. In summary, in order to obtain a best surface finishing, it is required

to used a high cutting speed and low feed rate [20].
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Figure 24: Factorial plots showing the effects of: (a) cutting speed; (b) feed rate; (c)
interaction between cutting speed and nominal hole diameter; and (d) interaction
between feed rate and nominal hole diameter upon surface roughness in milling
process.
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Figure 25, indicates that the machining force in the work piece decreases with the

increase of cutting speed and when the feed rate is raised, the cutting resistance

grows as well [24]. The increase in the feed rate will cause increase in the load upon

the drill, leading to an increase in the machining force upon the work piece [18].
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Figure 25: Factorial plots showing the effects of: (a) feed rate; (b) nominal hole
diameter; (c) interaction between material thickness and nominal hole diameter; and
(d) interaction between feed rate and nominal hole diameter upon machining force in

milling process.

Graphs (a & b) in figure 26 show that the delamination is increased at the upper &

lower surfaces as the feed rate is increased. This is due to the debonding and fiber

breakage that takes place at high feed rate.
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Figure 26: Factorial plots showing the effects of: (a) feed rate at upper surface; and
(b) feed rate at lower surface upon delamination factor at upper & lower surfaces in
milling process.

It is clear from figure 27 (a, b & c) that the difference between the upper and lower
diameter is increased as the feed rate and nominal hole diameter increased. The
increase in the feed rate result in the increase of the upper and lower surface
delamination around the hole and consequently increase in the dimensions of the
hole diameter [79]. By increasing feed rate, the chip load is increased, which in turn
increases vibration and/or chatter. The induced vibrations cause increase in the

difference.
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Figure 27: Factorial plots showing the effects of: (a) feed rate; (b) nominal hole
diameter; (c) interaction between material thickness and nominal hole diameter upon
difference between upper & lower diameter in milling process.

4.3.3 Analysis of the Results for AWJM Process
Tables 15 and 16 offer the results of ANOVA accomplished upon the data

concerning the response variables for group 1 and 2 of AWJM process respectively.

76



Table 15: ANOVA for Ra; O.0.R; Du-Di; and T.S for group 1 of AWJM process

Source Ra 0.0.R Du-Do. T.S
F-value | P-value | F-value | P-value| F-value P-value | F-value | P-value
Model 9.90 0.0001 1.74 0.1417 3.88 0.0053 6.12 0.0004
A-(D) 22.12 0.0002 1.50 0.2391 451 0.0497 0.58 0.4580
B-(t) 19.91 0.0004 0.75 0.3991 3.22 0.0918 4.25 0.0558
C-(Ve) 1.17 0.2964 0.36 0.5553 1.73 0.2067 2.08 0.1685
D-(p) 75.81 0.0001 0.24 0.6319 0.38 0.5447 57.44 0.0001
E- (AF) 5.99 0.0264 9.08 0.0083 19.15 0.0005 5.22 0.0364
AxB 0.025 0.8758 1.21 0.2869 3.36 0.0855 0.49 0.4926
AxC 4.381x10% | 0.9480 0.064 0.8034 0.56 0.4651 0.75 0.3987
AxD 8.18 0.0113 2.30 0.1492 0.048 0.8295 1.45 0.2463
AxE 1.13 0.3037 0.54 0.4712 | 1.769x10° | 0.9670 0.84 0.3739
BxC 0.38 0.5457 0.81 0.3804 3.01 0.1019 0.35 0.5625
BxD 0.42 0.5258 | 4.58x10° | 0.9468 4.68 0.0459 3.87 0.0669
BxE 8.93 0.0087 4.41 0.0520 12.06 0.0031 8.43 0.0104
CxD 0.023 0.8814 0.46 0.506 | 2.944x10° | 0.9574 0.26 0.6168
CxE 1.68 0.2154 3.80 0.0689 0.63 0.4392 0.78 0.3896
DxE 2.78 0.1148 0.54 0.4712 4.89 0.0419 5.06 0.0390

The columns F-value and p-value in table 15, propose that the influences of the hole
diameter, thickness of material, fiber density, abrasive flow rate and the interaction
between material thickness and abrasive flow rate are significant factors upon the
arithmetic surface roughness. The table shows also that the abrasive flow rate is a
significant factor on out of roundness. Moreover, it is also clear from table 15 that
abrasive flow rate, interaction between the material thickness and cutting feed,
interaction between material thickness and fiber density, and interaction between
fiber density and abrasive flow rate are influential factors upon the difference
between the upper and lower diameter. Finally, the analysis shows also that the fiber
density; abrasive flow rate, interaction between material thickness and abrasive flow
rate, interaction between fiber density and abrasive flow rate have significant effects

on the structure’s tensile strength.
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Table 16: ANOVA for Ra, O.0.R, Dy-D¢; and T.S for group 2 of AWJM process

Source Ra O.0.R Du-DL T.S
F-value | P- value | F-value | P- value | F-value | P- value | F-value | P- value
Model 4.62 0.0021 2.03 0.0863 4,12 0.0038 2.75 0.0263
A-(D) | 55.81 0.0001 0.13 0.7208 0.51 0.4871 1.02 0.3282
B-(t) 5.979 0.9393 115 0.0037 11.07 0.0043 17.73 0.0007
C-(Vo) 0.11 0.7476 0.45 0.5129 3.07 0.0990 2.24 0.1543
D-(P) 0.38 0.5449 2.48 0.1345 12.41 0.0028 3.59 0.0763
E-(Sod) | 8.32 0.0108 4,71 0.0455 3.89 0.0663 1.33 0.2657
AxB 0.10 0.7540 1.21 0.2875 2.30 0.1492 0.24 0.6295
AxC 1.29 0.2728 2.32 0.1474 0.010 0.9210 0.079 0.7825
AxD 0.010 0.9215 0.052 0.8217 1.40 0.2543 1.29 0.2720
AxE 1.18 0.2943 0.12 0.7340 9.88 0.0063 0.65 0.4320
BxC 0.13 0.7270 3.34 0.0863 7.59 0.0141 1.61 0.2231
BxD 0.13 0.7186 0.061 0.8080 5.21 0.0365 5.69 0.0297
BxE 1.50 0.2389 0.81 0.3801 0.21 0.6496 1.63 0.2197
CxD 0.050 0.8253 1.21 0.2875 2.71 0.1195 0.073 0.7906
CxE 0.030 0.8643 0.71 0.4134 0.77 0.3944 3.24 0.0907
DxE 0.21 0.6504 1.29 0.2726 0.86 0.3675 0.88 0.3610

The columns F-value and p-value in table 16, which show the identification of
significant input parameters in-group 2 of AWJM process, suggest that the effects of
material thickness and standoff distance are significant upon out of roundness.
Whereas the influential factors for the difference in hole diameter are thickness , jet
pressure , interaction between hole diameter and stand- off distance, interaction

between thickness and feed and interaction between thickness and jet pressure.

Figures 28 - 31 show, in graphical forms, the effects of influential parameters upon

surface roughness for group 1 of AWJM process.

It is clear from graphs a, b and c of figure28 that surface roughness increases with
increasing hole diameter, thickness of GFRP material and fiber density. Increasing
the fiber density means there is a larger quantity of the fiber in GFRP material that
could be pulled out, which in turn, lead to higher roughness on the cut surface. As the
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material thickness increases, the speed of the jet along the thickness decreases,
which, results in the gradual decrease in the average kinetic energy of the abrasive
particles result in lessening of the capability of material removal [71]. This also lead
to greater disruption in the plies and the fibers to be pulled out, which in turn,
produces higher surface roughness [72]. It was also found that increase the fiber
density of the material result in a rougher surface. This is due to the effect of
compression load that has been used through the production of glass/epoxy
laminates. When the compression load increases, the amount of voids are easily
squeezed out along with the flow of matrix [73]. Thus, machining of the composite
laminate which has a higher fiber density look forward to produce a better surface
finish due to the lack of void areas and uneven surfaces but in the present study,
different results were obtained and this may be due to the insufficient pressing loads
used in the production of the utilized material. Graph (d) shows that the roughness is
increased with the increase of the abrasive flow rate. The increase in the abrasive
flow rate means increase the amount of the particles involved in the mixing lead to
the increase the inter-collision of the particles among themselves, causing a loss of
kinetic energy and hence, the roughness increases consequentially. The interaction
between thickness of GFRP material and the flow rate of the abrasives, also the
interaction between the hole diameter and the fiber density indicated that these
factors have significant effects upon the surface roughness as shown in graphs (e and

f) of figure 28.
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Figure 28: Factorial plots showing the effects of: (a) Hole diameter; (b) Material
thickness; (c) Fiber density; (d) Abrasive flow rate; (e) interaction between material
thickness and abrasive flow rate; and (f) interaction between hole diameter and fiber
density upon arithmetic surface roughness (Ra) for group 1 of AWJM process.

It is obvious from figure 29 that the increase in the flow rate of the abrasives causes
increases in the out of roundness of hole diameter. This is because the increase in the
count of the abrasive particles results in the increase of the inter-collision of particles
among themselves and hence causes a loss of kinetic energy. The lack of the jet
Kinetic energy result in a greater waviness in the cut profile and. This phenomenon

leads to increase in the O.0.R. [72].
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Figure 29: Factorial plot showing the effect of abrasive flow rate upon out of
roundness (O.0.R) for groupl of AWJM process.

Graphs a & b of figure 30, show that the difference between the upper and lower
diameter is increased as the hole diameter is increased while, it decreases with the
increased of the of GFRP thickness. It was noticed after a through cut, a nearly
tapered hole is produced at the top surface being wider than the bottom surface. This
is in agreement with the results obtained by Khan and Haque [74]. As it was
explained by Khan and Haque [74], in their study concerning the effect of various
abrasive materials during the AWJM of glass fiber reinforced, the use of harder
abrasive material such as silicon carbide and aluminum oxide resulted in retaining its
cutting capability. Consequently, the surface of cuts became smoother. It is realized
from graphs (c, d & e) that the abrasive flow rate has strong effect on the difference

between upper and lower diameter.
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Figure 30: Factorial plots showing the effects of: (a) Hole diameter; (b) Material
thickness; (c) interaction between material thickness and abrasive flow rate; (d)
interaction between material thickness and abrasive flow rate; and (f) interaction
between fiber density and abrasive flow rate upon difference between upper and
lower diameter (Du-Dg) for group 1 of AWJM process.

Graphs a and b in figure 31 show that strength of GFRP material increase as the fiber
density is increased. The increase in fiber density of GFRP material means increase
the amount of fiber per cubic centimeter of GFRP, which result in increase the
strength of material. Graph (b) shows that when the abrasive flow rate is increased,
the jet can cut through the laminate easily. As a result, a large amount of fiber
material will be removed. This phenomenon increased the reduction in the tensile

strength of the GFRP composite.
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Figure 31: Factorial plots showing the effects of: (a) Fiber density; (b) Abrasive flow
rate; (c) interaction between material thickness and abrasive flow rate; and (d)
interaction between fiber density and abrasive flow rate upon the tensile strength for
group 1 of AWJM process.

Figures 32, 33, 34 and 35 show, in graphical form, the effects of influential
parameters upon surface roughness, out of roundness, difference between upper and

lower diameter and tensile strength, respectively, for group 2 of AWJM process.

Graph (a) in figure 32 has the same explanation as in graph (a) of figure 28 graph (b)
shows that when the standoff distance( The distance from the tope surface of the
work piece to the tip of the nozzle) is increased, it gives more chance for the jet to
expand before impingement which may increase vulnerability to external drag from
the surrounding environment. Thus, the increase in the standoff distance result in the
increased of jet diameter as the cutting is initiated and in turn, reduces the Kkinetic
energy density of the jet at impingement. Consequently, the surface roughness will
be increased as illustrated in figure 32(b). Therefore, it is eligible to use a lower

standoff distance to produce a smooth surface.
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Figure 32 Factorial plots showing the effects of: (a) hole diameter; and (b) standoff
distance upon surface roughness for group 2 of AWJM process.

It is clear from graph (a) of figure 33 that as cutting feed of abrasive water jet is
increased the dimensional accuracy in term of out of roundness of the cutting surface
is improved. This is dependent on the amount of the kinetic energy absorbed by the
work piece due to the hydrodynamic friction of abrasive water jet [33]. The theory of
fluid mechanics indicates that the prime factor in the hydro abrasive cutting process
is the water stream velocity. The stream velocity strongly depends on: the jet
pressure, diameter of the diamond orifice and the diameter of the focusing tube.
Therefore, the surface quality gets better as the jet pressure is increased and the
orifice diameter is decreased. This is because, the abrasive water jet disposes with
higher energy concentrated to smaller area of the workpiece [33]. While graph (b)
shows that by increasing the standoff distance the out of roundness is increased. This
is because the surface of the material is subjected to the downstream of the jet. At the
downstream, the jet starts to diverge losing its coherence herewith reducing the

effective cutting area will directly affects the kerfs taper profile [28].
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Figure 33: Factorial plots showing the effects of: (a) cutting feed; and (b) standoff
distance upon out of roundness for group 2 of AWJM process.

Graphs (a, b, ¢, d and e) in figure 34 show that the difference between the upper and

lower diameters is increased as the material thickness to be cut decreases or water jet

pressure increases. This is because the geometry of the taper is depending upon the

shape of the jet, which is not similar to the shape of a fixed geometry tool. In fact,

due to the hydrodynamic characteristics of the jet, its geometry is significantly

influenced by the jet pressure, cutting feed and the standoff distance. In AWJ cutting

process, the water jet hits the work piece at the upper erosion base, where erosion

process begins [33]. Moreover, when the jet pressure is increased, the kinetic energy

of the jet is increased which result in a high momentum of the abrasive particles,

generating a wider-bottom kerf, leading to the decrease in the kerf taper angle [28].

And as a result the difference between upper and lower hole diameter is increased.
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Figure 34: Factorial plots showing the effects of: (a) material thickness; ( b) water
jet pressure; (c) interaction between nominal hole diameter and standoff distance; (d)
interaction between material thickness and cutting feed; and (e) interaction between
material thickness and water jet pressure upon difference between upper and lower
diameter for group 2 of AWJM process.

Graph (a) in figure 35 shows that the specimen thickness and the interaction between
specimen thickness and jet pressure are significant factors upon the strength of the

composite material.
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Figure 35: Factorial plots showing the effects of: (a) material thickness; and (b)
interaction between material thickness and water jet pressure on tensile strength for
group 2 of AWJM process.
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4.3.4 Results Analysis for LBM Process

Tables 17 and 18 offer ANOVA results accomplished on the data concerning the

experiments for the group 1 and 2 respectively using LBM process.

Table 17: ANOVA for Ra; O.0.R; Dy-Di; and T.S for group 1 of LBM process

Source Ra O.0.R Du-DL T.S
F-value | P- value | F-value |P-value| F-value | P- value | F-value | P- value
Model 3.35 0.0108 4.63 0.0021 3.8 0.0079 1.31 0.2974
A-(D)| 1.33 0.2659 14.24 | 0.0017 0.40 0.5344 0.21 0.6521
B-(t) 6.43 0.0220 11.95 | 0.0032 0.39 0.5419 1.30 0.2705
C-(V¢) | 1251 | 0.0027 0.052 0.8224 1.20 0.2904 1.00 0.3323
D-p) 0.62 0.4438 19.88 | 0.0004 | 13.62 | 0.0020 6.74 0.0195
E- (V) 16.50 | 0.0009 10.46 | 0.0052 0.12 0.7359 1.06 0.3186
AxB 2.410 | 0.9615 0.60 0.4510 | 16.49 | 0.0009 0.62 0.4426
AxC 0.39 0.5399 0.024 | 0.8796 | 0.070 | 0.7943 5.17 0.0371
AxD 0.43 0.5191 4.37 0.0529 4.02 0.0622 0.13 0.7249
AxE 0.022 | 0.8837 2.46 0.1360 | 0.027 | 0.8713 0.62 0.4441
BxC 0.81 0.3802 1.07 0.3206 | 0.096 | 0.7602 1.45 0.2459
BxD 2.55 0.1300 1.05 0.3158 | 15.08 | 0.0013 0.90 0.3567
BxE 4.24 0.0562 0.34 0.5667 0.99 0.3351 0.39 0.5425
CxD 4.26 0.0556 0.93 0.3484 0.39 0.5397 |2.29x102| 0.9624
CxE 0.20 0.6622 |7.67x10*| 0.9786 0.79 0.3870 0.013 0.9089
DxE 1.751 | 0.9671 1.95 0.1817 | 0.038 | 0.8472 0.084 0.7754

The columns F-value and p-value in table 17, which show the identification of

significant input parameters of group 1 of LBM process, suggest that the effects of

material thickness, cutting feed, assist gas flow rate are significant on arithmetic

surface roughness. The table shows also that hole diameter, thickness of GFRP, fiber

density, and assist gas flow rate are influential factors on out of roundness.

Moreover, the effects of fiber density, interaction between hole diameter and

thickness of GFRP, and also interaction between material thickness and fiber density

are significant on the difference between upper and lower diameter. Finally, the

analysis shows also that the fiber density, interaction between hole diameter and

cutting feed are significant on tensile strength.
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Table 18: ANOVA for Ra; O.0.R; Dy-Dy; and T.S for group 2 of LBM process

Source Ra 0.0.R Du-Do T.S

F-value | P-value | F-value | P-value | F-value | P-value | F-value P- value
Model 8.09 0.0001 1.76 0.1371 1.22 0.3498 5.14 0.0012
A-(D) 0.49 0.4921 0.46 0.5088 0.028 0.8689 0.46 0.5081
B-(t) 10.28 0.0055 6.18 0.0244 1.72 0.2079 0.052 0.8228
C-(Vc) 27.62 0.0001 1.45 0.2464 3.56 0.0776 0.22 0.6462
D-(LP) 0.79 0.3873 4.76 0.0445 0.40 0.5346 63.54 0.0001
E- (Sod) 69.27 0.0001 1.82 0.1962 0.29 0.5991 1.00 0.3333
AxB 1.36 0.2605 9.81 0.0064 2.45 0.1373 0.020 0.8904
AxC 2.38 0.1424 0.19 0.6707 0.52 0.4829 2.02 0.1742
AxD 1.67 0.2152 0.22 0.6457 0.22 0.6490 0.81 0.3814
AxE 3.538x10%* | 0.9852 |5.666x10* | 0.9409 1.72 0.2081 1.32 0.2680
BxC 2.17 0.1599 0.82 0.3777 0.91 0.3551 |3.859x10*| 0.9951
BxD 0.51 0.4848 0.028 0.8699 1.42 0.2500 1.85 0.1927
BxE 0.88 0.3632 0.12 0.7345 2.04 0.1720 0.11 0.7428
CxD 1.16 0.2965 0.25 0.6215 1.10 0.3105 0.24 0.6314
CxE 0.15 0.6992 0.060 0.8093 1.79 0.1992 4,62 0.0472
DxE 2.57 0.1282 0.19 0.6654 0.091 0.7667 0.80 0.3855

The columns F-value and p-value in table 18, which show the identification of
significant input parameters of group 2 of LBM process, suggest that the effect of
material thickness, cutting feed, stand- off distance are significant on surface
roughness of the hole. Whereas the significant factors on the out of roundness are the
thickness of the material and the power of laser beam. The table shows also that there
are no significant factors on the difference between upper and lower diameter.
Finally, the analysis shows that the significant factors on the tensile strength are the

laser power and the interaction between cutting feed and standoff distance.

Figures 36, 37, 38 and 39 show, in graphical form, the effects of influential
parameters on surface roughness, out of roundness, and tensile strength respectively,
for group (1) of LBM process. It is clear from the graphs (a, b and c) in Fig.36 that

each of the factors has a valuable effect on the roughness of the hole surface. It was
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found that the roughness is proportionate to the specimen thickness and cutting
speed. This is because, as the thickness of the specimen is increased; the depth of the
cut is increased and there will be a large amount of material burn through cut that in
turn results in high roughness, this in agreement together with the result reported by
[82]. While, with increasing cutting speed, there is not enough time available for an
adequate melt and flow of molten plastic, this phenomenon causes generation of a
rough cut hole surface, which is in a good agreement for the result reported by
[75].While graph (c) shows improvement in the surface roughness with the increases
in the assist gas flow rate. This is because the assistant gas supply a force to dismiss
the melt from the cut zone and cools the cut zone by forced convection. The
ineffectual removal of the molten layer can result in deterioration of the cut quality.
The main task of the assist gas in the laser cutting of composites is mechanical
removal of the byproducts from the cutting zone [36]. When the gas is reactive, it
also transmit an additional exothermic energy to assist in machining. Hence, the
efficiency and overall quality of the laser machining is highly dependent upon the

interaction of the gas jet with the specimen material [80].
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Figure 36: Factorial plots showing the effects of: (a) thickness of GFRP; (b) cutting
feed; and (c) assist.gas flow rate upon surface roughness for group 1 of LBM
process.
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The deviation in hole diameter (out of roundness) is increased with increase in the
hole diameter and material thickness as shown in graphs a and b of figure 37. This is
because during cutting process, the temperature of the laser beam is very high and
vaporizes more material by widening the kerf width as the hole diameter increase.
Increasing the specimen thickness owing to longer interaction time and more heat is
conducted into the material with deterioration of the achievable cut quality [36]. In
graphs ¢ and d, out of roundness of hole diameter is decreases as the fiber density
and gas flow rate increased. This is due to the large differences between the thermal
properties of resin matrix and glass fibers. The energy required to evaporate the glass
is also very high compared to the matrix. Therefore, the laser power requirements is
highly dependent on the fibers used, their volume fraction, and not on the matrix.
However, too high a laser power may vaporize or chemically degrade the polymer

matrix, which is, reflects on the cut surface profile [36].
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Figure 37: Factorial plots showing the effects of: (a) hole diameter; (b) thickness of
GFRP; (c) fiber density; and (d) assist.gas flow rate upon out of roundness for group
1 of LBM process.

Figure 38 shows that the difference between upper and lower diameter of the hole is
increased as the fiber density in GFRP material (graph a) increases. The laser beam

process used to cut the glass fibers would cause the epoxy resin to decompose and
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melt resulting in a flow of the fibers within the resin causing charring and tearing in
the resin layer. Then, the slope of the cut surface tends to decrease resulting in the

difference between upper and lower diameter [1].
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Figure 38: Factorial plots showing the effects of: (a) fiber density; (b) interaction
between hole diameter and material thickness; and (c) interaction between material
thickness and fiber density upon the difference between upper and lower diameter for
group 1 of LBM process.

Figure 39 (a and b) shows that the strength of the hole sample of the GFRP material
increases at high level of fiber density and hole diameter. Glass fibers are stronger

than the epoxy, so if a composite contains higher content of glass, it is

understandably expected to possess higher strength.
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Figure 39: Factorial plots showing the effects of (a) fiber density; and (b) interaction
between hole diameter and cutting feed upon the tensile strength for group 1 of LBM
process.

Figures. 40 - 42 show, in graphical form, the effects of influential parameters upon
surface roughness, out of roundness, and tensile strength, respectively, for group (2)

of LBM process.

As it was indicated in figure 36, it is again clear from graphs a and b of figure 40 that
the roughness of the hole surface is increased as thickness of the specimen and the
cutting speed is increased. It can be noticed from graph (c) in figure 40 that the
standoff distance has significant effect on surface roughness. Increasing the standoff
distance means the surface of the specimen will expose to the down flame of the
laser beam. At the down flame, the beam starts to splay losing its cohesive herewith
reducing the energy intensity of the beam that directly minimize the removal

capability of the gas jet and lead to a poor surface finish [81].
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Figure 40: Factorial plots showing the effects of: (a) material thickness; (b) cutting
feed; and (c) Standoff distance upon the surface roughness for group 2 of LBM
process.

It is clear from figure 41 (a and b), that increase in material thickness and laser power
leads to increase in cut path deviation around the hole diameter. The quality of cut
surface depends upon the interaction time between the laser beam and the material.
The value of damage depends upon the thickness of the sample. Therefore, the

thinner sample has minimum damage value and the thicker sample lead to longer

interaction time and result in more surface damage.
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Figure 41: Factorial plots showing the effects of: (a) material thickness; and (b)
laser power upon out of roundness for group 2 of LBM process.

Finally, graph (a) in figure 42 shows that the strength of the composite decreased as
the laser power is increased. When the laser power is increase, the heat affected zone
(HAZ) is increased and a large volume of fibers in the composite is vaporized,
causing a change in the thermal properties of the material lead to the reduction in the

strength of the composite [36].
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Figure 42: Factorial plots showing the effects of: (a) laser power; and (b) interaction
between cutting feed and standoff distance on tensile strength for group 2 of LBM
process.
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Chapter 5

OPTIMIZATION OF THE PROCESSES

Drilling, milling, AWJM and LBM cutting processes are widely used in various
manufacturing industries. These technologies have many overlapping applications.
Thus, it is useful for the industry to know these processes in order to select the
optimum settings in different conditions. The comprehensive knowledge on the cut
quality, dimensional accuracy, cost and productivity will help the users of these
operations on the choice of the best machining process. Therefore, it is better to find
the best cutting conditions through which then the desirable quality, productivity and
cost saving of cutting can be obtained. The numerical optimization has been
performed using Derringer-Suich multi-criteria decision modeling approach. In
Derringer-Suich, multi-criteria optimization technique different desirability functions
are assigned to maximization / minimization of different response parameters
(variables). Commercial statistical software called Design-Expert® is used for this

purpose [76].

5.1 Numerical Optimization of Drilling and Milling Processes

The goal of the numerical optimization in a hole making by drilling & milling can
be any of the following targets:
1. Minimize the average arithmetic surface roughness along the depth of cutting

hole (Ra).

95



2. Minimize the average arithmetic surface roughness (Ra) and minimize the cost
per hole, simultaneously.

3. Minimize the average arithmetic surface roughness (Ra) and maximize
productivity (Pr), simultaneously.

4. Minimize the average arithmetic surface roughness (Ra) and minimize the
thrust force (F;) or the machining force (Fw), simultaneously.

5. Minimize the difference between upper and lower diameter (DU-DL).

6. Minimize the thrust force (F;) or the machining force( Fw).

7. Minimize delamination at upper & lower surfaces;

8. Minimize the cost (C) and Maximize productivity (Pr).

Tables 19 & 20 present the optimized values (within the tested ranges) of the control
variables for various objectives. The last pillar in the tables shows the real results of
the confirmation tests accomplished against each optimized parameters. The two
tables show also that low surface roughness can be obtained using high levels of
cutting speed and low levels of feed rate because, the high level of feed rate causes
increase in the chatter and produces incomplete machining which lead to a higher
surface roughness. The tables show also that the minimum values of the difference
between upper and lower diameter and the minimum values of damage at the upper
and lower surface of the hole can be obtained using the low levels of the cutting
speed and feed rate. Finally, minimum cost and maximum production of holes per
minutes can be obtained if the high levels of cutting speed and feed rate are
employed. Confirmatory experiments were carried out with the optimum cutting
parameters. It was shown that the experimental values are close to the predicted

values of the objectives and thus the optimization method is reliable and valuable.
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Table 19: Predictions and Experimental results against each set of objective in
drilling process

p Fixed Optimized Parameters Comparison
o arameters
No Objectives t D Vc fz Predicted | Experimental
(mm) | (mm) | (Mm/min) (mm/rev) values values
L Minimize (Rs) 1.26 pm 121 pm
2 | Minimize(Ra) & 1.26 um 1.21 um
Minimize (C) 12 7 48 0.06 0.075 USD 0.07 USD
3 | Minimize (Ra) & 1.26 pm 1.21 pm
Minimize (F,) 78.22N 86.4N
4 - 1.38 pum
vt I B NI BT U I chun
hole/min '
5 '\D"L')mm'ze (Du- 0.058 mm 0.045 mm
6 | Minimize (F,) 12 ! 24 0.06 76.32 N 812 N
7 Minimize (DFu & 0.66 0.62
DF,) 0.76 0.78
8 L 0.075 USD
Minimize (C) & 12 7 48 0.09 145 Not applicable
Maximize (Pr) .
hole/min

Table 20: Predictions
milling process

and Experimental results against each set of objective in

Fixed Optimized Parameters Comparison
No Obijectives Parameters
t D Vc f; Predicted Experimental
(mm) | (mm) | (m/min) | (mm/tooth) values values

1 Minimum (R,) 1.05 pm 1.16 pm

2 Minimum (Ra) 1.05 pm 1.16 um
Zgé;\/lmlmlze 12 7 48 0.06 0.07 USD 0.07 USD
Minimum (R,) 1.05 pm 1.16 um

3 | & Minimize 53.86 N 53.86 N
(Fw)

4 Minimum 1.12 pm 1.18 um
(Ra)& 12 7 48 0.07 12.6 12.6 hole/min
Maximize (Pr) hole/min

5 | Minimize
(Du-D1) 12 7 24 0.06 0.006 mm 0.01 mm

6 | Minimize ) | 12 7 48 0.06 5386 N 685N
Minimize(DF 0.81 0.77

" | uaDFy) 121 7 24 0.06 0.85 0.86

L 0.07 USD Not applicable

g |MinimizeC &, 7 48 0.08 13.42
maximize (Pr) .

hole/min
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5.2 Numerical Optimization of AWJM and LBM Processes

The AWJIM and LBM processes are commonly used in the manufacturing industry.

Using these two cutting technologies, the quality of the cut surfaces is highly

dependent on the appropriate choice of machining parameters. Surface roughness,

out of roundness, difference between upper and lower diameter, cost, tensile strength

and the productivity play a predominant role in determining the machining accuracy.

Therefore, it is better to find the best cutting conditions which then the desirable

quality, productivity or cost saving of the cutting can be obtained. Optimization

criteria can be assigned to find the optimum cutting conditions. Hence, six

optimization criteria have been introduced for each of the two cutting technologies

(AWJIM and LBM) as in tables 21 and 22, namely:

1.

Minimize the average arithmetic surface roughness along the depth of cutting
hole (Ra).

Minimize the average arithmetic surface roughness (Ra) and minimize the cost
per hole, simultaneously.

Minimize the average arithmetic surface roughness (Ra) and Maximize the
productivity (Pr) (Maximize Number of holes/min), simultaneously.

Minimize average arithmetic surface roughness (Ra) and Maximize tensile
strength (T.S), simultaneously.

Minimize the difference between upper & lower diameter (DU-DL) and
Minimize out of roundness (O.0.R), simultaneously.

Minimize Cost(C) and Maximize Productivity (Pr) , simultaneously.
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Tables 21 and 22 present the optimized values (within the tested ranges) of the
predictor variables for various objectives in AWJM and LBM technologies. Last
columns of the tables show the actual results of the confirmation experiments

performed against each optimized combination.

Table 21 shows that minimum values of surface roughness, cost of operation, out of
roundness, difference between upper and lower diameters, and maximum values of
productivity and structural strength, in AWJM, can be achieved by cutting at high
levels of cutting feed and low setting of jet pressure and stand-off distance. Table 22
shows that minimum values of surface roughness in LBM can be achieved by cutting
at low levels of cutting feed, stand of distance and laser power. Moreover, cutting at
high levels of cutting feed, assist gas flow rate and low levels of stand of distance,
laser power can be used to obtain simultaneously, minimum surface roughness with
minimum cost of operation, minimum surface roughness with maximum
productivity. In addition, the table shows that minimum of surface roughness with
maximum of strength can be obtained using low levels of cutting feed, standoff
distance, laser power and high levels of assist gas flow rate. Minimum value of
difference between upper and lower diameter simultaneously with minimum value in
out of roundness can be obtained using high levels of cutting feed, assist gas flow
rate, laser power and low levels of standoff distance. Finally, minimum operation
cost together with maximum productivity in LBM can be obtained using high values
of cutting feed, assist gas flow rate and low levels of laser power and standoff

distance.
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Table 21: Predictions and Experimental results against each set of objective in AWJ

process
Fixed -
L parameters Optimized Parameters Predicted |Experimental
No| Obijectives
D t Ve p AF P | Sod values values
(mm) | (mm) J(m/min) | (gm/cm3) | (gm/min) | (MPa) | (mm)
1 [Min.(Ra) 0.82 0.85 pum 0.97 um
2 IMin.(R)) & 0.85 pum 1.16 um
Min. C/hole 0.05USD ]0.05USD
3 [Min.(Ra)&Max. 0.85 um 1.16 pum
holes/min 8.67 holes/min |8.67 holes/min
4 IMin.(Ra) & 7 1121 03 0.82 100 | 150 | 2 ]0.85 um 1.16 um
Max.T.S. 283.04 MPa ]299 MPa
5 [Min. Du-Dr and 0.2 0.11 mm 0.13mm
Min. 0.0.R ' 0.12 mm 0.1 mm
6 |Min. C/hole & 0.05 USD )
Max.holes/min 0.3 8.67 holes/min | Not applicable

Table 22: Predictions and Experimental results against each set of objective in LBM

process
Fixed -
L parameters Optimized Parameters Predicted Experimental
No| Obijectives
D t Ve p V | LP | Sod values values
(mm) | (mm) } (m/min) | (gm/cm3) | (Lit/hr) | (kW) | (mm)
1 IMin.(Ra) 01 0.82 3.1 um 2.836 um
' 1.32 3.6 um
2 |Min.(Ra) & 3.8 um 3.39 um
Min. C/hole 0.11USD 0.11USD
3 IMin.(R)&Max. | 7 | 12 0.2 1.32 45 | 15 1 ]3.84 ym 4.32 um
holes/min 6.3 holes/min 6.3 holes/min
4 IMin.(Ra) & 01 3.6 um 3.88 um
Max.T.S. ' 247.58 MPa 262.4 MPa
5 [Min. Du-Df and 0.88 9 0.06 mm 0.08 mm
Min. O.0.R ' 0.13mm 0.11 mm
6 |Min. Clhole & 0.2 0.11 USD Not applicable
Max.holes/min 1.32 15 6.3 holes/min
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Abrasive water jet and lasers processes are widely used machining processes
especially for those difficult-to-cut materials such as composite materials, in various
industrial applications, due to their advantages over the conventional cutting
processes. The main advantages of laser cutting are: no tool wear or vibration as it is
a non-contact process, low heat input, which results in less distortion and its

capability to be numerically controlled [86].

The experimental results show that, better quality of final cutting wall (minimum
surface roughness and out of roundness), higher tensile strength, minimum cost
operation per hole, higher productivity (No. of holes per min.) and a little bit higher
difference between upper and lower diameter, were achieved by the use of AWJ

technology over LBM for comparable working conditions.

AWJIM can produce clean and good quality cut surfaces. Consequently, AWJ cutting
process is a viable and alternative technology for polymer matrix composite

processing with good cut quality and productivity.
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Chapter 6

DISCUSSIONS AND CONCLUSIONS

As mentioned previously, woven laminated GFRP composite, which is used in many
industrial applications was machined by drilling, milling, AWJM and LBM
processes. The aim was to investigate the effects and select the optimal values of
predicted variables to obtain high quality of the cut holes surface (minimum wall
roughness, minimum deviation in the cutting profile (out of roundness), minimum
difference between the upper and lower diameter, high tensile strength, low operation
cost and high productivity. The quality of the cut holes is characterized by its
dimensional accuracy and surface texture such as surface roughness. The
dimensional accuracy of a part is of critical importance in the manufacturing
industry, especially for precision assembly operation. In the manufacturing process,
the designed part will be presented in a drawing with all dimensions normally given
within a certain range of tolerances. The tolerance defines the limits of induced
deviation for which allowance should be made in the design, and within which actual
size is acceptable. Surface roughness affects corrosion, fatigue life, friction and wear
and tear of manufacturing parts [38]. The quality of the cut holes can be critical to
the life of the riveted joints for which the holes are used. Aspects of the hole such as
waviness/roughness of its wall surface, axial straightness and roundness of the hole
cross-section can cause high stresses on the rivet, leading to its failure [41] . Several
hole machining processes, including drilling, milling, laser-beam and abrasive water-

jet, etc., have been proposed for a variety of economic and quality reasons. In order
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to describe the machining results a qualitative assessment is necessary of those

features, which define the machining quality.

6.1 Effect of the Predicted Parameters on the Cut Quality and

Dimensional Accuracy in Drilling and Milling Cutting Processes

It can be noticed from the table 5 that minimum thrust force which is equal to 57.8 N
and minimum surface roughness which is 1.208 um is obtained by using high level
of cutting speed and low level of feed rate. Minimum thrust force will lead to
minimum delamination damage around the hole surface [83], The presence of
delamination around the cut hole surface in the GFRP will reduce the strength
against fatigue, results in a poor assembly tolerance and affects the composites
structures integrity [84]. Therefore, minimizing the thrust force will increase the
composite performance on the count of life of the joints such as bolts and rivets [63].
The surface roughness was improved by increasing the cutting speed. This behavior
was due to the decreasing of thrust force with increasing cutting speed [41]. The
improvements in the surface roughness of the hole wall result in improve the
dimensions and accuracy of the holes. The decreasing in thrust force with increasing
cutting speed was due to the increase of the generated heat that assisted by the low
coefficient of thermal conduction and low transition temperature of plastics. The
accumulated heat stagnates around tool edge and destroys the matrix stability behind
tool edge. The destroyed matrix reduces the resistance forces developed on the lips
and the moment of the resistance force. Also the accumulated heat around tool edge
leads to softening the polymer matrix, where the softener materials make as a
lubricant material, which reduces the friction forces, moment of friction force on the

margins and moment of the forces of friction of the chip on the drill and on the
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machined surface, the reduction of thrust force causes improve in the surface
roughness [6]. When the feed rises, the cutting resistance grows as well. From the
practical point of view, smaller values of feed are better as far as tool life is
concerned. On the other hand, this causes the process to be more time consuming
(minimum production) and the process becomes expensive (high cost) [24]. Table 6
shows the same observation concerning the machining force, surface roughness, cost
per hole and productivity in using milling process. The effect of changing feed rate
on Ra has been more significant than that of the spindle speed and depth of cut as
indicated in the statistical analyses, since feed rate influences mechanisms of chip
formation, which will largely determine the value of Ra. Furthermore, deterioration
in surface roughness at higher feed rate could be attributed to the increase strain rate
on the composite material, which promotes excessive fractures on glass fibers and
epoxy matrix [77]. A sample of microscopic pictures for the holes cut by drilling
and milling processes can be seen in figures 43 and 44, respectively. Graphs a and b
of the figure 43, represent the upper and lower surfaces optical picture of exp. no.16
(table no. 5) cut by drilling process. It can be shown from this figure that, BC1
represents the cut hole diameter while BC2 represents the diameter that includes the
defects in upper and lower surfaces, respectively. The difference between BC1
(graph a) and BC1 (graph b) which represents the difference between upper and
lower hole diameter is equal to 0.131 mm, while the difference between upper and
lower hole diameter, which was cut by milling process as shown in graphs a and b of
figure 44, is equal to 0.027 mm.This observation is clear with all comparison
between the drilling and milling experiments. It means that the difference between
upper and lower hole diameter in the case of milling process is lesser than that in the

case of drilling process. This is because; in milling process, the increase in tool wear
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is minimal due to reducing the spindle speed [77] and the resulting process forces
will be directed toward the center of the work piece at both the entry and the exit
side-using standard milling tool [48]. The milling cutter is made of cemented

carbide, which has high strength and wear resistance.

6.2 Effect of the Predicted Variables on the Surface Roughness in

AWJIM and LBM Processes

It is obvious from tables 7 and 8 that in AWJM process, the minimum value of the
hole surface roughness which is equal to 0.402 um, is obtained by using the low
settings of water jet pressure and the standoff distance. Tables 9 and 10 indicate that
in LBM process, the minimum value of hole surface roughness which is equal to
2.730 um was obtained by using the low settings of cutting speed, laser power and
standoff distance. This means that using high setting values of machining parameters
in LBM process will give a higher value of surface roughness rather than using
AWJIM process. During LBM process, the GFRP composite will be burned through
cut. By increasing the cutting speed and laser power, there is not enough time
available for an adequate melt and flow of molten plastic, this phenomenon causes

generation of a rough cut hole surface [75].

6.3 Effect of the Predicted Variables on the Difference Between

Upper and Lower Diameters in AWJM and LBM Processes

For all the holes which have been cut by AWJM and LBM processes, a microscopic
analysis was used to measure the dimensional accuracy including the difference
between upper and lower diameters and the out of roundness in the hole diameter.

The microscopic analysis was also used to measure the difference between upper and
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lower hole diameter. A sample of microscopic pictures for the holes cutting by
AWJIM and LBM processes can be shown in figures 45 and 46, respectively. Graphs
a and b of figure 45 represent the upper and lower surfaces optical picture of
experiment no.32 (table no.7) cut by AWJM process. It can be seen from the figure
that BC1 represents the cut hole diameter while BC2 represents the diameter that
includes the defects in both upper and lower surfaces respectively. The difference
between BC1 (graph a) and BC1 (graph b) which represents the difference between
upper and lower hole diameters is equal to 0.237 mm, while the difference between
upper and lower hole diameters, which was cut by LBM process as shown in graphs
a and b of Figure46, is equal to 0.048 mm. It means that the difference between
upper and lower hole diameter in the case of LBM process is lesser than that in the
case of AWJM process. This observation is clear with all comparison between the
AWJIM and LBM experiments. This is due to inertia experience by AWJM nozzle,
as the nozzle is unable to maintain a true curved path that causes the jet to decrease
in energy resulting in a very narrow cut at the bottom. This is in agreement with the

phenomenon studied by Shanmugam et al. [20].

6.4 Effect of the Predicted Variables on the Out of Roundness in

AWJIM and LBM Processes

A microscopic analysis was used to determine the value of the deviation (out- of-
roundness). To determine the deviation in the cut hole diameter (out- of-
roundness),the deviation distances (Li, Lo and Ls) at three different points were
measured from the optical microscope picture for each cut hole as shown in Figs.45
and 46, the values of L1, L and Lz is substitute in equation 1 to find the deviation in

the hole diameter. It was found that the measured value of the deviation by AWJM
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process is equal to 0.196 mm while that for LBM process is 0.333mm. The high
value of the out of roundness in the diameter of the cut hole by CO> laser is due to
the high laser power action. As the power is increased, the heat gets intensified and
thermal effects on the surface of the hole are increased causing thermal damage.
From figure 46 (a, b), delamination is observable as a result of inadequate heat
dissipation in the laser beam cutting process. A composite material is one, which
contains two chemically distinct phases that are not in thermodynamic equilibrium.
The properties of the two phases used in the material are usually significantly
different, which makes the machining of them difficult. The laser beam has a certain
power and, thus, has a defined heat input into the material. However, because of the
different properties of the fiber and matrix, the two components react very differently
to the thermal input. In general, the energy needed for the vaporization of the fibers
Is higher than that required for the matrix. When a CO2 laser is employed to cut
these composites, a large volume of resin is vaporized in the process, this causes
delamination and matrix recession of the composite [85]. On the other hand, some
degree of delamination can also be observed (from figure 45) for GFRP cut by

AWJIM process but it was of very low magnitude as compared to the LBM process.

6.5 Effect of the Predicted Variables on the Tensile Strength in

AWJIM and LBM Processes

It is obvious from the experimental results tables (7 - 10), that the holes cut by
AWJIM process result in less reduction in tensile strength of GFRP as compared to
LBM process. This is because AWJIM technology is less influential on the material
properties as it does not cause chatter, has no thermal effects, and impose minimal

stresses on the work piece. In addition, the results also show that less operational cost
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and high productivity are achieved by AWJM process in comparison with LBM

jprocess.

N

Label | Value - e, a5 (1 et Label | Value e T

BCldia 8.176mm T O e BCldia  7.966mm

BC2dia  9.062mm BC2dia  9.490mm
L1 0.429mm L1 0.786mm
L2 0.519mm L2 0.888mm
L3 0.402mm L3 0.560mm
(a) (b)

Figure 43: Optical microscope pictures for hole no.16, of drilling process (a) upper

hole surface (b) lower hole surface

o A
> | _Label Value
|| BCldia 7.804mm & v

|

7.777mm Y
BC2dia  8.799mm

BC2dia  8.047mm

L1 0.510mm L1 0.742mm
L2 0.299mm L2 0.603mm
L3 0.412mm L3 0.197mm
(a) (b)

Figure 44: Optical microscope pictures for hole no.16, of milling process (a) upper
hole surface (b) lower hole surface
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(€)) (b)

Figure 45: Optical microscope pictures for hole no.32, group 2 of AWJM process (a)

upper hole surface (b) lower hole surface

(a) (b)

Figure 46: Optical microscope pictures for hole no.32, group 2 of LBM process (a)
upper hole surface (b) lower hole surface.

109



6.6 Conclusions

The present study is intended to provide a technical information related to the cut

quality (surface roughness, deviation in hole cut profile or out of roundness and

difference between upper and lower hole diameter), strength, cost and the

productivity of hole making in GFRP using drilling, milling, AWJM, and LBM

processes. Comprehensive statistical analyses were performed to investigate the

effects of the major input cutting parameters upon the selected response parameters

mentioned in previous chapters. The following conclusions can be drawn in this

regard:

6.6.1 Drilling and Milling:

In both the processes, surface roughness along the hole depth can be reduced by
reducing feed rate and increasing cutting speed.

In both the processes, delamination factor at upper and lower surfaces can be
reduced by reducing the feed rate and cutting speed. In general lower spindle
speed and lower feed rate can be effectively employed to have holes without
delamination.

In drilling process, the average thrust force can be reduced by reducing the
cutting speed while in milling; the machining force can be reduced by reducing
the feed rate.

In drilling process, difference between upper and lower diameters can be reduced
by reducing material thickness and hole diameter, while in milling, it can be

reduced by reducing cutting speed and feed rate.

6.6.2 AWJIM Process:

Reducing the surface roughness of the hole can be achieved by reducing the

abrasive mass flow rate and the standoff distance.
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Improving the dimensional accuracy (reducing out of roundness, difference
between upper and lower diameter of the cutting hole) can be done by reducing
the standoff distance

Reducing the cost of operation and increasing the productivity can be achieved
by increasing the cutting feed, standoff distance and reducing the jet pressure and

abrasive mass flow rate.

6.6.3 LBM Process:

Improvement in surface roughness of the hole can be achieved by reducing the
cutting feed, laser power and standoff distance and increasing the assist. gas flow
rate.

Improving dimensional accuracy (reducing out- of- roundness) can be done by
reducing cutting feed, stand- off distance and increasing laser power whereas
reducing the difference in the upper & lower diameter of the cutting hole can be
done by increasing cutting feed, stand of distance and decreasing laser power.
Reducing the loss in the strength of the cutting material can be achieved by
reducing the laser power, cutting feed and standoff distance.

Reducing the cost of operation and increasing the productivity can be achieved
by increasing the cutting feed, assist gas flow rate and reducing the laser beam
power and standoff distance.

Abrasive flow rate and standoff distance are more influential machining
parameters in AWJM process while cutting feed, laser power, standoff distance
and assist gas flow rate are more influential machining parameters in LBM
process.

The experimental results show that:

1. Better quality of final cutting wall (minimum Ra and O.0O.R)

111



2. Higher difference between upper and lower diameter,

3. Minimum cost operation per hole and higher productivity (No. of holes/min.)

4. Higher tensile strength. Can be obtained by the use of AWJ technology over
LBM and drilling processes while better cut quality, higher tensile strength,
close operation cost and less difference between upper and lower diameters
can be obtained by the use of AWJM over milling process for comparable
working conditions. It was concluded that AWJM cutting process is more
suitable than LBM ,drilling and milling cutting processes at high level of
cutting speed and low level of feed rate, when the cutting quality (minimum
surface roughness and out of roundness ), tensile strength , cost and
productivity is of critical importance in the manufacturing industry,
especially for precision assembly operation. It was shown also that
experimental values are fairly close to the predicted values of the objectives

and thus optimization method is valuable.

The detailed analyses reveal that CO> laser beam cutting is not a viable method
for cutting this type of composite material as compared to AWJM process,
drilling and milling processes. This is because of the conductive nature of the
composites, which increases the heat transfer to the body causing increase in the
size of the HAZ. This reflects the quality of laser cutting on composite materials.
This work is likely to prove beneficial for generating superior quality holes by
drilling, milling, AWJM and LBM in GFRP composites used in different

manufacturing applications.
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APPENDICES

Appendix A: Hole Distributions on the GFRP Work Pieces
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Appendix B: Cutting Forces Measurements for Drilling and Milling
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Appendix C: Optical Microscopic Pictures for Drilling and Milling
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Appendix D: Optical Microscopic Pictures for Group (1) of AWJM
Process
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Appendix E: Optical Microscopic Pictures for Group (2) of AWJIM
Process
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Appendix F: Optical Microscopic Pictures for Group (1) of LBM
process
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Appendix G: Optical Microscopic Pictures for Group (2) of LBM
Process
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Appendix H: Tensile Strength Calculations

Tensile strength = Max. load / (width of the specimen — hole diameter) x thickness of
the specimen

Tensile strength for drilling cutting

. Thickness Cross .
Hole | Max. load W'd.th of of _Hole sectional Tensile
No. (KN) specimen specimen diameter area strength
(mm) (mm) ) (MPa)
(mm) (mm?)
di 40.35 25 8 6 152 265.46
d2 49,52 25 16 6 304 162.89
d3 40.43 25 8 6 152 265.99
d4 45.7 25 16 6 304 150.33
d5 19.99 25 8 6 152 131.51
dé 47.67 25 16 6 304 156.81
d7 40.48 25 8 6 152 266.32
ds 46.8 25 16 6 304 153.95
d9 35.49 25 8 8 136 260.96
d10 40.93 25 16 8 272 150.48
d11 17.6 25 8 8 136 129.41
d12 41.06 25 16 8 272 150.96
di3 18.81 25 8 8 136 138.31
d14 41.71 25 16 8 272 153.35
di5 18.09 25 8 8 136 133.01
di6 40.79 25 16 8 272 149.96
Tensile strength for milling cutting
. Thickness Hole Cross .
Hole | Max. load W'd.th of of diameter | sectional Tensile
No. (KN) specimen specimen area strength
(mm) 2 (Mpa)
(mm) (mm) (mm?)
M1 40.7 25 8 6 152 267.76
M2 58.71 25 16 6 304 193.13
M3 39.31 25 8 6 152 258.62
M4 48.4 25 16 6 304 159.21
M5 19.4 25 8 6 152 128.16
M6 48.14 25 16 6 304 158.36
M7 19.37 25 8 6 152 127.43
M8 45.04 25 16 6 304 148.16
M9 17.33 25 8 8 136 127.43
M10 58.39 25 16 8 272 214.67
M11 36.69 25 8 8 136 269.78
M12 41.34 25 16 8 272 151.99
M13 18.25 25 8 8 136 134.19
M14 42.28 25 16 8 272 155.44
M15 35.54 25 8 8 136 261.32
M16 44 .4 25 16 8 272 163.24
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Tensile strength for group 1 of AWJM

Width of Thickness _Hole Cr_oss Tensile
Hole | Max. load . of diameter | sectional | strength
specimen .
No. (KN) (mm) specimen area

(mm) (mm) (mm?) (MPa)

1 43.16 25 8 6 152 283.95
2 38.56 25 8 8 136 283.53
3 86.71 25 16 6 304 285.23
4 67.12 25 16 8 272 246.76
5 44.80 25 8 6 152 294.74
6 36.60 25 8 8 136 269.12
7 75.90 25 16 6 304 249.67
8 79.24 25 16 8 272 291.32
9 51.92 25 8 6 152 341.57
10 47.09 25 8 8 136 346.27
11 105.49 25 16 6 304 347.02
12 54.75 25 8 6 152 360.17
13 92.01 25 16 8 272 338.29
14 50.56 25 8 8 136 371.74
15 106.49 25 16 6 304 350.31
16 94.68 25 16 8 272 348.10
17 14.81 25 8 6 152 97.43
18 16.70 25 8 8 136 122.79
19 71.55 25 16 6 304 235.36
20 13.87 25 8 6 152 91.25
21 53.08 25 8 6 152 349.23
22 77.43 25 16 8 272 284.67
23 38.11 25 8 8 136 280.22
24 43.60 25 8 8 136 320.56
25 91.64 25 16 6 304 301.45
26 109.66 25 16 6 304 360.71
27 54.58 25 8 6 152 359.09
28 47.26 25 8 8 136 347.48
29 76.57 25 16 8 272 281.51
30 94.02 25 16 8 272 345.65
31 108.98 25 16 6 304 358.50
32 97.67 25 16 8 272 359.09
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Tensile strength for group 2 of AWJM

. Thickness Cross .

Hole | Max. load Wld_th of of _Hole sectional Tensile
specimen . diameter strength

No. (KN) (mm) specimen (mm) area (MPa)

(mm) (mm?)

1 43.16 25 8 6 152 283.95
2 38.56 25 8 8 136 283.53
3 86.71 25 16 6 304 285.23
4 67.12 25 16 8 272 246.76
5 44.80 25 8 6 152 294.74
6 36.60 25 8 8 136 269.12
7 75.90 25 16 6 304 249.67
8 79.24 25 16 8 272 291.32
9 17.51 25 8 6 152 115.20
10 15.71 25 8 8 136 115.51

11 91.08 25 16 6 304 299.6
12 41.74 25 8 6 152 274.61
13 74.69 25 16 8 272 274.60

14 13.33 25 8 8 136 98.01
15 88.70 25 16 6 304 291.78
16 61.12 25 16 8 272 224.71
17 42.62 25 8 6 152 280.39
18 35.90 25 8 8 136 263.97
19 71.55 25 16 6 304 235.36

20 15.04 25 8 6 152 98.95
21 42.82 25 8 6 152 281.71
22 77.43 25 16 8 272 284.67
23 15.61 25 8 8 136 114.78
24 16.23 25 8 8 136 119.34

25 89.62 25 16 6 304 294.8
26 88.60 25 16 6 304 291.45

27 10.94 25 8 6 152 71.97
28 16.26 25 8 8 136 119.56
29 75.98 25 16 8 272 279.34
30 78.12 25 16 8 272 287.21
31 87.62 25 16 6 304 288.22
32 76.63 25 16 6 272 281.73
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Tensile strength for group 1 of LBM

Width of

Thickness

Cross

Hole No. Max.Load the of fche di;_'rgleier sectional s-{reennsélteh
(KN) specimen | specimen (mm) area (Mpa)
(mm) (mm) (mm)?
1 24.18 25 8 6 152 159.08
2 33.59 25 8 8 136 246.99
3 48.80 25 16 6 304 160.53
4 46.22 25 16 8 272 169.93
5 16.48 25 8 6 152 108.42
6 14.20 25 8 8 136 104.41
7 48.50 25 16 6 304 159.54
8 37.61 25 16 8 272 138.27
9 27.73 25 8 6 152 182.41
10 20.71 25 8 8 136 152.252
11 70.55 25 16 6 304 232.067
12 28.22 25 8 6 152 185.657
13 60.37 25 16 8 272 221.935
14 21.11 25 8 8 136 155.244
15 87.80 25 16 6 304 288.83
16 62.78 25 16 8 272 230.809
17 13.50 25 8 6 152 88.82
18 31.13 25 8 8 136 228.90
19 53.36 25 16 6 304 175.53
20 40.59 25 8 6 152 267.04
21 23.31 25 8 6 152 153.34
22 44.82 25 16 8 272 164.78
23 12.40 25 8 8 136 91.18
24 51.05 25 8 8 136 375.4
25 55.88 25 16 6 304 183.82
26 71.47 25 16 6 304 235.093
27 28.12 25 8 6 152 184.994
28 20.32 25 8 8 136 149.379
29 47.86 25 16 8 272 175.96
30 70.64 25 16 8 272 259.692
31 70.09 25 16 6 304 230.571
32 67.30 25 16 8 272 247.435
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Tensile strength for group 2 of LBM

Width of | Thickness Hole Cross Tensile
Max.Load the of the . sectional
Hole No. . . diameter strength
(KN) specimen | specimen (mm) area (Mpa)
(mm) (mm) (mm)

1 24.18 25 8 6 152 59.08
2 33.59 25 8 8 136 246.99
3 48.80 25 16 6 304 160.53
4 46.22 25 16 8 272 169.93
5 16.48 25 8 6 152 108.42
6 14.20 25 8 8 136 104.41
7 48.50 25 16 6 304 159.54
8 37.61 25 16 8 272 138.27
9 10.87 25 8 6 152 71.51
10 9.57 25 8 8 136 70.37
11 20.03 25 16 6 304 65.89
12 11.72 25 8 6 152 77.11
13 17.88 25 16 8 272 65.73
14 10.78 25 8 8 136 79.26
15 21.30 25 16 6 304 70.07
16 18.96 25 16 8 272 69.69
17 13.45 25 8 6 152 88.49
18 11.45 25 8 8 136 84.19
19 41.50 25 16 6 304 136.51
20 39.86 25 8 6 152 262.24
21 10.41 25 8 6 152 68.49
22 35.41 25 16 8 272 130.18
23 12.86 25 8 8 136 94.56
24 10.03 25 8 8 136 73.75
25 52.29 25 16 6 304 172.01
26 19.02 25 16 6 304 62.56
27 11.55 25 8 6 152 75.99
28 10.62 25 8 8 136 78.09
29 35.72 25 16 8 272 131.32
30 17.91 25 16 8 272 65.84
31 21.33 25 16 6 304 70.18
32 19.01 25 16 8 272 69.88
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Appendix K: Cost calculations

Cost calculation details for drilling process

Cutting Cost of Cost of tool Machining Machining Total cost
Hole No. time (sec) tool per hole cost cost(USD) (USD)
(USD) (USD) (USD)/hour
dl 22 1.92 0.019 11.2 0.068 0.087
d2 29 1.92 0.019 11.2 0.090 0.109
d3 15 1.92 0.019 11.2 0.046 0.065
d4 19 1.92 0.019 11.2 0.059 0.078
d5 17 1.92 0.019 11.2 0.052 0.071
dé6 22 1.92 0.019 11.2 0.068 0.087
d7 14 1.92 0.019 11.2 0.043 0.062
d8 17 1.92 0.019 11.2 0.052 0.071
d9 26 2.56 0.025 11.2 0.080 0.105
d10 35 2.56 0.025 11.2 0.108 0.133
dil 16 2.56 0.025 11.2 0.049 0.074
di12 21 2.56 0.025 11.2 0.065 0.09
di3 19 2.56 0.025 11.2 0.059 0.084
d14 25 2.56 0.025 11.2 0.077 0.102
di5 15 2.56 0.025 11.2 0.046 0.071
dl16 18 2.56 0.025 11.2 0.056 0.081
Cost calculation details for milling process
Cutting Price of mill | Cost of tool Machining Machining Total cost
Hole No. time (sec) cutter per hole cost cost(USD) (USD)
(USD) (USD) (USD)/hour
M1 20 8.01 0.013 11.2 0.062 0.075
M2 25 8.01 0.013 11.2 0.077 0.09
M3 13 8.01 0.013 11.2 0.040 0.053
M4 16 8.01 0.013 11.2 0.049 0.062
M5 15 8.01 0.013 11.2 0.046 0.059
M6 19 8.01 0.013 11.2 0.059 0.072
M7 13 8.01 0.013 11.2 0.040 0.053
M8 15 8.01 0.013 11.2 0.046 0.059
M9 35 9.61 0.016 11.2 0.108 0.124
M10 31 9.61 0.016 11.2 0.096 0.112
M11 22 9.61 0.016 11.2 0.068 0.084
M12 19 9.61 0.016 11.2 0.059 0.075
M13 26 9.61 0.016 11.2 0.080 0.096
M14 23 9.61 0.016 11.2 0.071 0.087
M15 19 9.61 0.016 11.2 0.059 0.075
M16 17 9.61 0.016 11.2 0.052 0.068
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Cost calculation for group 1 of AWJ

Machining

Cost of consumables

Cutting + Cost of Total cost
Hole No. . cost .
time ('sec) USD/hr maintenance USD
&service (USD/hr

1 14 8.012 8.012 0.062
2 12 8.012 8.012 0.053
3 14 8.012 8.012 0.062
4 17 8.012 8.012 0.075
5 12 8.012 8.012 0.053
6 14 8.012 8.012 0.062
7 12 8.012 8.012 0.053
8 14 8.012 8.012 0.062
9 14 8.012 8.012 0.062
10 17 8.012 8.012 0.075
11 14 8.012 8.012 0.062
12 12 8.012 8.012 0.053
13 17 8.012 8.012 0.075
14 12 8.012 8.012 0.053
15 12 8.012 8.012 0.053
16 14 8.012 8.012 0.062
17 11 8.012 8.012 0.048
18 16 8.012 8.012 0.071
19 14 8.012 8.012 0.062
20 15 8.012 8.012 0.066
21 14 8.012 8.012 0.062
22 14 8.012 8.012 0.062
23 13 8.012 8.012 0.057
24 17 8.012 8.012 0.075
25 12 8.012 8.012 0.053
26 15 8.012 8.012 0.066
27 12 8.012 8.012 0.053
28 17 8.012 8.012 0.075
29 12 8.012 8.012 0.053
30 17 8.012 8.012 0.075
31 12 8.012 8.012 0.053
32 14 8.012 8.012 0.062
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Cost calculation for group 2 of AWJ

. Machining Cost of consumables +
Cutting . Total cost
Hole No. time ( sec ) cost Cost of maintenance USD
USD/hr &service (USD/hr)
1 14 8.012 8.012 0.062
2 12 8.012 8.012 0.053
3 14 8.012 8.012 0.062
4 17 8.012 8.012 0.075
5 12 8.012 8.012 0.053
6 14 8.012 8.012 0.062
7 12 8.012 8.012 0.053
8 14 8.012 8.012 0.062
9 14 8.012 8.012 0.062
10 17 8.012 8.012 0.075
11 13 8.012 8.012 0.057
12 12 8.012 8.012 0.053
13 17 8.012 8.012 0.075
14 12 8.012 8.012 0.053
15 14 8.012 8.012 0.062
16 12 8.012 8.012 0.053
17 18 8.012 8.012 0.080
18 17 8.012 8.012 0.075
19 16 8.012 8.012 0.071
20 13 8.012 8.012 0.057
21 14 8.012 8.012 0.062
22 17 8.012 8.012 0.075
23 14 8.012 8.012 0.062
24 17 8.012 8.012 0.075
25 13 8.012 8.012 0.057
26 13 8.012 8.012 0.057
27 12 8.012 8.012 0.053
28 14 8.012 8.012 0.062
29 13 8.012 8.012 0.057
30 17 8.012 8.012 0.075
31 14 8.012 8.012 0.062
32 17 8.012 8.012 0.075
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Cost calculation table for group 1 of LBM

L Machining cost Total cost
Hole No. Cutting time ( sec) USD/hr USD
1 12 48.076 0.160
2 14 48.076 0.186
3 14 48.076 0.186
4 17 48.076 0.227
5 8 48.076 0.106
6 10 48.076 0.133
7 10 48.076 0.133
8 11 48.076 0.146
9 12 48.076 0.160
10 14 48.076 0.186
11 13 48.076 0.173
12 8 48.076 0.106
13 17 48.076 0.227
14 10 48.076 0.133
15 8 48.076 0.106
16 10 48.076 0.133
17 14 48.076 0.186
18 17 48.076 0.227
19 13 48.076 0.173
20 8 48.076 0.106
21 12 48.076 0.160
22 17 48.076 0.227
23 10 48.076 0.133
24 17 48.076 0.227
25 8 48.076 0.106
26 12 48.076 0.160
27 8 48.076 0.106
28 10 48.076 0.133
29 10 48.076 0.133
30 16 48.076 0.213
31 8 48.076 0.106
32 10 48.076 0.133
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Cost calculation table for group 2 of LBM

S Machining cost Total cost per part
Hole No. Cutting time ( sec) USD/hr USD
1 12 48.076 0.160
2 14 48.076 0.186
3 14 48.076 0.186
4 17 48.076 0.227
5 8 48.076 0.106
6 10 48.076 0.133
7 10 48.076 0.133
8 11 48.076 0.146
9 15 48.076 0.200
10 17 48.076 0.227
11 13 48.076 0.173
12 12 48.076 0.160
13 17 48.076 0.227
14 10 48.076 0.133
15 11 48.076 0.146
16 12 48.076 0.160
17 14 48.076 0.186
18 17 48.076 0.227
19 14 48.076 0.186
20 8 48.076 0.106
21 12 48.076 0.160
22 16 48.076 0.213
23 10 48.076 0.133
24 17 48.076 0.227
25 10 48.076 0.133
26 13 48.076 0.173
27 14 48.076 0.186
28 10 48.076 0.133
29 16 48.076 0.213
30 17 48.076 0.227
31 10 48.076 0.133
32 17 48.076 0.227
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Appendix L: Productivity Calculations

Productivity Calculations of Drilling Process

Material Cutting Feed Tool positioning | Productivity
Hole No. | thickness gr &Retraction time (No. of
(mm/min) .
(mm) (sec) holes/min)
di 8 76.39443721 2 9.54
d2 16 76.39443721 2 4.77
d3 8 152.7888744 2 19.09
d4 16 152.7888744 2 9.54
d5 8 114.5916558 2 14.32
dé 16 114.5916558 2 7.16
d7 8 229.1833116 2 28.64
ds 16 229.1833116 2 14.32
d9 8 57.29582791 2 7.16
d10 16 57.29582791 2 3.58
di11 8 114.5916558 2 14.32
d12 16 114.5916558 2 7.16
d13 8 85.94374186 2 10.74
d14 16 85.94374186 2 5.37
di15 8 171.8874837 2 21.48
d16 16 171.8874837 2 10.74
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Productivity calculation of milling

Tool

Material . hole Tool o Productivity
Hole : Cutting Feed . . positioning
thickness . diam. diam. . (No. of
No. (mm) (mm/min) (D) (Dn) &Retraction holes/min)
" time (sec)

M1 8 183.346649 6 5 2 10.04
M2 16 183.346649 6 5 2 6.98
M3 8 366.693299 6 5 2 15.05
M4 16 366.693299 6 5 2 11.33
M5 8 275.019974 6 5 2 12.90
M6 16 275.019974 6 5 2 9.38
M7 8 550.039948 6 5 2 18.04
M8 16 550.039948 6 5 2 14.29
M9 8 183.346649 8 6 2 6.90
M10 16 183.346649 8 6 2 5.30
M11 8 366.693299 8 6 2 11.23
M12 16 366.693299 8 6 2 9.02
M13 8 275.019974 8 6 2 9.29
M14 16 275.019974 8 6 2 7.31
M15 8 550.039948 8 6 2 14.19
M16 16 550.039948 8 6 2 11.76
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Productivity calculation for group 1 of AWJM

Hole | Diam.of | Cutting Retraction Piercing Productivity
Hole . . & .
diam. | water jet feed e Time (No. of
No. (mm) | (mm) | (mm/min) positioning (sec) holes/min)
time (sec)
1 6 1 200 2 1 7.51
2 8 1 200 2 1 5.90
3 6 1 200 2 1 7.51
4 8 1 200 2 1 5.90
5 6 1 300 2 1 9.74
6 8 1 300 2 1 7.87
7 6 1 300 2 1 9.74
8 8 1 300 2 1 7.87
9 6 1 200 2 1 9.74
10 8 1 200 2 1 7.87
11 6 1 200 2 1 7.51
12 6 1 300 2 1 9.74
13 8 1 200 2 1 5.90
14 8 1 300 2 1 7.87
15 6 1 300 2 1 9.74
16 8 1 300 2 1 7.87
17 6 1 200 2 1 7.51
18 8 1 200 2 1 5.90
19 6 1 200 2 1 7.51
20 6 1 300 2 1 9.74
21 6 1 200 2 1 7.51
22 8 1 200 2 1 5.90
23 8 1 300 2 1 7.87
24 8 1 200 2 1 5.90
25 6 1 300 2 1 9.74
26 6 1 200 2 1 7.51
27 6 1 300 2 1 9.74
28 8 1 300 2 1 7.87
29 8 1 300 2 1 7.87
30 8 1 200 2 1 5.90
31 6 1 300 2 1 9.74
32 8 1 300 2 1 7.87
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Productivity calculation for group 2 of AWJM

Hole Diam. of | Cutting Retrg‘:tlon Piercing | Productivity
Hole No. diam. water jet feed N Time (No. of
(mm) (mm) | (mm/min) positioning (sec) holes/min)
time (sec )
1 6 1 200 2 1 7.51
2 8 1 200 2 1 5.90
3 6 1 200 2 1 7.51
4 8 1 200 2 1 5.90
5 6 1 300 2 1 9.74
6 8 1 300 2 1 7.87
7 6 1 300 2 1 9.74
8 8 1 300 2 1 7.87
9 6 1 200 2 1 7.51
10 8 1 200 2 1 5.90
11 6 1 200 2 1 7.51
12 6 1 300 2 1 9.74
13 8 1 200 2 1 5.90
14 8 1 300 2 1 7.87
15 6 1 300 2 1 9.74
16 8 1 300 2 1 7.87
17 6 1 200 2 1 7.51
18 8 1 200 2 1 5.90
19 6 1 200 2 1 7.51
20 6 1 300 2 1 9.74
21 6 1 200 2 1 7.51
22 8 1 200 2 1 5.90
23 8 1 300 2 1 7.87
24 8 1 200 2 1 5.90
25 6 1 300 2 1 9.74
26 6 1 200 2 1 7.51
27 6 1 300 2 1 9.74
28 8 1 300 2 1 7.87
29 8 1 300 2 1 7.87
30 8 1 200 2 1 5.90
31 6 1 300 2 1 9.74
32 8 1 300 2 1 7.87
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Productivity for group 1 of LBM

Hole Diam. Cutting | Retraction & . Productivit
. of laser NN Piercing
Hole No. | diam. feed positioning : y (No. of
beam . . Time (sec) )
(mm) (mm/min) | time (sec) holes/min)
(mm)
1 6 1 100 15 15 4.31
2 8 1 100 15 15 3.28
3 6 1 100 15 15 4.31
4 8 1 100 15 15 3.28
5 6 1 200 15 15 7.09
6 8 1 200 15 15 5.63
7 6 1 200 15 15 7.09
8 8 1 200 15 15 5.63
9 6 1 100 15 15 4.31
10 8 1 100 15 15 3.28
11 6 1 100 15 15 4.31
12 6 1 200 15 15 7.09
13 8 1 100 15 15 3.28
14 8 1 200 15 15 5.63
15 6 1 200 15 15 7.09
16 8 1 200 15 15 5.63
17 6 1 100 15 15 4.31
18 8 1 100 15 15 3.28
19 6 1 100 15 15 4.31
20 6 1 200 15 15 7.09
21 6 1 100 15 15 4.31
22 8 1 100 15 15 3.28
23 8 1 200 15 15 5.63
24 8 1 100 15 15 3.28
25 6 1 200 15 15 7.09
26 6 1 100 15 15 4.31
27 6 1 200 15 15 7.09
28 8 1 200 15 15 5.63
29 8 1 200 15 15 5.63
30 8 1 100 15 15 3.28
31 6 1 200 15 15 7.09
32 8 1 200 15 15 5.63
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Productivity for group 2 of LBM

Hole Diam. of Cutting Retraction — Productivity
Hole . & Piercing
diam. | laser beam feed g . (No. of
No. . positioning | Time (sec) .
(mm) (mm) (mm/min) | " holes/min)
time (sec )

1 6 1 100 1.5 1.5 4.31
2 8 1 100 1.5 1.5 3.28
3 6 1 100 1.5 1.5 4.31
4 8 1 100 1.5 1.5 3.28
5 6 1 200 1.5 1.5 7.09
6 8 1 200 15 1.5 5.63
7 6 1 200 1.5 1.5 7.09
8 8 1 200 15 1.5 5.63
9 6 1 100 1.5 1.5 4.31
10 8 1 100 1.5 1.5 3.28
11 6 1 100 1.5 1.5 4.31
12 6 1 200 1.5 1.5 7.09
13 8 1 100 1.5 1.5 3.28
14 8 1 200 1.5 1.5 5.63
15 6 1 200 1.5 1.5 7.09
16 8 1 200 1.5 1.5 5.63
17 6 1 100 1.5 1.5 4.31
18 8 1 100 1.5 1.5 3.28
19 6 1 100 1.5 1.5 4.31
20 6 1 200 1.5 1.5 7.09
21 6 1 100 1.5 1.5 4.31
22 8 1 100 1.5 1.5 3.28
23 8 1 200 1.5 1.5 5.63
24 8 1 100 1.5 1.5 3.28
25 6 1 200 1.5 1.5 7.09
26 6 1 100 1.5 1.5 4.31
27 6 1 200 1.5 1.5 7.09
28 8 1 200 1.5 1.5 5.63
29 8 1 200 1.5 1.5 5.63
30 8 1 100 1.5 1.5 3.28
31 6 1 200 1.5 1.5 7.09
32 8 1 200 1.5 1.5 5.63
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