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Abstract

In recent years, Kevlar and Basalt fibre-based composites are in increasingly high demand in
various sectors particularly in defense, aerospace and automotive industries. Typical applications of
these composites in the automobile and aerospace sectors need precise and dimensionally accurate
machining. Laser drilling proves its suitability over conventional techniques during the processing
of fiber reinforced polymer composites due to its unique characteristics such as material versatility
and no tool wear etc. It also offers precise and accurate drilling in term of hole quality
characteristics such as hole circularity, taper angle and Heat affected zone. In the present thesis, a
pulsed Neodymium-Doped Yttrium Aluminium Garnet (Nd:YAG) laser system is used for drilling
of fabricated Kevlar Fiber Reinforced Polymer (KFRP), Basalt Fiber Reinforced Polymer (BFRP)
and their hybrid Kevlar-Basalt Fiber Reinforced Polymer (KBFRP) composite laminate. A range of
experiments has been performed with varied values of three laser drilling parameters such as lamp
current, pulse frequency and air pressure and key hole quality characteristics viz. top and bottom
Hole Circularity (HC), Hole Taper (HT) and Heat Affected Zone (HAZ) have been considered as
output performance measures. Experimentally observed data have been used to develop adequate
mathematical models and statistical analysis. In order to improve the dimensional accuracy of the
proposed composites during laser drilling, three different multi-response optimization techniques
such as Taguchi technique, Response surface method (RSM) based on Box-Behnken Design (BBD)
and Particle Swam Optimization (PSO) technique have been employed. Validation experiments
show that the proposed optimal value of parameters improved the overall hole quality for Kevlar,
Basalt and their hybrid composite respectively. It is believed that the outcomes of this thesis can
lead the researchers and modern industries to ensure a better quality of Fiber Reinforced Polymer

(FRP) composites laser drilling products with the high precision and geometrical accuracy.
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Chapter 1

Introduction

1.1 Background

Nowadays, Fiber reinforced polymer (FRP) or plastic composites material used in industrial
sectors like Glass Fiber reinforced polymer (GFRP), Carbon Fiber reinforced polymer
(CFRP), Kevlar Fiber reinforced polymer (KFRP) and Basalt Fiber reinforced polymer
(BFRP). FRP composite are made with same structure by using different types of machining
operation for specific industrial application. These composite are difficult to machining as
compared to metal due to their Heterogeneous and anisotropic properties. The selection of
suitable machining techniques becomes significant for FRP machining. There are lots of
machining problems arises during machining of KFRP and BFRP composites [1, 2]. The
major machining defects like delamination, fiber pull out, are found [3]. Moreover, it is
necessary to meet dimensional tolerances and rework of machining become essential.
Sometimes, it reached up to 50% cost of the production. Therefore, the various researchers
are found the other machining processes. There is no direct contact between tool and the
work piece in laser machining in FRP due to which less Mechanical and thermal forces will
be involved. Therefore Abrasive Water Jet Machining (AWJM) will used for best quality at
low controllable process [4,5]. These factors are more responsible for health of operators as
well as environment. Laser Beam Machining (LBM) has advantage of Non-contact and
localized nature for composite’s processing. LBM has major advantages of vibration, drilling
forces and tool wear. High production rate will be provided by at high drilling speed in
automation [6,7,8]. Generally two laser (CO2 and Fiber) are mostly used in processing of
FRP composite materials .Due to its higher peak power, laser has been used during
machining of the material which maintained the undefined beam quality. Machining can be
done by using higher drilling speed laser system in different interval mode. All the different
types of hole characteristics can be evaluated by using Neodymium-Doped Yttrium
Aluminium Garnet (Nd:YAG) laser system. Hole circularity (HC) will be considered as the
main quality characteristics while Heat Affected Zone (HAZ) will be considered
metallurgical characteristics [9]. In recent years, the conventional materials are replaced by
FRP composites which are applied in the application of manufacturing, automobile, aircraft

and power plants, Basically FRP materials are the combination of matrix and reinforcement.



In matrix phase, Fibers are classified in two ways; one types of fiber can be used in
manufacturing such as natural fibers and synthetic fibers. Jute, coir and rice husk has been
considered as natural fibers whereas glass, carbon, aramid and nylon has been considered as
synthetic fibers. There are various types of methods can be used for fabrication of FRP
composites such as hand lay-up, spray-up, pultrusion etc. Mostly hand lay-up approach is
used widely in industries. In the present work, the fabricated laminate has constructed by
using hand lay-up techniques due to their low cost and minimal setup requirement. As the
industrial sector, there are lots of quality parameters are required for manufacturing by using
the FRP composite material. Therefore, in present work laser drilling has been done on
KFRP, BFRP and their hybrid (KBFRP) composite material. A very big challenge to
maintain the precise and accurate geometry of hole for industrial applications, LBM are
mostly using for drilling of FRP composites Thus, for the evaluation of hole quality
characteristics, the dimensional accuracy can be maintained to overcome the variation in hole
circularity (HC), HAZ and hole taper (HT) during the machining of the composite material.
In the next stage, all the experimentally data are collected for different holes and it has been
converted in to their empirical mathematical models for the prediction of their trends. Latest
research presented that proper suitable way to adopt of drilling factors has been used for
improvement in hole surface geometry. Therefore, various researches are used different
optimization techniques for taking the suitable value of laser drilling factors. Therefore, in
present work, different multi-response optimization techniques such as Taguchi optimization
technique, RSM and PSO have been used to generate the optimum value of laser drilling

factors.

1.2 Laser

1.2.1 Background

Light is in the form Electromagnetic radiation which generated from an energy resource.
Depending upon the wave length, It may be divided as gamma, X-rays and radio etc. [10,11],
it has a single wavelength for engineering applications. Thus, due to these properties of
monochromatic light wave moves out. Therefore, the concept of LASER has been introduced
[12]. Electromagnetic radiation has been stimulated with action of the molecules. In the
advancement period, Laser has become more useable in industrial application as well as in

communication system. In the present applications, laser can be used in engineering and



hospital etc. sectors [13, 14]. In recent years, a composite material which is based on polymer
has been used in industrial application. The advanced machining techniques can be overcome
processing defects [15]. Schawlow and Townes [16, 17, 18] was used the concept of higher
resolution microwave spectroscopy in the field of the optics and radiation. Thereafter, three
types of laser such as solid, liquid and gas were introduced. There are two types of lasers has
been introduced for engineering applications. Due to characteristics of laser light, it has not
been looked like normal light. Due to focusing in nature, it enables to be concentrated at a
small space. It consists of higher power density [19]. The generation of Laser beam process
begin from small power level to top power level by using high energy. There are three main
steps, pumping, spontaneous emission and stimulated emission has been used in laser beam
generation. Laser beam has been developed outside of the system with the help of
amplification. Meanwhile, Stimulated emission has been developed by the population
inversion [20,21,22].

1.2.2 Working Principle

In Fig.1.1, The material has been heated firstly up to melting point then after up to boiling
point. The photon energy has been participated during laser material processing mechanism.
Photo-thermal mechanism has been developed due to lower energy level and it arises
vibrating effects. The phase of the material will be changed due to higher the photon energy
then vibrational effects. Three types of Phase conversion method has been employed such as
melting, vaporization and plasma formation called the photochemical mechanism. Molecular
bond of work piece material has been break down due to high photon energy laser beams.
Photo-electric process has been used for another metal removal process by using high photon

energies directly through burning [23,24,25].
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Fig. 1.1: Physical changes during laser sample interaction [25]

1.2.3 Nd:YAG Laser System

Nd:YAG laser uses solid-state gaining medium for beam generation. 1 to 2% neodymium
(Nd3+ion) doped with Yttrium Aluminium Garnet (YAG) (Y3AI5012) crystal is used as
gaining medium. An Nd:YAG laser has a near-infrared wavelength of 1.06 p.m. Power of
laser beam may be developed from MW to over a KW with the help of these lasers.
Moreover, the average power has been considered up to KW ranges in pulse mode. The
response of Neodymium-Doped Yttrium Aluminium Garnet (Nd:YAG) laser may be
converted by varying pumping discharge waveform. Higher pulse energy has been generated
by long flash light .So the power is high that why energy is absorbed by the composite
material/sample and converted in to thermal energy, causing a rough damage from
instantaneous evaporation to form cracking and melting of the material which resulted in
formation of crater like damage (degradation of machining chamfer of the composition).
Power has been employed of 10-1000 W during laser processing. In Fig. 1.2, there are two
types of optical resonators has been used, one resonator will be completely reflective and
other partially for moving the photons in the beam generation unit. The response will be

recorded by the partially transmissible mirror. Transmission of laser beam has been employed



by Optical fibers. The fumes and scatter has been removed with the help of assist gas [19,
26].
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Fig. 1.2: Laser beam drilling system [25]

1.3 Laser Beam Machining (LBM)

LBM can be divided on the basis heat source movement [12, 27]. One dimensional
machining has introduced as Laser Beam Drilling (LBD). Laser Beam Drilling can also be
further divided in two ways such as hand trepanning and helical drilling [28]. Moreover, two
dimensional laser machining has been considered as the laser cutting process and the three
dimensional laser beam machining has been considered as laser milling and turning

processes.

1.4 Laser Beam Drilling (LBD)

1.4.1 Mechanism

Nowadays, for developing hole in complex and intrinsic shape, laser drilling process is
mostly used in industrial sector with high production rate. The different types of complex and
intrinsic shapes have been generated with high production rate by using laser drilling process.

It is far better in comparison of conventional machining method. It has higher accuracy and



flexibility without tool wear and frictional forces for various engineering materials and it is
also economical process. It is depend on temperature of the erosion of the material, called
steady-state thermal process. However, it is independent of time .in this process erosion will
be developed just in front of the laser beam .After vaporization, molten materials are removed
from the hole surface with the help of assist gases. These gases also responsible for the

cooling of the work piece surface as shown in Fig. 1.3 [29].
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Fig. 1.3: Mechanism of laser materials processing [29]



1.4.2 Performance Characteristics
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Fig. 1.4: Performance characteristics in laser beam drilling [18]

Fig. 1.4 shows the classification of Process parameters can be divided into three types as the
beam, laser and drilling characteristics whereas performance can be measured by quality,
geometrical and metallurgical characteristics. Performance factors in Laser Beam Drilling
(LBD) process. Performance may be further divided in different quality, [18]. The important
quality characteristics viz Hole Circularity (HC) and Hole Taper (HT) have been considered
in geometrical characteristics while heat affected zone has been considered in metallurgical

characteristics.

1.5 FRP Composites

1.5.1 Definition

Composite has been fabricated by mixing of two or more constituent materials in a fixed or
variable proportion. Due to mixing of these constituents, properties of the composite have
been improved. There are basically two types of phases have been used to develop the

Composites such as matrix phase and reinforcement phase. Metallic, polymeric or ceramic



has considered Matrix phase while fibers or particles are considered as reinforcement phase.
In composites, matrix and fibers are enclosed by the boundary called interface. The phase
separation has been employed by the interface between the continuous and discontinuous
phase of the composite. Shear resistant is provided by Matrix phases whereas tension
resistance by reinforcement phase to the composite as shown in Fig. 1.5.There are two types
of fiber are considered as Unidirectional and bidirectional fibers. These materials have highly

effective as compared to their ingredients.
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1

Performance Parameter

|
! !

Reinforcement Matrix

| | | | ! |
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Fig.1.5: Classification of composite material

1.5.2 Characteristics

A higher degree of flexibility has been provided by FRP composite material to the vendor as
per order. This flexibility has been given in terms of strength etc. Composite material has
given the flexibility to the manufacturer for fabrication of the desired product. Many FRP
composites having the potential to absorb vibrational energy. Due to which noise and
vibrations generation has been reduced. FRP composite has given flexibility to reduced
assembly requirement for complex shape manufacturing. This type of characterises has been
used in different industrial sectors. In recent years, by considering these properties of FRP
composite, most of the researchers have transferred from traditional materials to FRP
composites for industrial purposes. FRP composites consists of different properties that make

them suitable for industries, defence, medical, and transmission industries etc. [6, 30, 31].



1.5.3 Hybrid FRP Composites

Delamination is the main reason for strength degradation of FRP composites which suffer
their service life [32]. Due to distinct properties of fiber hybridization, various researchers
have focused to increase novel properties of composites. Some common type of hybrid [33-
37].

1.6 KFRP Composite

Kevlar, most common type of aramid fibers such as Twaron, Nomex has been used. Besides,
Nomex and Technora, Kevlar had been introduced in 1965 at Dupont. Kevlar have different
properties such as high heat resistant, lighter in weight and much stronger than steel. Tensile
strength of Kevlar has of about 3,620 MPa with a density of 1.44 kg/m?®. There are three types
chemical structure has been employed such as primary, secondary and tertiary. The mono-
clinic type is considered as primary structure and the pleated sheet configuration is
considered as secondary. Kevlar has high chemical stability and high degree of resistivity
[38]. Kevlar has most promising anti-ballistic material due to high heat and vibration
absorbent properties. It has various applications such as body armor panels, bullet-proof

jackets, fire-proof bodysuits, combustion protection material etc.

o

Fig. 1.6: Molecular structure of Kevlar [38]

1.7 BFRP Composites

Many researchers have suggested that Basalt fibers and their composites have very superior
thermal, mechanical and structural properties. Due to which they have been concerned on
BFRP composites. Glass fiber reinforced has been replaced by BFRP composite due to their
high quality and environment friendly [39]. Basalt fiber has consists of SiO, and AlLOs in
their chemical proportion as shown in Fig.1.7. It is less expensive than glass and carbon fiber

due less energy consumption [40]. It is more suitable for automobile industries due high
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loading capacity [5]. Basalt fiber has various properties such as higher heat resistant, higher
oxidation, radiation resistive and shear strength, high strength and good modulus [41]. Basalt
fiber has easily sustainable, non-toxic and eco-friendly in nature [42, 43, 44, 45]. Pipes are
made by BFRP are powerful as comparison to pipes made by GFRP and it can be best for
liquids and transportation [46, 47]. Besides of that, it is type of natural fiber so it can be
reduced environmental issues. As the use of BFRP composites are many more such as such as
defence, manufacturing, and transmission etc. but the production point of view, it is more

important that which process is suitable.

B P:0s 0.56 %
i MaO 0.32 %

B Cr:0: 0.12 %

I oSio: 52.8%
M ALO: 175 %

M Fe:0: 103 %
8.59 %
4.63 %

3.34 %
K20 1.46 %
1.38 %

Fig. 1.7: Chemical composition of basalt fiber

1.8 Objectives

The main targets of the research work are considered as:

1. To fabricate different laminates of Aramid and Basalt fibers having suitable thickness
for industrial applications.

2. To identify and apply the design of experiments for conduction of experiments for
different process parameters in laser drilling.
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3. To develop mathematical models and multi response optimization of evaluated hole
quality characteristics.
4. To compare the results of all multi-objective optimization and identify the favourable

range of laser drilling parameters

1.9 Thesis structure

The seven chapters have been discussed in detail.

Chapter 1: In this chapter, an introduction of the current work has been presented. This

chapter also includes the main current work.

Chapter 2: This chapter consists of comprehensive research. It also includes concepts, merits
and demerits of laser drilling have been considered.

Chapter 3: It provides a detailed description of experimental set up and experimentation has
been discussed. It’s also includes the various optimization methods has been considered in

this chapter are also considered.

Chapter 4: In this chapter, the most advancement used in KFRP composites. The Taguchi
method has been adopted for better Hole Circularity (HC) and Hole Taper (HT).

Chapter 5: In this chapter, the most advancement research in KBFRP hybrid composite sheet
by using Nd: YAG Laser Beam Drilling (LBD). The Taguchi optimization methods have
been employed for better Hole Circularity (HC).

Chapter 6: In this chapter, the most advancement research in laser drilling of BFRP
composites. A Response Surface Method (RSM) based on Box Behnken Design (BBD) to
develop the Mathematical model for hole quality characteristics. The Particle Swarm
Optimization (PSO) based multi-response has been employed to optimize the Hole
Circularity (HC), Hole Taper (HT) and Heat Affected Zone (HAZ) .In this chapter, PSO has
adopted to determine the optimum value of factors to maximize hole quality and minimize
Hole Taper and Heat Affected Zone, simultaneously. Also compare the results of PSO and
RMS for optimum favourable condition and identify the favourable range of laser drilling

parameters.

Chapter 7: Summarizes the present work and provide conclusions. This chapter also

includes suggestions regarding coming work.
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Chapter 2

Literature Review

2.1 Introduction

In the last chapter, the recent work is discussed. Main requirement of recent work and the
structure of the thesis are also presented. In the present chapter, a short discussion of lasers
Machining FRP composite materials as well as their applications has been presented.
Moreover, optimization in laser drilling of FRP Composite has been also discussed. The laser

machining on fiber composites has been adopted as the recent work targets.

2.2 Machining of FRP Composites

There are various types of typical manufacturing operation needed in different types of
industries such as manufacturing and air force. Always composite are fabricated with proper
size and shape but their machining has special requirement. These requirements have been
fulfilled as per accurate intrinsic shapes; desired type of machining is required.it is totally
dependent of end-product [48, 49]. In the ideal condition, FRP composite has inherent
heterogeneity and anisotropy properties due to which the machining of FRP composites is
tough through traditional drilling tools. Many types of machining defects have been found
due to traditional machining. [6, 50].These machining damages has played an important role
for the structural strength of FRP composites [51]. There will be a lot of frictional force has
been generated on drilling tool due to thermal expansion during traditional drilling processes.
Due to which, hole quality will be changed. Traditional machining methods are not suitable
for intricate types of shapes. High cut quality can be developed with the help advanced
manufacturing techniques [7, 8]. Fig. 1.8 show the general outline of Laser beam drilling
(LBD) of FRP materials.
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Drilling of FRP Composite

| !

Conventional Techniques
Fiber delamination, matrix cracking, fiber
pull out and burn formation etc.

Non conventional Techniques
Higher degree of precision accuracy and reproducibility,
complex shapes and infricate profiles

Abrasive Water Jet Machining
For large and thick shests
Moisture and absorption

Laser Beam Drilling
For thin and small sheets

High energy density beam of laser light melts and vaporize the surface material
The molten material is gjected by supply of high pressure assist gas jet

CO, & Nd YAG laser are widely used in industry due to their high power
Supply of beam energy can be continuous wave or pulsed mode

Fig. 2.1: LBD of FRP Composite Materials [28]

2.3 LBD of FRP Composites

Next section presents remarkable experimental and theoretical studies that have been
conducted in the field of laser beam drilling on CFRP, GFRP and AFRP

LBM has been considered as best option of Non-traditional machining method with a high
precision grades that determines them fit for in application. Laser drilling has different types
of merits over the traditional drilling method such as good quality products, easy to operate
with economical cost. Chan et al [52] has been developed Finite Difference Method (FDM)
model and observed Material removal rate by vaporization and liquid expulsion. Cheng et al
[53] have been developed a Numerical Finite Difference Heat Flow Model (NFDHFM) for
Carbon Fiber Reinforced Polymer (CFRP) to determine the fine hole and HAZ in thin sheet
of metal. Young et al [54] have observed the effect of laser drilled holes on the strength and
stiffness of Carbon Fiber Epoxy Composite (CFRP) panel. Rodden et al [55] have been
investigated the single pulse drilling characteristics for multilayer CFRP composite. M.
Dellerba et al [56] has been investigated the interaction between Excimer lasers and CO;
sources for Aramid fiber (Kevlar), Carbon fiber and Glass fiber with an epoxy resin matrix

and found the better results for Kevlar than CO2 sources whenever drilling with CO2 sources,
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it is generating an under size hole at given output power and critical cutting speed whereas
the ablation rate is undoubtedly rather low compared with the CO. technology. E. Aoyama
et.al [57] have been investigated the effect of surface roughness during drilling of multiple
hole in multilayer boards using Aramid Fiber Reinforced Polymer (AFRP) and Glass Fiber
Reinforced Polymer (GFRP). T. Hirogaki et al [58] have been observed the effect of surface
roughness by using Aramid /Epoxy and Glass/epoxy composite for multilayer Printed Wiring
Board (PWB) in relation to blind via laser drilling. M. M. Noor et al [59] have been
investigated the four layer of GFRP having thickness of 2 mm with orientation (0, 90, 0, 90)
through the CO. laser was employed to drill and resulted that the laser power had
predominantly affected the quality of the hole. K. Ogwa et al [60] observed that the blind via
holes (BVHSs) by using Microvia formation technology has become the dominant method in
PWBs resulted an overhang defect on drilled hole. K. Ogawa et al [61] have been observed
that AFRP replaced by GFRP for the build-up layer through the microvia formation
technology. S. Nagesh et al [62] have been observed the effect of nano fillers through the
multiple responses such as Damage Width, Surface Damage Width and Taper Angle were
optimized by using the Grey-Taguchi method. A. Solati et al [63] have been investigated the
effect of drilling parameters on the HAZ and bearing strength by using Genetic Algorithm-
Artificial Neural Network (GA-ANN) approach. It was found that the GA-ANN method
could predict the HAZ and bearing strength more accurately than trial-and-error ANN. T.
Hirogaki et al [64] have been generating blind via holes by using laser drilling of PWBs
along with oxygen plasma treatment and resulted found the smooth roughness of the hole
wall without any damage. E. Aoyama et al [65] described the features of Cu-direct laser
drilled hole quality and overhang on multi-layer Printed Wiring Boards (PWBs) by
employing thermo-graphic and mixing of fillers in to the build-up layer in order to reduce the
amount of overhang. K. Ogawa et al [66] have been investigated the circuit connection
reliability of printed wiring boards (PWDs) by Finite Element Method (FEM) and resulted
that the build-up layer is effective by decreasing the thickness of the sheet. Abrate et al [67]
have studied five types of different unconventional machining processes for composite
material. But also they found more delamination during the water jet machining. Mathew et
al [68] have examined the HAZ and observed the HAZ and cut quality characteristics are
directly proportional to each other. Hocheng et al [69] studied the delamination of the
composite during conventional drilling. Tsao et al [70] have been also investigated the
delamination associated with the drilling of composite material. Davim et al [71] have

examined the delamination in the composite during the conventional machining using digital
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image analysis technique. Gaugel et al [72] have examined the various types of damages such
as wear and laminate damage in the traditional operation of CFRP. From this research it has
been confirmed that the traditional machining is not suitable for these types of materials.

However, advance machining techniques has been suitable for FRP types of materials.

2.3.1 Optimization in Laser Drilling of FRP Composites

It has been found that composite materials can be drilled with the help of laser by lasers
efficiently due to incident beam burns the arising whiskers from the drill edges. The hole
quality characteristics during LBD are highly depending on the proper selection of drilling
parameters. If the laser drilling parameter are not suitable then so many thermal defects will
arises and the product quality get worse. For getting good hole quality, the suitable drilling
parameter is required. There are various types of optimization techniques have been
employed to get optimum levels of machining parameters. G.D. Gautam et.al [73] has been
investigated the minimum kerf deviation, viz lamp current, pulse frequency, pulse width and
compressed air for 1.2mm Kevlar by using Box Benkhen design with two centre point and
optimum result obtained . G.D.Gautam et al [74] has investigated kerf quality characteristics
such as kerf width, kerf deviation, and kerf taper with consideration of five different process
parameters lamp current, pulse frequency, pulse width, air pressure and cutting speed for
1.6 mm thick BFRP composite laminate by using A Firefly Algorithm (FA) based multi
objective optimization approach and found the optimum levels for geometrically accurate
cutting. G.D.Gautam et al [75] has been investigated the effect of lamp current, pulse width,
pulse frequency, compressed air pressure and cutting speed on kerf width, kerf deviation and
kerf taper for 1.35 mm thick Kevlar-29 and basalt fiber based hybrid composite sheet and
found optimal condition by using Grey Relational Analysis and Genetic Algorithm (GRGA)
for different kerf quality. G.D.Gautam et al [76] has been investigated different kerf quality
characteristics such as top and bottom kerf width, top and bottom kerf deviation and kerf
taper for 1.35 mm thick Kevlar-29 and Basalt Fiber-Reinforced Polymer (KBFRP) hybrid
composite laminates considered five cutting parameter lamp current, pulse width, pulse
frequency, compressed air pressure and cutting speed developed mathematical model by
using RSM-based Box—Behnken design. G.D.Gautam et al [77] has been investigated the
optimum levels for 2.34 mm thickness of basalt glass Kevlar 29 hybrid FRP composite
laminates by considering the five cutting parameter as Lamp current, pulse width, standoff

distance, compressed air pressure, and cutting speed thereafter, grey relational analysis
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approach has been adopted and found that standoff distance has as the most influencing
parameter for both top and bottom kerf deviation. G.D.Gautam et al [78] has been
investigated the kerf width, kerf deviation, and kerf taper for 1.35 mm thick hybrid
Kevlar/Basalt fiber reinforced polymer composite laminate by using cutting parameters as
lamp current, pulse width, pulse frequency, compressed air pressure and cutting speed and
Firefly algorithm technique has been adopted to attain optimal levels of the control
parameters for better geometry of the cut. K. K. Sharma et al [79] has been investigated the
flexural strength of the hybrid FRPs material made from three distinct laminates. It has been
observed that the specimen having Kevlar at the topmost has the highest value of flexural
strength. A.Jain et al [80] has been discussed the machinability of these FRPCs. The main
problems in fiber-reinforced composite plastic machining were discussed in this review
concerning the most recent research in this field. A. Jain et al [81] has been done laser beam
drilling of basalt-glass hybrid composite , to predict a safe machining zone pertaining to high
drill quality with minimum heat-affected zone and maximum hole-circularity. The prediction
of the zone has been done by mathematical modeling and optimization using RSM and multi-
objective Genetic Algorithm (GA), respectively. A. Jain et al [82] have been discussed about
damages such as delamination and fiber pull-out. Therefore, the present work reviews the
drilling of FRPCs and most of its related concerns. A. Jain et al [83] have been done laser
beam drilling of a fabricated basalt—glass hybrid composite and observed a safe machining
zone pertaining to high drill quality with minimum heat affected zone and maximum hole-
circularity has been predicted by using Artificial Neural Network (ANN) merged with multi-
objective Genetic Algorithm (GA). A. Jain et al [84] have been investigated the mechanical,
thermal, and chemical properties of Basalt/\WWoven Glass Fiber Reinforced Polymer (BGRP)
hybrid polyester composites. The Fourier Transform Infrared Spectroscopy (FTIR) was used
to explore the chemical aspect, whereas the Dynamic Mechanical Analysis (DMA) and
Thermo-Mechanical Analysis (TMA) were performed to determine the mechanical and
thermal properties. The FTIR results showed that incorporating single and hybrid fibers in the
matrix did not change the chemical properties. The DMA findings revealed that the
B7.5/G22.5 composite with 7.5 wt% of Basalt Fiber (BF) and 22.5 wt% of Glass Fiber (GF)
exhibited the highest elastic and viscous properties. R. Tewari et al [85] has been observed
hole quality characteristics such as Kerf taper angle, heat-affected zone (HAZ), and surface
roughness for laser-drilled kenaf/high-density polyethylene (HDPE) composites and resulted
that predicted model exhibited good agreement with each other as they provide error less than

5.35%. H. Jiang et al [86] has been observed ultrafast laser drilling has been proven to
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effectively reduce the heat-affected zone (HAZ) of carbon fiber-reinforced polymer (CFRP)
composites. It also analyzed the forming process of the drilling depth in the spiral drilling
mode and studied the influence of laser energy and drilling feed depth on the holes’ diameters
and the taper. A.T. Erturk et al [87] has been adopted CFRP by hybrid laminate composite
containing carbon and glass fiber materials. Because using glass fiber prepreg instead of
carbon fiber prepreg will lead the material to become cheaper. K. Giasin et al [88] has been
investigated thrust force and surface roughness by the influence of spindle speed and feed
rate for the ultrasonic-assisted drilling (UAD) of GLARE laminates. UAD resulted that the
significant reduction in thrust force by up to 65% while surface roughness metrics Ra and Rz
were unaffected by the type of drilling process. P. Madhu et al [89] has been introduced bio-
fibers as reinforcement for the manufacturing of polymer composites due its availability, low
cost, and environmental characteristics and bio-fiber hybridization gives superior mechanical
and thermal properties. Rampal et al [90] has been reviewed the drilling of FRPCs and most
of its related concerns. Moreover, non-traditional drilling techniques for FRPCs are also
reviewed. Non-traditional drilling methods alleviated the hole damage to a larger possible

extent. Microwave drilling of FRPCs can also be explored to produce good quality holes.

2.4 Conclusions Drawn from Literature Survey

Key findings from a detailed literature survey are listed below:

=

A very few recent work is performed in the application of LBD of FRP sheet.

N

So many research works has already been conducted on the metal through LBD
individually. But a very few research works has been reported yet on AFRP and BFRP
composites through LBD process area.

3. The accurate machining of FRP composite is still a matter of concern, a very few
research work has already been done on the Aramid and basalt fiber composite
through Nd: YAG LBD individually. But a less research work has been considered in
the application of hybrid fiber sheet through laser beam drilling process area.

4. A limited research work has been found by using multi-objective optimization
approaches in laser drilling of FRP composites.

Based on these conclusions from the literature survey, the present work has been carried

out.
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2.5 Summary

In this chapter, a detailed research has been concluded by the previous researchers by
using Nd:YAG laser drilling of FRP composite materials. Moreover, a detail discussion
about laser mechanism as well as different laser machining processes. The output
performance parameters in the laser drilling of FRP composite have been increased by
using different optimization techniques. The different objectives have been taken on the
basis of literature survey. In the next Chapter 3, fabrication of FRP composite materials,
methodologies related to perform experiments as well measurements of output are

discussed.
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Chapter 3

Materials, Methodology and Optimization

Techniques

3.1 Introduction

In the previous chapter, works related to the laser drilling of FRP composite materials are
presented. From the detailed literature review of the works carried out by the previous
researchers, it has been inferred that the laser beam system is the necessary preferred
advanced machining process for drilling of FRP composite materials for industrial
applications. Moreover, it has been also observed that geometrically accurate and precise

drilling is the utmost priority.
3.2 Materials

There are two types of different fiber fabrics have been used for fabrication of composite
sample such as Kevlar-29 and Basalt fibers. Both fibers are purchased from Aerotech
Technical Textile, Mumbai. The properties are listed in Table 3.1, 3.2 and 3.3, respectively.
Den (Denier) is defined as gram per 9000 metres of yarn. Three various composite laminate

are prepared by using these two types of fibers for conduction of laser drilling experiments.

Table 3.1: Constituents of KFRP fiber

Kevlar-29
Wrap 1100 (Denier)
Reinforcement (yarn)
Weft 1100(Denier)
Wrap ends 9
Fiber count
Weft picks 9
Weave Plain
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Width (mm) 1650

Density(g/cm?) 0.28
Thickness (mm) 1.40
Strength (MPa) 2765
Weight (g/m?) 200

Table 3.2: Constituents of Basalt fabric

Properties Unit Basalt
Density g/cc 2.8
Tensile Strength MPa 4840
Modulus of elasticity GPa 89
Break elongation % 3.15
Relative humidity 60% RH <0.1
Thermal properties
Max. Application temp. 0°C 982
Max. Operating temp. 700
Min. operating temperature 0°C —200
Thermal conductivity W/Mk 0.031-0.038
Melting temperature (0 1450

Table 3.3: Constituents of epoxy resin and hardener

Constituents Standard Unit Epoxy resin Hardener
Emergence Visual Clear liquid Yellow
Color ASTM D GS Max 1
1544

Viscosity at 27°C ASTM D MPa.S 7000-14000 60-80
2196

Density at 27°C ISO 1183 g/cc 1.05-1.150 -

Epoxy equivalent ASTM D g/equivalent 180-210 -
1652
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3.2.1 Composite Fabrication

There are so many techniques considered for making of composite laminate. Most practiced
Hand layup technique is used for fabrication due to easy to fabricate and economical.
Automotive and aircraft industries have been used this technique for the fabrication of
various components [48]. There are three steps used in this technique for the fabrication

methodology as in Fig. 3.1. It provides the visual presentation of the fabrication.

= Mould Preparation

=Tailoring of fiber fabrics
Pre-Processing son of resin ghue

*Preparation of resin

*Releasing agent spray
=Stacking sequence
Hand Layup Technique -
Air bubble removal
W
=*Curing
Post-Processing
"Dissemble the mold
*Dressing of laminates

Fig. 3.1: Steps in composite fabrication process

Fig.3.2: Composite (a) top (b) bottom fabrication



Fiber fabric

= Stirring of epoxy
& hardener

R i 5:1 of epoxy
Fabricated | and hardener Bolted mold

laminate

§

Fixing of mold

Fabrication

Fig. 3.3: Composite fabrication process

The methodology has been divided into four phases. The first phase focuses on the
fabrication of fiber composite laminates with the help of hand layup method. Composite sheet
has been fabricated in the laboratory environment using epoxy resin-520 with hardner-509
purchased from Electro coating and Insulation Technical Pvt. Ltd., Pune, India. The
orientations of Basalt-Kevlar-29 hybrid fiber mats in fabricated laminates have been kept [B-
0°/K-0°/B-45°/K-45°/B-0°] for the five layers. The orientation of fibers affects the physical
properties of fabricated composite. Therefore, to ensure the smooth flow of epoxy resin, the
orientation angle of (0°/45°) has been taken. A mild steel mould having dimension 150 mm x
150 mm x 20 mm used to fabricate the composite laminate. Silicon spray has been used as
releasing agent. A homogeneous mixture of epoxy and hardener (5:1 ratio proportion) with
resin glue has been prepared with the help a magnetic stirrer . At last, mould has been tighten
by the bolts and rest for curing at room temperature. After 24 h, mould opened and fabricated
laminate has been released and cut into the required size. The thickness of the laminate is 1.2

mm in Fig. 3.3.
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Table 3.4: Composition of fabricated laminates sheet
Fiber Matrix ) Laminate
. . Stacking )
Used Fiber Matrix Volume Volume Thickness
) ) Sequence
Fraction Fraction (mm)
Kevlar-29 E-520 89.50 10.50 [0°/45° 15 1.20
Basalt E-520 87.41 12.59 [0°/45°]5 1.20
Kevlar-29&
E-520 87.50 12.50 [0°/45°]5 1.20
Basalt

The fibers orientation (0°/45°), has been combined in the matrix as shown in Table 3.5

Table 3.5: Set of fabric and fabricated sample sheet

Composite

Raw fabric

laminate

Fabricated composite

KFRP

BFRP

KBFRP




3.3 Experiment Method

3.3.1 Laser System

All the experiment has been conducted at Raja Ramanna Centre of Advanced Technology
(RRCAT), Indore by using Nd:YAG laser system . Compressed natural air has been used as
an assist gas during the experimentation. The natural compressed air flows through a 1 mm
diameter nozzle. The flow rate of the compressed air is maintained constant throughout the
experiment. The distance between the workpiece and the nozzle is called standoff distance.
The standoff distance has been varied in steps of 0.5, 1 and 1.5 mm. The lens of 50 mm focal
length has been selected for focusing the laser beam. It is required for protecting the focusing
lens from emitted fume due to vaporization and burning of the workpiece material. It consists
of three axes CNC-Controlled table with 250W average output power laser beam is employed
for the fabricated FRP composite sheet as shown in Fig. 3.4 .The specification of laser
system as following: Laser wave length =1069 nm, beam diameter =10mm, Beam
Divergence (Full Angle) = 6 m-rad Average Pump Power =5 KW, Average Output Power
(Max)=250kw, Peak Power (Max) = 5 KW, Pulse Energy (Max) = 100 J, Pulse Width =1-20
ms, Pulse Repetition Rate=1-20 Hz, Beam Delivery Fiber (Core Diameter) = 600 u m,
Transmission Efficiency (Through Fiber) = 90%, Focused Spot Size On Job = 600 p m.
Compressed air is used as an assist gas to expel molten material from the hole surface..
Moreover, standoff distance 1mm is fixed between the nozzle and specimen for entire range

of experiments.

Focusing head

Assist gas supply pipe

Fig. 3.4: Arrangement of setup for experiment
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3.3.2 Design of Experiments (DOE)

A Proper plan is to be design for conduction of experiments. However, it has not depend on
the number of experiment performed [10]. In the present report, Taguchi optimization and
Response Surface Method (RSM) based Box-Behnken Design (BBD) is employed to perform
experiments. It is represented by Table 3.7, which consists of three factors and their levels by
different DOE techniques. From this table, it has been observed that RSM based BBD
technique neither has fewer experiments like Taguchi based Lo & L>7 approaches nor as high
as like full factorial design and RSM based CCD approach.

Table 3.7: Number of experiments by different DOE techniques

Number of
S.No. Input Levels Techniques Number of Experiments

Parameters

1 3 3 Full Factorial Design 27

2 3 3 o L9 9

Taguchi design
3 3 3 L27 27
4 3 3 Full 52
CCD
RSM Half 32
5 3 3 BBD 42

We can be performed thousand numbers of experiments but on the basis on the basis of
literature survey, range of experiment has been already decided for getting optimum result
that why we have done only 20 numbers of pilot experiments and identify the suitable
parameters and their levels. The range of each control factors and their levels have been
decided by the help of pilot experiments. One Parameter at A Time (OPAT) approach has
been used to perform pilot experiments and decide range of laser drilling parameters as in
Table 3.8.
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Table 3.8: Number of experiments performed by Pilot experiment

Exp.no | Lamp Pulse Air pressure | Hole Images holes from optical
current (1) frequency (f) (p) circularity | microscope
Amp Hz Kg/cm? | (HC)
1 160 20 8 0.84
2 160 30 10 0.85
3 170 20 10 0.58
4 170 25 12 0.65
5 180 18 7 0.68
6 180 20 8 0.82
7 180 25 9 0.87
8 180 27 10 0.72
9 180 30 11 0.78
10 190 20 10 0.76
11 190 30 8 0.75
12 200 20 8 0.92
13 200 20 9 0.88
14 200 25 10 0.86
15 200 30 8 0.88
16 220 20 9 0.64
17 220 25 9 0.58
18 240 20 12 0.63
19 240 25 12 0.67
20 250 20 12 0.71

Three levels are selected due to limited number of experiments. However, in literature

various studies show that three level studies are sufficient to explore the process performance

The three drilling parameters viz. I, f, and p with three levels of each as in Table 3.9.
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Table 3.9: Process Parameters and their levels

Symbol Factor Unit Level1l Level2 Level3
I Lamp current Amp 160 180 200
f Pulse frequency Hz 20 25 30
p Air pressure Kg/cm? 8 9 10

3.3.3 Hole Quality Measurement

Hole quality has been considered such as Hole Circularity (HC), Hole Taper (HT) and Heat
Affected Zone (HAZ). The geometrical characteristics such as Top and bottom side hole
circularity, HT and HAZ has been considered as metallurgical characteristics .Measurement
of both sides have provided the loss of material due to over drilling. The hole circularity is
defines as degree of roundness of a hole. It may be found by using relation used in eq.(3.1)

.The schematic representation of hole circularity measurement as shown in Fig.3.5.

N

Fig.3.5: Hole Circularity Measurement

Dmin
Hole circularity = Fr— (3.2)

Diameters D1, D2, D3 and D4 have been measured of all the drilled holes at an interval of 45°
angles respectively as shown in Fig.3.5. Those areas which are not melted during laser

machining called as HAZ but it gives effect on the microstructures.
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Heat affected zone

Drilled hole

fabricated composite

Fig.3.6: Measurement of HAZ

After performing experiment, there will be non-uniformity in the hole dimension due
to different motion of laser beam.so for better hole circularity, hole taper should be
lower[50]. It is found by relation given in eq. (3.2).

tanf =222 (3.2)

2t

Where 6 is taper angle andD1, D are the inlet and outlet hole diameter respectively.
3.4 Purpose of Optimization

Optimization is the process to identify the solution of a complex problem known as an
objective function having the aim of either maximization or minimization within the
acceptable range of function variables. This approach is able to provide more information and
insight into the problem. In the present age, manufacturing industries are facing various
issues like quality of products, safety, minimum processing cost and time etc. These demands
provoke the application of optimization process in manufacturing sectors. Optimization plays
a vital role to confirm the increased quality of products with reduced cost and time. However,
it is a challenge to represent a manufacturing process in a highly constrained non-linear
mathematical model due to their discontinuous and non-explicit nature. In many cases,
conventional optimization approaches are not able to sufficient due to so many machining
parameter and the difficulty in the machining processes like LBD [51]. Conventional
optimization techniques are deterministic in nature and unable to provide a globally optimum
solution. These approaches are usually very slow in convergence. Thereby the applications of
various advanced modeling and optimization method have proposed by researchers for
optimization purpose in manufacturing. For effective optimization of any manufacturing
process, development of an empirical model of that process is the primary step. This model
can be developed by various approaches like statistical regression, fuzzy Logic, and Artificial

Neural Network (ANN). Basically, this model represents the functional correlation between
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these two parameters. In this work, models of output responses are developed using statistical
regression analysis. Thereafter, the selected optimization approach is employed to find the
solution of the developed model into the defined range of process variables. In the present
work, two advanced optimization techniques viz. Taguchi, Response Surface Method (RSM)
based BBD and Particle Swarm Optimization (PSO) have been employed to identify optimal
solutions in laser drilling of different composite materials. The detailed working procedure of
these techniques is discussed in the next section.

3.5 Optimization Techniques

Three different optimization methods such as Taguchi Method, Response Surface Method
based BBD Design and Particle Swarm Optimization (PSO) was used to find the suitable

value of laser drilling parameters.

3.5.1 Taguchi Optimization Technique

A lot of industrial application has shown the power of Taguchi’s overall approach. But there
had been dispute that a lots of optimization techniques available in spite of Taguchi approach.
However, most accepters were ready to adopt Taguchi’s loss function concept.

The Signal to Noise (S/N) Ratio may be calculated [46] by relation given in eq. (3.3).It can be
measured in decibels (dB)

n = -10log (M.S.D.) (3.3)

Where, M.S.D. is the Mean-Square Deviation for the output characteristic.

Lower is the best concept of S/N ratio is used by the relation given in eq. (3.4)

1 n
MSD.== Y] (3.4)
i=1
. The total mean value of S/N ratio (m) is calculated by the relation given in eg. (3.5)

m :l;ni (3.5)
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3.5.2 Response Surface Methodology (RSM).

In this RSM, develop the mathematical model consists of the response and variables
In general, the relation is developed
y = f(é 08 + & (3.6)
Generally ¢ has been involved the effects of measurement error, background noise,
other variables effect etc. it is also called a statistical error,. Then
EG) =1 = E[f(&,& &)+ E@ = f(&,6, - 8) (3.7)
The relation given in equation (3.3.9) are generally called the natural variables, Now RSM
work , natural variables has been converted in to coded variablesx, x, ..., x, which are
usually dimensionless, the response function eg. (3.3.8) may be explain
n=f(x1xz, ., Xg) (3.8)
n = Po+ BiX1 + faXz (3.9)
The Eqg. (3.9) is also called a main effects model, when the interaction has been considered
The f’s are a set of unknown parameters. Generally, polynomial models are linear functions
of the unknown f’s, That are also consider in regression analysis . The values has been added

easily as below:

1 = Po+ BiX1 + B2 Xo+ P12 X1Xz (3.10)
if two variables are used, it is developed given below

N = Po+ PXa+ P2 Xot Prax? + faox i+ P12 X1Xe (3.11)
In general, the first-order model is developed as follows:
n = Po+ L1X1+ PaXo+. ..+ PrXk (3.12)
n=PBo+XN s Bixj+ oy Bijxfe Dic K-, Bijxix; (3.13)
In many critical situations, higher polynomial of second order has been used.
n = Po+ PiX1+ foXo+. ..+ PiXk +€ (3.14)

3.5.3 Particle Swarm Optimization (PSO)

This method was proposed by Kennedy and Eberhart in 1995. , when a group of birds are
flying for food searching, for this instant of time, all birds in the flock can spread their search
and they help to each other for getting food in short period of time . The main terms are such
as SWARM means population of the algorithm, PARTICLE means individual swarm, P-best

individual best position, g-best global best position, Leader has been followed by other
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particles and moving towards the best position. PSO is based on bio-inspired algorithms and
found an optimal result in the given problem. It has differential algorithms in comparison to
other optimization algorithms. It has considered the only the objective function is needed.
There will be no requirement of the gradient or any differential form of the objective. Few

hyper parameters have also be consider.it is shown by block diagram in Fig.3.7.

Drilling Parameter | Algorithm Parameter | |Obiectiveof0ptimization |

I

Production of Machining —— .
Parameter —-'l PS0 Optimization method |~———| Constraints

!

| Best individuals |

!

| Evaluation |

|

| Optimal Process Parameter |

—si

Drilling Parameter

Fig.3.7: Block diagram of the PSO technique

It consists of three main phases 1.Particles Generation 2. Speed and its location 3. Speed
confirmation and final destination location. Firstly fixed the initial position and mentioned
that point to reach its final position from 1%t movement which is depending on new speed.
The varying location is denoted by Pix and speed is denoted by Vik of particle swarm and the
time limit has been considered by D; as shown in Eq. (3.15-3.17). The ith particle of position
and velocity with time k represent the vector form. From Equation 3.3.17-3.3.19 random
variables choice with uniform distribution represented by rand and the value varies from 0 to
1 through the design space. The time k + 1 is the next step to update the new velocity of all
particles and the time k represent the current position insight the design space. The Vik
provide information about the current motion and search direction, Vik+1 provides
information about the next iteration. The current motion, self-memory of particle and
influence of swarm with other three weight features w inertia factor, C; self-confidence level,
and C, confidence level of the swarm are play an important role for new search direction

respectively.

P'o= Xmin+ rand(Xmax - Xmin) (3.15)
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; Xmin + rand (Xmax — Xmin osition
Vi = ( =T (3.16)

At time

. . i i G_.i
Vit = W*Vitcr*rand % +C2*rand% (3.17)
3.5.4 Summary

The Selected FRP composite materials and their fabrication process have been discussed in
this chapter. The details of the experimental setup with selected input laser parameters and
their levels have also been discussed in this chapter. Different types of hole quality
characteristics along with their measurement process have also been discussed in this chapter.
Moreover, the mechanism of three different optimization techniques Taguchi, RSM based on
BBD and PSO have also been discussed in details. In the next Chapter 4, Parametric
optimization of hole quality Characteristics in Laser drilling of Kevlar-29 Fiber composite
sheet have been discussed.
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Chapter 4

Parametric Optimization of Hole Quality

Characteristics in Laser Drilling of Kevlar-29

1.1

Fiber Composite

Introduction

As discussed in the last chapters that the geometrical quality of the laser drilling on FRP

composite materials is governed by different factors. Therefore, it is quite required to

ascertain the effects of these process parameters to achieve a higher hole quality. For this

purpose, in this report, a KFRP sheet has been prepared and selected as the sample. Three

factors such as I, f, and p have been considered for conduction of experiments. Various

quality response of laser drilling such as HC and HT for both the surfaces of the sheets has

been considered as output response. Process flow of this chapter is shown in Fig. 4.1
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Mold Construction
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|
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|

Experiment Conduction
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Fig. 4.1: Flow chart of Methodology
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4.2 Material, Experimentation and Measurement

4.2.1 Material

KFRP composite laminate having thickness 1.20 mm is used as sample. Sample has been
prepared by Hand layup method. The stacking sequence of sample has been considered like
[K-0°/K-45° /K-0° /K-45°/K-0°]s for five layers of fibers.

4.2.2 Experimentation and Analysis

The DOE has been performed by applying Taguchi method. Conduction of experiment has
been performed on the basis of LoOrthogonal array. After that, the response such as HC and
HT has been measured and optimize the HC and HT. Further confirm and validate the

response result.

A 1.0 mm drilled hole has been considered to find various hole quality characteristics. Fig.
4.2 & 4.3 show the both sides of images of KFRP composite.

Fig. 4.2: Top side image of KFRP composite after laser drilling

775.81mm
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Fig. 4.3: Image of holes ( 9 nos.) obtained from optical microscope for KFRP composite (Top
side)

Fig. 4.4: Image of bottom side of KFRP composite after laser drilling
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Fig. 4.5: Image of holes (9 nos.) obtained from optical microscope for KFRP composite
(Bottom side)

The HC and HT are found with the help of relation given in eq. (3.1-3.2) respectively. For
better hole circularity, it should be maximized always. The error has been considered as the
deviation of the hole. The hole diameter has been measured by optical microscope and HC
has been listed in Table 4.1.

909.60 mm

798.00 mm
D4 .
D3 '

N / 857.55 mm

D2

U
SN

887.41 mm

Fig.4.6: (a) Schematic measurement of hole diameter  (b) Actual measurement of hole diameter

Table 4.1 and 4.2.has been listed the value of HC and HT. Fig.4.6 (a) and (b) presented the
schematic and actual measurement of Hole diameter. Fig. 4.7 and Fig. 4.8 presented the
variations between HC and HT respectively.

Table 4.1: Values of THC

Parameters and their levels Response
Exp.No. D1 D2 D3 -
I(Amp)  f(Hz)  p(Kg/cm?) THC
1 160 20 8 909.60 798.00 857.55 887.41  0.877
2 160 25 9 939.00 780.00 835.94 935.62  0.830
3 160 30 10 714.02 666.02 775.81 660.14  0.850
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4 180 20 9 864.04 897.00 771.21 899.00  0.857
5 180 25 10 609.00 612.00 695.69 651.24  0.875
6 180 30 8 861.00 783.05 847.81 68134  0.791
7 200 20 10 707.00 843.08 799.02 706.74  0.838
8 200 25 8 636.06 582.00 541.04 759.05  0.712
9 200 30 9 831.10 675.00 600.61 802.03  0.722
Table 4.2: Values of BHC and HT
Parameters and their levels Response
Exp.No. D1 D2 D3 D4
I(Amp)  f(Hz)  p(Kg/cm?) BHC HT(degree)
1 160 20 8 738.00 768.02 714.76 777.89 0.918 2.29
2 160 25 9 723.05 738.09 634.12 761.91 0.832 2.30
3 160 30 10 819.04 720.02 738.13 774.12 0.879 1.14
4 180 20 9 888.51 729.12 730.40 865.65 0.820 1.14
5 180 25 10 753.05 663.10 663.21 745.53 0.880 1.14
6 180 30 8 609.06 732.00 738.81 611.56 0.824 2.20
7 200 20 10 696.00 765.02 676.09 663.41 0.867 1.14
8 200 25 8 738.00 756.14 706.68 732.68 0.934 2.29
9 200 30 9 759.00 724.01 612.12 827.26 0.739 2.10
1
0.8 \M
2
3 0.6
5 0.4
§ 0.2
0
1 2 3 4 5 6 7 8 9 10
—¢—THC =——BHC

Number of Experiment

Fig. 4.7: Variation of THC and BHC for all experiments
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Fig. 4.8: Variation of HT Versus number of experiments
4.3 Linear Model Analysis and Validation

The Linear model has been analysed for THC, BHC and HT. The measured data has been
considered to provide linear models of all calculated hole characteristics level. The estimated
model coefficients have been calculated for S/N Ratios and Mean by MINITAB 17 expert

software as listed in Table 4.3 and 4.4.

Table 4.3: Values of estimated model coefficients for SN ratios

Term Coef SE Coef T P
Constant -1.7747 0.05924 -29.956 0.001
| 160 0.3904 0.08378 4.660 0.043
| 180 0.2672 0.08378 3.189 0.086
f20 0.4405 0.08378 5.258 0.034
f25 -0.1290 0.08378 -1.539 0.264
p38 -0.2627 0.08378 -3.136 0.088
p9 -0.1475 0.08378 -1.761 0.220

$0.1777 R-Sq98.31%  R-Sq(adj) 93.23%
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Table 4.4: Values of estimated model coefficients for Means

Term Coef SE Coef T P
Constant 0.81740 0.005351 152.755 0.000
| 160 0.03550 0.007568 4.691 0.043
| 180 0.02407 0.007568 3.180 0.086
f 20 0.04037 0.007568 5.334 0.033
f 25 -0.01120 0.007568 -1.480 0.277
p8 -0.02363 0.007568 -3.123 0.089
p9 -0.01373 0.007568 -1.815 0.211

4.4 Optimization Technique

In this research, Optimize the response such as HC and HT by using Taguchi method such as

.Further, identify the optimal value of drilling parameters.

4.4.1Taguchi Optimization Technique

In this research, optimize the response such as HC and HT by using Taguchi method to
obtain the S/N ratio for better HC suitable HT. Further, identify the optimal value of drilling

parameters.

4.4.2 Result and Discussion for Hole Circularity

The response of S/N Ratio for hole circularity under various factors are listed in Table 4.5

Table 4.5: The response of S/N Ratio for different parameter settings

EI\)I(: (NAMp ()Hz (p)Kg/em?  S/N Ratio
1 160 20 8 -1.13704
2 160 25 9 -1.61216
3 160 30 10 -1.40345
4 180 20 9 -1.33228
5 180 25 10 -1.15686
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The level values have been calculated by MINITAB 17 Program and represented in Table
4.5.Fig. 4.9 and Table 4.6 and Table 4.7 represented that the parameter (1) at first , parameter
(f) at first and parameter (p) at third level . Therefore all the experiments have been done
according to result obtained from MINITAB 17 Program. The result has been considered for

obtain optimal drilling condition as 160 amp(1) , 20 Hz (f) and 10 kg/cm?(p) .

Main Effects Plot for SN ratios

Data Means

E

-1.50

-1.75

-2.00

Mean of SN ratios

-2.25 1

-2.50 1

160

180 200

Signal-to-noise: Larger is better

20

25

30

Fig.4.9 : Main effect graph for S/N ratios.

Table 4.6: Result for S/N Ratio

10

Level (DAmp (HHz (p)Kg/cm?
1 -1.384 -1.334 -2.037
2 -1.507 -1.904 -1.922
3 -2.432 -2.086 -1.364
Delta 0.286 0.752 0.673
Rank 1 2 3
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Since we have found signal to noise ratio by considering “larger is better” in case of hole
circularity, it should be maximized. So From Table 4.6 S/N ratio for lamp current (I)
have values (-1.384) corresponding their level (160 amp),for frequency (f) has their value
(-1.334) corresponding their level (20 Hz) and for air pressure (p) has value (-1.364)
corresponding their level (10 kg/cm?) so we can say that the optimal condition for Hole

circularity will be 1=(160amp), f = 20Hz, and p = 10 kg/cm?

Main Effects Plot for Means

Data Means
F P
0.850 1
£ 0.825-
O
=
k)
5 0.800-
]
=
0775
0.750 i . . . . i | i i
160 180 200 20 25 30 8 9 10
Fig.4.10: Main effect graph for Means
Table 4.7: Result for Means
Level (DAmMp (fHz (p)Kg/cm?
1 0.8529 0.8578 0.7938
2 0.8415 0.8062 0.8037
3 0.7578 0.7882 0.8548
Delta 0.0951 0.0695 0.0610
Rank 1 2 3

Main effect plot has been considered the variation of response with respect to drilling
parameters value. From analysis, the air pressure has been considered small effect as compare

to (1) and (f). Previous researchers have been suggested that the pulse frequency has more
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significant than air pressure on the HC. But from Table 4.6 and Table 4.7. It is represented
that (I) has major significant than (f) and (p) has been obtained small impact on hole
circularity.. The full matrix of mean interaction plots for HC and HT are shown in Fig. 4.11

and 4.12 respectively.

Interaction Plot for HOLE CIRCULARITY
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Fig. 4.11: Full matrix of mean interaction plots for THC
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Fig. 4.12: Full matrix of mean interaction plots for BHC

The lowest value of THC was achieved at the higher level of I (200 Amp), moderate levels of
f (25 Hz), and lower level of p (9 kg/cm?). While, lowest value of BHC was achieved at the
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moderate levels of f (25 Hz) and | (200 Amp) and higher level of p (10 kg/cm?). Since Kevlar

has high heat resisting material due to which heat affected zone may also be increases. The

reason is behind that the value of I (200 Amp) increase the amount of absorbed thermal

energy as shown in Fig.4.12 , therefore moderate ranges of lamp current (1) are required for

proper drilling.

4.4.3 ANOVA for Hole Circularity

The p values have been considered in Table 4.8 and Table 4.9. For drilling factor, It is found
as 0.031, 0.062 and 0.074 and Percentage contribution are 0.522, 0.252 and 0.207

respectively. Previous researcher has suggested the same result [84].

Table 4.8: ANOVA for Means

S. Percentage
No. Factor P > MS i Contribution
1 I 2 0.016163 0.008081 31.36 0.031 0.5227
2 F 2 0.007817 0.003908 15.17  0.062 0.2528
3 P 2 0.006430 0.003215 1248 0.074 0.2079
4 Residual Error 2 0.000515 0.000258 0.0166
5 Total 8 0.030925
Table 4.9: ANOVA for S/N Ratio
S. Percentage
No. Source DF SS MS F P contribution
1 I 2 1.96910 0.98455  31.17 0.031 0.5275
2 F 2 0.92334 0.46167 14.62 0.064 0.2474
3 P 2 0.77711 0.38856  12.30  0.075 0.2082
4 Residual Error 2 0.06317 0.03159 0.0169
5 Total 8 3.73272
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4.4.4 Result and Discussion for Hole Taper

In this study, Taguchi technique has considered to obtain the suitable result of drilling factor to
minimize the response .S/N Ratio has been evaluated and observed the plot as listed in Table
4.10.

Table 4.10: S/N Ratio under different parameter settings

Exp. 1(Amp) f (H2) (Kglem?) S/N
m z cm
No. P PRg Ratio
1 160 20 8 -7.19671
2 160 25 9 -7.23456
3 160 30 10 -1.13810
4 180 20 9 -1.13810
5 180 25 10 -1.13810
6 180 30 8 -6.84845
7 200 20 10 -1.13810
8 200 25 8 -7.19671
9 200 30 9 -6.44439
Main Effects Plot for SN ratios
Data Means
F P
11
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=
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=
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Fig.4.13: Main effect graph for S/N ratio
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Table 4.11:

Result for S/N ratio

Level I(Amp) f(Hz) p(Kg/cm?)
1 -5.190 -3.158 -7.081
2 -3.042 -5.190 -4.939
3 -4.926 -4.810 -1.138
Delta 2.148 2.032 5.943
Rank 2 3 1

Fig.4.13 and Table 4.11 represented The factor | , fand p has been followed the sequence of

level as per (121). Therefore all experiments it has been found that optimal solutions may be

achieved at160 amp for I, 25 Hz for f and 8 kg/cm? for p. Since we have found signal to noise

ratio by considering “Smaller is better” in case of hole taper, it should be minimized. So

From Table 4.11 S/N ratio for lamp current (I) has value(-5.190) corresponding their level

(160 amp),for frequency (f) has their value (-5.190) corresponding their level (25 Hz) and for

air pressure (p) has value (-7.081) corresponding their level (8 kg/cm?) so we can say that the

optimal condition for Hole Taper will be I=(160amp), f = 25Hz, and p = 8 kg/cm?
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Fig.4.14: Main effect graph for Means
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Table 4.12: Result for S/N ratio

Level I(Amp) f(Hz) p(Kg/cm?)

1 1.910 1.523 2.260

2 1.493 1.910 1.847

3 1.843 1.813 1.140
Delta 0.417 0.387 1.120
Rank 2 3 1

As the rank represented that the (p) has high significant factor for HT as in comparison to
other two factors but it has been observed in Fig.4.14 and Table 4.12 that (p) has major role
then (1) and after then (f) has been observed less impact.

4.4.5 Optimal Values of Process Parameters

Table 4.6 and Table 4.11 presented suitable values of drilling factors to maximize the hole for
HC and minimize the HT. By using response, it has been observed that suitable values of I
for hole circularity are 160 Amp, f=20Hz and p= 10kg/cm? respectively. Similarly it has been
also observed that optimal values for Hole Taper 1=160 Amp, f= 25Hz and p= 8 kg/cm?
respectively. From Table 4.8 and Table 4.9, The p values have been, found as 0.031, 0.062
and 0.074 and F values have been found as 31.36, 15.17and 12.48.

4.5 Conclusions

The main outcomes drawn by this research are concluded in below:

. The response of HC and HT have been recorded and analysed for KFRP

Composite sheet.

. It is found that most significant factor as lamp current while (p) as less reliable
factor for HC of KFRP sheet.

. The most reliable parameter is air pressure for the HT while (f) has less factor

. In this research, the proposed methodology will be provided the new approach to

new researcher for developing the relation for drilling parameters and response

during laser drilling of KFRP composite laminate
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4.6 Summary

In this chapter, Experimental Investigation and Parametric Optimization of the Hole
Circularity and Hole Taper during Laser Drilling of 1.2 mm thickness of Kevlar-29 have been
discussed. Experiments have been conducted on the basis of proper design of experiments
technique. The optimum value of laser drilling parameters has been identified by using
Taguchi techniques. In the next chapter, Parametric Optimization of Hole Quality in Laser
Drilling of 1.2mm thickness of Kevlar/Basalt Hybrid FRP Composite has been discussed.
The optimum value of laser drilling parameters has been identified by using Taguchi

techniques.

47



Chapter 5
Parametric Optimization of Hole Quality In Laser

Drilling Kevlar/Basalt Hybrid FRP Composite

5.1 Introduction

In the previous chapter, A mathematical model has been presented for various hole quality
characteristics by using pulsed Nd:YAG laser drilling of KFRP composite laminate.
Moreover, the optimal process parameter has been fixed in Taguchi method. In the present
chapter, KBFRP hybrid composite laminate having thickness 1.20 mm has been prepared and
used as a workpiece for laser drilling. Three different laser drilling parameter has been
considered such as I, p & f to conduct experiments. Both sides of quality characteristics like
Top side and bottom side hole circularity have been considered as output response. For better
hole circularity, S/N ratio should be maximized. Further the confirmation of experiment has
been considered and validated the result. Pictorial representation of phase methodology used

in this chapter is shown in Fig. 5.1.

» Composite fabrication

Material

*DOE
e Laser drilling
Experimentation| « Measurement of Hole qualities

» Mathematical modeling
+Validation
Modeling + ANOVA

* Taguchi optimization
« Identification of optimal values

Optimization

Fig. 5.1: Flow Chart of methodology
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5.2 Material, Experimentation and Measurement

5.2.1 Material

KBFRP composite laminate having thickness 1.20 mm is used as sample. Sample has been
prepared by Hand layup method. The stacking sequence of sample has been considered like
[B-0°/K-0° /B-45° /K-45°/B-0°]s for five layers of fibers.

5.2.2 Experimentation & Measurement

Conduction of experiment on KFRP Composite has been employed by 250W Nd:YAG Laser
in RRCAT, Indore. Conduction of experiment has been performed on the basis of
LoOrthogonal array. After that, the response such as hole circularity has been measured as
shown in Fig.5.6 (a) & (b) for Experiment no.1 and optimize the hole circularity. Further
confirm the experiment and validate the response result. A 1.0 mm drilled hole has been
conducted to find different hole quality characteristics. Fig. 5.2 & 5.4 shows the both side

images of KBFRP composite after conducting experiments.

S @FECE S 43 as

Fig. 5.2: Image of top side of hybrid KBFRP composite after laser drilling
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Fig. 5.3: Image of holes (9 nos.) obtained from optical microscope for KFRP composite (Top

side)
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Fig. 5.4: Image of bottom side of hybrid KBFRP composite after laser drilling
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Fig. 5.5: Image of holes (9 nos.) obtained from optical microscope for KFRP composite

(Bottom side)

The Hole Circularity is calculated by using Eq. (3.1) respectively. For better hole circularity,
it should be maximized always. The error has been considered as the deviation of the hole.
Hole diameter has been measured by stereo optical microscope as represented by Fig.5.6 (a)
and (b). The Hole Circularity (HC) has been calculated as listed in Table 5.1.

D4
D3
AN S
N
- D2
N
/ AN
D1

Fig.5.6: (a) Schematic measurement of hole diameter (b) Actual measurement

The Hole Circularity is listed in Table 5.1 and 5.2.The variations in Hole Circularity of both

sides are shown in Fig. 5.7 respectively.

51



Table 5.1: Values of THC with parameters setting

Factors and their levels Response
Exp.No. | f P D1 D2 D3 D4  THC
(Amp)  (H2) (Kg/em?)

1 160 20 8 645.007 603.000 657.623 594.192  0.9169
2 160 25 9 663.061 441.041 601.224 487.922  0.6650
3 160 30 10 570.000 570.511 632.851 570.734 0.9006
4 180 20 9 588.031 567.032 666.311 526.105 0.7895
5 180 25 10 669.037 594.068 681.344 515.59 0.7706
6 180 30 8 657.027 564.000 694.094 575.196 0.8584
7 200 20 10 636.007 575.505 673.932 566.587 0.8908
8 200 25 8 618.007 627.029 674.913 502.086  0.8007
9 200 30 9 675.007 671.505 825.196 666.923 0.8081

Table 5.2: Values of BHC
Parameters and their levels Response
Exp.No. | f P D1 D2 D3 D4  BHC
(Amp)  (Hz)  (Kglem?)

1 160 20 8 480.037 489.037 458.451 495.908 0.9244
2 160 25 9 630.007 491.531 576.851 508.383 0.7801
3 160 30 10 459.039 417.011 383.308 514.297 0.7453
4 180 20 9 606.007 666.000 645.23  619.053 0.9099
5 180 25 10 582.070 594.068 568.909 554.124 0.9327
6 180 30 8 611.505 573.031 594.212 587.245 0.937
7 200 20 10 600.007 558.000 507.565 626.002 0.8108
8 200 25 8 624.007 570.000 628.398 550.236 0.8756
9 200 30 9 552.000 663.000 717.063 559.385 0.7698
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Fig. 5.7: Variation of THC and BHC for all experiments

5.3 Optimization Technique

In this research, optimize the response such as hole circularity by using Taguchi method.

Further, identify the suitable value of drilling parameters for KBFRP composite laminate.

5.3.1 Taguchi Optimization Technique

Result has been observed on the basis of (S/N) ratio. Two different graphs related to main

effect graph for mean and S/N Ratio has been considered for HC for each experiments.

5.3.2 Result and Discussion

The response of S/N Ratio for HC for different parameter setting are given in Table 5.3

Table 5.3: The response of S/N Ratio for different setting

EI\)I(: |(Amp) f(H2) p(Kglcm?)  SIN Ratio
1 160 20 8 - 4.09631
2 160 25 9 -5.22439
3 160 30 10 -4.64205
4 180 20 9 -4.64205
5 180 25 10 -4.22250
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6 180 30 8 -4.12419
7 200 20 10 -4.25079
8 200 25 8 -4.36489
9 200 30 9 -2.98708

Table 5.3 represented the level values for different drilling factors which may be calculated
with the help of MINITAB 17 Program. Fig. 5.8 and Table 5.4 and Table 4.7 represented the
factors such as I, f and p has been followed the level sequence as (311) for conducting the
experiment and Table 4.7. Therefore conduction of experiments has been performed
according to 200 Amp (1), 20 Hz (f) and 8 Kg/cm? (p) to obtain optimum drilling condition.
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Fig.5.8: Main Effect graph for S/N ratios.

When lamp current will be changed from 160-180amp, the corresponding S/N Ratio values
will be decreased, further increased the value of lamp current from 180-200amp, the
corresponding S/N Ratio will be increased and this pattern will be same in case of pulse

frequency as well as gas pressure.
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Table 5.4: Result for S/N Ratios
Level I(Amp) f(Hz) p(Kg/cm?)
1 -1.735 -1.270 -1.332
2 -1.881 -2.579 -2.482
3 -1.595 -1.362 -1.392
Delta 0.286 1.309 1.146
Rank 3 1 2

Since we have found signal to noise ratio by considering “larger is better” in case of hole
circularity, it should be maximized. So From Table 5.4 S/N ratio for lamp current (1) have
values (-1.595) corresponding their level (200 amp),for frequency (f) has their value (-1.270)
corresponding their level (20 Hz) and for air pressure (p) has value (-1.332) corresponding
their level (8 kg/cm?) so we can say that the optimal condition for Hole circularity will be

I=200amp), f = 20Hz, and p = 8 Kg/cm?

Main Effects Plot for Means
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Fig.5.9: Main Effect graph for Means
Table 5.5: Result for Means
Level I(Amp) f(Hz) p(Kg/cm?)
1 0.8275 0.8657 0.8587
2 0.8062 0.7454 0.7542
3 0.8332 0.8557 0.8540
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Delta 0.0270 0.1203 0.1045
Rank 3 1 2

Main effect plot has been considered the variation of response with respect to drilling
parameters value. From analysis, the lamp current has been considered small effect as

compare to pulse frequency and pulse air pressure.

Interaction Plot for hole circularity
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Fig.5.10: Full matrix of mean interaction plots for HC

From Fig.5.10, The lamp current (1) was achieved the lowest and highest value of HC that is
(0.7) at lower level of I (160 Amp) as shown in the mean interaction plot. Similarly pulse
frequency (f) was achieved lowest value of HC at the moderate levels of f (25 Hz) and
highest value of HC that is (0.9) at the lowest levels of f (20 Hz) as shown in the mean
interaction plot, Moreover Gas pressure (p) was achieved the lowest value of HC that is (0.7)
at moderate level of p (9 kg/cm?). as shown in the mean interaction plot and highest value of

HC that is (0.9) at lowest level of p (8 kg/cm?) as shown in the mean interaction plot
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5.3.3 ANOVA

The p values have been listed in Table 4.8 and Table 4.9. For drilling factor, It is found as
0.642, 0.064 and 0.081 and Percentage contribution are 0.020, 0.529 and 0.413 respectively.

Previous researcher has suggested the same result.

Table 5.6: ANOVA for Means

S. Sum Mean

No. Factor DF ofsquare  square F P Contribution
1 1 2 0.1224 0.06119 056 0.642 0.020
2 F 2 3.2030 1.60149 1458 0.064 0.529
3 P 2 2.5037 1.25183 11.40 0.081 0.413
4  Error 2 0.2196 0.10981 0.036
5 Total 8 6.0486

5.4 Conclusions

The optimum value of drilling parameter has been identified for KBFRP hybrid fiber
composite during Nd:YAG laser. The analysis of the result has been done by ANOVA and
proposed methodology has been accepted for improved response. Main conclusions of this

work are:-

1. Optimum drilling conditions has been obtained by considering the suitable drilling
parameter and their level as followed drilling sequence operation ‘311° were found to
be 200 Amp for ‘lamp current (1), 20 Hz for the ‘pulse frequency (f) and 8 Kg/cm? for
the “air pressure (p).

2. Satisfactory result has been obtained by performing less conduction of experiment

3. Pulse frequency(f) is the most influencing factor for HC

5.5 Summary

In this chapter, Parametric Optimization of Hole Quality in Laser Drilling of 1.2mm
thickness of Kevlar/Basalt Hybrid FRP Composite has been discussed. The optimum range of
laser drilling parameters has been identified by using Taguchi techniques. In the next chapter;
Evaluation of Hole Quality Characteristics in Laser Drilling of BFRP Composite Using

Multi-Response Optimization Technigque has been discussed.
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Chapter 6

Particle Swarm based Optimization of Hole

Characteristics during Laser Drilling of BFRP
6.1 Introduction

In the last chapter, A mathematical model for various hole quality characteristics have been
developed by using experimental results. Moreover, Taguchi optimization method has been
used to fix their levels of process parameters. In the present report, a Basalt FRP composite
laminate has been prepared and selected as the sample of work piece. Three laser drilling
parameters have been considered like I, f and p to perform experiments. Different types of
quality characteristics for both the sides have been considered like as Hole Circularity, Hole
Taper and HAZ as response. Further, a mathematical model has been developed for both
sides of HC, HT and HAZ by RSM. Two different techniques such as RSM based on Box-
Behnken Design (BBD) and PSO are employed for multi-objective optimization. The optimal
value of LBD parameters is signified as compared to the results of optimization method.
Moreover, parametric effects on different hole quality characteristics also have been

presented in detail. Process flow of this chapter is shown in Fig. 6.1

50
Basalt fiber fabric Laser 8ystem (Pulsed Generation of mathematical Response surface methodology
- Nd: YAG del &
Hardener and Epoxy ) i + Particle Sworm Optimization
Resin l l
Laser parameter .
selection | Developed models affirmation | Developnf;enn;npofnob]e crve
Mold Construction l l
' Pilot Experiment —I ‘ Setting of searchagent,
l max_iteration, bonds,
No Adequacy Yes dimension
Hand lay-up technique | Design of experiment of ANOVA

Accuracy
error?

l

Experiment Conduction

Confirmation
of iteration
criteria

Basalt fiber .
reinforcement .—‘:.faal}iﬁs .
composite Measurement of hole contribution(%s)

circularity and HAZ

| Eest optimum value

Fig.6.1: The flowchart of the methodology
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6.2 Material, Experimentation and Measurement
6.2.1 Material

BFRP composite laminate having thickness 1.20 mm is used as sample. Sample has been
prepared by Hand layup method. The stacking sequence of sample has been considered like
of [B-0°/B-45°/B-0°/B-45°/B-0°]s for five layers of fibers.

6.2.2 Experimentation & Measurement

A 1.0 mm drilled hole has been performed to find different hole quality. Procedure of laser
drilling experimentation and Hole Circularity, Taper Angel and HAZ analysis as shown in
Fig. 6.2.The both sides of images of BFRP composite after conducting experiments as shown
in Fig. 6.3 and 6.5.

4

Raw fabric Fabricated composite BERP composite after laser
(Basalt) (BERP composite) drilling (Nd:YAG laser

drilling) l

jon RIBIYIE 1€ [

a 'l

HAZ Analysis Hole circularity analysis Hole circularity through optical Drilling sample
microscope

Fig.6.2: Procedure of laser drilling experimentation and Hole Circularity and HAZ analysis

Fig.6.3: Top side Image of BFRP composite after laser drilling
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Fig. 6.4: Top side Image of holes (27 Nos.) obtained from optical microscope for BFRP

composite
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Fig. 6.5: Bottom side Image of BFRP composite after laser drilling
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Fig. 6.6: Bottom side Image of holes (27 Nos.) obtained from optical microscope for BFRP

composite

Three drilling parameter has been considered with their level as listed in Table 6.1. Further

conduction of experiment has been performed on the basis of Box Behnken design. There are

27 no. of experiments have been performed as per design of experiment.

Table 6.1: Values of THC with parameters setting

Top side
Exp. N 4) (p) hole
no. Amp Hz Kg/cm? ot o2 o3 P4 Circularity
(THC)
1 160 20 8 750.216  771.053 723.622 814.686 0.833028
2 160 20 9 747.120 750.096 668.623  778.302 0.857806
3 160 20 10 828.196  720.056 734.173  819.712 0.889250
4 160 25 8 903121  725.521 878.268  747.476 0.829250
5 160 25 9 753.054 705.594 670.552 835.105 0.823444
6 160 25 10 663.061 723.006 759.480 807.602 0.824306
7 160 30 8 765.212  765.024 698.175  729.932 0.903139
8 160 30 9 786.006 771.093 706.938 738.524 0.866750
9 160 30 10 753.548 765.006 662.527 816.248 0.837028
10 180 20 8 786.006 657.007 709.86 811.243 0.843306
11 180 20 9 759.095 618.007 585.512 695.696 0.876333
12 180 20 10 791,557 786.599 779.746  807.006 0.916028
13 180 25 8 786.006 651.062 702.698 774.633 0.835778
14 180 25 9 849.132  855.047 707.014 891.449 0.838222
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15
16
17
18
19
20
21
22
23
24
25
26
27

180
180
180
180
200
200
200
200
200
200
200
200
200

25
30
30
30
20
20
20
25
25
25
30
30
30

894.005
932.516
849.123
1011.04
963.019
888.046
873.082
861.021
939.236
859.007
981.165
990.23

964.125

788.717
1005.018
939.153
1026.11
1020.11
867.125
954.005
903.005
957.118
837.453
993.005
992.85
982.156

810.25
851.588
905.806
955.505
1048.628
864.526
880.552
738.232
810.25
783.115
897.797
998.56
963.128

899.53
954.32
811.626
1082.173
860.77
886.803
950.437
879.957
916.45
905.925
1003.765
998.231
923.125

0.847333
0.905917
0.877778
0.856306
0.868250
0.909528
0.957472
0.856972
0.867667
0.885028
0.894000
0.896000
0.882000

The Hole Circularity (HC) is calculated from equation (3.1). Top side hole and bottom side

have been analysed by measuring four diameters and Hole Taper (HT) have been calculated
by the equation (3.2) as shown in Table 6.1 and Table 6.2

() Schematic measurement of Hole diameter

(b) Actual measurement

Fig.6.7: (a) & (b): Presentation of the measurement

Table 6.2: Values of BHC with parameters setting

Bottom
Exp. Q) () (p) side hole
no. Amp Hz Kg/cm? ot o2 o3 P4 Circularity
(BHC)
1 160 20 8 717.100 659.830 750.832 683.065 0.8780
2 160 20 9 558.22  626.099 622.047 652.126 0.8560
3 160 20 10 608.229 617.029 685.507 583.367 0.8510
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4 160
5 160
6 160
7 160
8 160
9 160
10 180
11 180
12 180
13 180
14 180
15 180
16 180
17 180
18 180
19 200
20 200
21 200
22 200
23 200
24 200
25 200
26 200
27 200

25
25
25
30
30
30
20
20
20
25
25
25
30
30
30
20
20
20
25
25
25
30
30
30

708.057
638.000
702.061
508.025
723.224
560.208
625.264
460.256
642.645
630.726
747.000
750.054
666.734
855.021
873.046
788.387
699.046
663.061
610.041
660.000
885.020
1064.329
663.020
665.126

717.025
693.270
589.500
590.505
681.500
456.010
558.506
453.040
530.568
534.303
687.007
732.025
653.054
804.504
858.000
726.000
747.52
737.529
605.025
759.687
807.006
939
726.125
658.256

768.492
614.082
630.300
600.722
669.128
551.526
705.16
486.157
612.618
642.577
823.170
842.936
821.94
870.248
853.488
684.132
761.919
644.253
608.385
726.285
886.727
952.206
756.258
658.741

660.523
606.057
572.882
567.683
601.808
551.354
528.724
495.558
587.640
580.620
647.007
676.846
630.064
767.965
996.250
698.175
697.918
696.489
515.485
702.893
766.035
878.072
664.826
807.676

0.8590
0.8742
0.8160
0.9450
0.8321
0.8140
0.8456
0.9142
0.8256
0.8315
0.7859
0.8034
0.945
0.8824
0.8567
0.868
0.916
0.925
0.845
0.8687
0.8655
0.825
0.8767
0.815

The variations of measured values of both top side hole circularity (THC), bottom side hole

circularity (BHC) are shown in Fig. 6.8 respectively
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Fig.6.8: Variation of THC and BHC for all experiments
In the present work, those areas which are not melted during laser machining called as HAZ

but it gives effect on the microstructures. Moreover, the measurement of HAZ has been listed
in Table 6.3.

HAZ
BFRP composite laminate
Drilled _ _ _ - _
hole 3 S 1=
g-? > z > ‘-
i
T 13 z 3 3 ]
g s i
3 i
3 - 3 —ig -
= £ 3 "3 = = E

Fig.6.9: Measurement of HAZ
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Fig.6.10: Representation of HAZ at (I) = 200 amp, (f) =25 Hz, and (p) =8 bar
Table.6.3: The measured values of HAZ

Exp. () () (P
no. Amp Hz Kg/cm? b ¢ d ° f © "
1 160 20 8 126.036 153.029 123.000 90.06 205.801 95.718 96.047 285.804
2 160 20 9 102.044  156.12 210.021 510.009 144.499 318.459 169.307 106.066
3 160 20 10 132.034 279.26 276.016 237.21 129.035 161.471 133.220 105.000
4 160 25 8 75.060 51.088 198.231 204.42 292.865 103.966 51.614 73.239
5 160 25 9 240.075 183.025 255.123 1440.31 162.111 204.749 148.219 320.003
6 160 25 10 45.100 219.021 90.123 159.028 112.61 110.635 120.934 258.94
7 160 30 8 300.00 159.000 129.035 120.000 195.000 106.532 434.337 106.066
8 160 30 9 195.023 126.000 126.000 108.706 138.683 111.606 228.079 223.185
9 160 30 10 285.000 141.032 369.11 111.606 636.255 82.377 287.640 280.750
10 180 20 8 474.038 219.021 387.012 171.604 183.221 84.906 190.541 198.120
11 180 20 9 120.000 210.086 141.000 284.542 169.759 133.963 162.25 168.520
12 180 20 10 123.037 216.021 246.018 206.303 180.624 104.957 124.02 125.120
13 180 25 8 66.068 174.774 136.029 137.379 133.963 218.403 165.952 162.230
14 180 25 9 159.000 84.054 265.377 99.905 74.518 87.207 159.000 162.120
15 180 25 10 135.030 147.000 148.219 116.499 237.171 85.802 135.03 132.12
16 180 30 8 261.017 99.045 144.000 141.000 156.461 109.859 267.825 267.31
17 180 30 9 252.018 246.079 141.000 573.07 33456 145.245 76.026 78.198

68



18 180 30 10 192.023 309.000 111.041 274.201 213.654 175,571 179.72 182.45
19 200 20 8 132.034 183.098 141.000 156.605 184.203 174.026 204.044 174.168
20 200 20 9 171.026 183.000 147.000 139.201 96.607 170.816 14151 142.16
21 200 20 10 87.000 249.018 186.097 164.454 136.029 147.275 232.166 236.12
22 200 25 8 132..034 189.095 150.120 106.405 129.835 121.491 171.421 178.152
23 200 25 9 192.054 234.077 174.103 228.650 115.256 183.663 346.263 128.16
24 200 25 10 114.039 208.969 215.520 240.468 405.278 214.348 276.065 270.132
25 200 30 8 327.000 246.018 210.021 238.948 220.229 97.350 498.443 240.121
26 200 30 9 132.034 183.098 141.000 156.605 184.203 174.026 204.044 132.15
27 200 30 10 171.026 183.000 147.000 139.201 96.607 170.816 141.51 141.123
Table 6.4: Measured values of all Hole Quality Characteristics.

Exp. M Q) (p) Hole circularity Hole HAZ

no. Amp Hz kg/cm? Taper(degree) (micron)

1 160 20 8 0.833028 1.52917 141.379

2 160 20 9 0.857806 1.53278 154.954

3 160 20 10 0.889250 1.52972 179.804

4 160 25 8 0.829250 1.53667 128.783

5 160 25 9 0.823444 1.54111 140.373

6 160 25 10 0.824306 1.53889 163.239

7 160 30 8 0.903139 1.54083 146.472

8 160 30 9 0.866750 1.54611 156.079

9 160 30 10 0.837028 1.54472 176.960

10 180 20 8 0.843306 1.52750 147.198

11 180 20 9 0.876333 153111 151.545

12 180 20 10 0.916028 1.52806 167.167

13 180 25 8 0.835778 1.53000 132.177

14 180 25 9 0.838222 1.53444 134.539

15 180 25 10 0.847333 1.53222 148.177

16 180 30 8 0.905917 1.52917 147.442

17 180 30 9 0.877778 1.53444 147.820
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18 180 30 10 0.856306 1.53306 159.473

19 200 20 8 0.868250 1.52250 152.825
20 200 20 9 0.909528 1.52611 147.943
21 200 20 10 0.957472 1.53000 145.231
22 200 25 8 0.856972 1.51000 131.231
23 200 25 9 0.867667 1.51000 121.456
24 200 25 10 0.885028 1.51000 134.231
25 200 30 8 0.894000 1.52000 156.231
26 200 30 9 0.896000 1.53000 123.561
27 200 30 10 0.882000 1.52000 141.561

6.3 Optimization Technique

In this study PSO method has been employed to identify the suitable values of input factors to

maximize hole circularity and minimize the HT and HAZ during LBD of BFRP sheet.

6.3.1 PSO Approach

All the measured data has been evaluated on the basis of three important phases, first for
generation of particles second for velocity and its position and the last one is velocity

information and its final updated position.
6.3.2 Result and Discussion

In the recent research, a model has been created with the help of RSM of Hole Circularity,
Hole Taper and Heat-Affected Zone. Further it will be converted in to coded terminology.

The coded equation has been given as eq. (6.1-6.3).

_I1-180

| coded =—— (6.1)
F coded = =% (6.2)
P coded = =pT_9 (6.3)
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Table 6.5: ANOVA for HC

Source DF SS MS F P
Model 9 0.027779 0.003087 158.21 0.000
Linear 3 0.007846 0.002615 134.06 0.000
| 1 0.006919 0.006919 354.68 0.000
F 1 0.000057 0.000057 2.93 0.105
P 1 0.000870 0.000870 44.57 0.000
Square 3 0.008084 0.002695 138.13 0.000
|2 1 0.000140 0.000140 7.17 0.016
2 1 0.007919 0.007919 405.90 0.000
p? 1 0.000026 0.000026 1.32 0.266
2-Way 3 0.011848 0.003949 202.44 0.000
Interaction
I*f 1 0.000676 0.000676 34.66 0.000
I*p 1 0.001202 0.001202 61.62 0.000
f*p 1 0.009970 0.009970 511.04 0.000
Error 17 0.000332 0.000020
Total 26 0.028111
R-Square 98.82%

Hole circularity = 1.254 - 0.00599x] - 0.00762xf + 0.0237xp+ 0.000012x I1x1+ 0.001453x fxf

+0.00207x pxp -0.000075x% Ixf + 0.000500x Ixp - 0.005765% fxp (6.4)
Table 6.6: ANOVA for HT

Source DF SS MS F P
Model 9 0.001948 0.000216 8.50 0.000
Linear 3 0.001566 0.000522 20.49 0.000

I 1 0.001447 0.001447 56.80 0.000

f 1 0.000095 0.000095 3.74 0.070

p 1 0.000024 0.000024 0.95 0.344
square 3 0.000185 0.000062 2.42 0.102

|2 1 0.000032 0.000032 1.25 0.280
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2 1 0.000087 0.000087 3.42 0.082

p? 1 0.000066 0.000066 2.59 0.126

2-Way 3 0.000197 0.000066 2.58 0.088

Interaction

I*f 1 0.000197 0.000197 7.73 0.013

I*p 1 0.000000 0.000000 0.00 0.963

f*p 1 0.000000 0.000000 0.00 0.963

Error 17 0.000433 0.000025
Total 26 0.002381

R-Square 81.81%

Taper angle = 1.050 + 0.00260x% | + 0.00025 xf + 0.0606 xp - 0.000006x I1x1 + 0.000152 xfxf
- 0.00332 xpxp -0.000041x I1xf + 0.000003x Ixp - 0.000014x% fxp (6.5)

Table 6.7: ANOVA for HAZ

Source DF SS MS F P
Model 9 5181.83 575.76 29.43 0.000
Linear 3 2022.19 674.06 34.45 0.000
I 1 994.18 994.18 50.82 0.000
f 1 58.48 58.48 2.99 0.102
P 1 969.53 969.53 49.56 0.000
square 3 1797.05 599.02 30.62 0.000
|2 1 15.32 15.32 0.78 0.389
f2 1 1402.82 1402.82 7171 0.000
p? 1 378.91 378.91 19.37 0.000
2-Way 3 1362.58 454.19 23.22 0.000
Interaction
I*f 1 65.43 65.43 3.34 0.085
I*p 1 1253.26 1253.26 64.06 0.000
f*p 1 43.90 43.90 2.24 0.152
Error 17 332.58 19.56
Total 26 5514.41
R-Square 93.97%




HAZ =20 + 6.25x | - 23.30x f - 34.2xp - 0.00399x Ix| + 0.6116x fxf + 7.95% pxp -
0.0233x% Ixf- 0.5110x Ixp- 0.383x fxp (6.6)
PSO based Multi-Objective Optimization

This report has been presented the PSO-based multi-objective optimization method to
determine suitable values for drilling parameters. For better result, maximize hole circularity
and minimize HAZ and hole taper during drilling of BFRP composite laminate. PSO based

multi-objective optimization technique are given below:

First prepare the main objective function (Z) given in equation 6.7 by considering the
mathematical model equation for HC, HAZ and HT as calculated by Equation. 6.4, 6.5 and
6.6.

ZZ{WlxHC}+{W2><HAZ}+[W3XHT} 6.7)

HC o HAZ i HT,

(min)

Where, W1(0.3), W2(0.3) andWs(0.4) has been considered as weights for RSM models of HC,
HAZ and HT respectively. Whereas HC(max, HAZminy and HT(min) are denoted by the
maximum, minimum values of HC , HAZ and minimum value of HT models. .
Z=0.825783+0.013494*1-0.06073*f-0.06036*p-0.0000034*1.1+0.002163*f.f+0.019747*p.p-
0.000099*1.f-0.00105*1.p-0.0034*f.p (6.8)

PSO based multi-objective optimization method has been considered to solve
unconstrained problem by developing MATLAB codes. In this report, 30 number of
population of particles has been taken for as 30 for laser drilling factors. The operating range
of 3drilling parameters was 160< A <200, 20 < B <30 and 8< D <10. The given weight for
HC, HAZ and HT model was 0.3, 0.3 and 0.4, respectively. Table 6.8 represented the
optimum value for the HC, HAZ and HT . Fig.6.11 represented values of combined Z

function for all 25 populations of particles.
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Fig. 6.11: Variation in Z versus number of particles
Table 6.8: Optimum values obtained by PSO Method
Combined Optimal parametric combination Responses
function 1 (A) f(C) p (D) HC HAZ HT
192.80 8.24 118.02
Z 29.35 Hz 0.94 ) 1.28°
Amp kg/cm? micron

Moreover, the model calculated values of all hole quality characteristics by using optimum
levels of drilling parameters achieved by PSO, and RMS are Tabulated in Table 6.9. The
Comparison of optimum value of Z for PSO versus RSM is represented by Fig.6.12, Which
has been represented that the optimum result obtained by PSO is more reliable in comparison
to RSM.

Table 6.9: Different optimum values obtained of Z for PSO and RSM

Exp.No. PSO RSM
1 291.4 405.6
2 289.65 401.23
3 288.65 387.65
4 271.34 384.2
5 270.1 381.65
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6 267.9 376.2
7 265.8 365.23
8 263.65 364.2
9 260.75 350.87
10 253.64 350.2
11 252.46 345.7
12 247.88 342.8
13 245.68 339.65
14 231.87 336.56
15 229.98 331.5
16 224.68 329.8
17 223.87 326.98
18 218.6 322.4
19 219.8 321.8
20 211.98 317.5
21 212.67 312.88
22 205.45 301.89
23 201.6 299.86
24 199.99 288.46
25 198.08 275.56
26 197.02 265.8
27 196.24 251.24
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Fig.6.12: Comparison of optimum value of Z for PSO versus RSM

6.3.3

Conclusion

The Following observations have been discussed in this chapter.

1. RSM Based Box- Behnken Design (BBD) and PSO two different multi-response

optimization techniques have been successfully employed to identify the optimal

drilling values of input parameters.

2. The optimum operating value has been identified for BFRP composite as lamp current

at 192.80 Amp, pulse frequency at 29.35 Hz, air pressure at 8.24 Kg/cm?.

3. The output response on optimum drilling condition will be as Hole Circularity 0.94;
Heat Affected Zone (HAZ) 118.02 mm and Hole Taper are found 1.28 degree.

4. The optimum result obtained by PSO is more reliable in comparison to RSM.

5. The contribution of this research will provide the benefits of better quality products

of high precision with geometrical accuracy to the modern industries.

6.4 Summary

In this chapter, Evaluation of Hole Quality Characteristics in Laser Drilling of BFRP
Composite Using Multi-Response Optimization Technique has been discussed. The
suggested optimum operating value for BFRP composite are found as (I) at 192.80 Amp, (f)
at 29.35 Hz, (p) at 8.24 kg/cm?. The output response on optimum drilling condition will be as
HC = 0.94, HAZ =118.02 micron and HT are found 1.28 degree. Finally, in the next chapter
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general conclusions drawn from the analysis carried out in the present thesis and scope of

future works are summarized.
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Chapter 7

Conclusions and Scope of Future Work

7.1 Conclusions

A systematic experimental study on novel KFRP, BFRP and their hybrid KBFRP composite

have been conducted in this work. Multiple optimization techniques have been used to

identify the optimal range of laser drilling parameters to minimize different hole quality

characteristics simultaneously.

Following conclusions have been drawn in this thesis.

1.

Pulsed Nd:YAG laser drilling 1.20 mm thick KFRP composite, 1.20 mm thick hybrid
KBFRP composite and 1.20 mm thick BFRP composite has been successfully
performed.

The accuracy of hole quality is quantified in the terms of Top Hole Circularity (THC),
Bottom Hole Circularity (BHC), Hole Taper (HT) and Heat Affected Zone (HAZ).
Three different multi-response optimization techniques such as Taguchi, Response
Surface Method (RSM) Based on Box-Behnken Design (BBD) and Particle Swarm
Optimization (PSO) have been well employed to identify the optimal drilling
condition.

The suggested suitable operating values for KFRP composite are found as; lamp
current (1) at 160 Amp, pulse frequency (f) at 20 Hz and air pressure (p) at 10 Kg/cm?.
The suggested optimum operating value for hybrid KBFRP composite are found as;
lamp current (1) at 200 Amp, pulse frequency (f) at 20Hz and air pressure (p) at 8
Kg/cm?,

The suggested optimum operating value for BFRP composite are found as lamp
current (1) at 192.80 Amp, pulse frequency (f) at 29.35 Hz, air pressure (p) at 8.24
Kg/cm?.

The output response on optimum drilling condition will be as Hole Circularity (HC) =
0.94, Heat Affected Zone (HAZ) =118.02 mm and Hole Taper (HT) are found 1.28
degree.

In the laser drilling of KFRP sheet, lamp current has been found as the highly
influencing factor for Top Hole Circularity (THC) and Bottom Hole Circularity
(BHC). Whereas, Air pressure (p) has less influencing factor in Laser Beam Drilling
of KFRP sheet.
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9. Air pressure (p) has been found the high influencing factor for the Hole Taper (HT)
while pulse frequency (f) less influencing factor in Laser Beam Drilling of KFRP
sheet.

10. It has been examined that lower values of pulse frequency (f), air pressure (p) and
higher value of lamp current (I) are able to improve the quality of hybrid KBFRP
sheet.

11. Pulse frequency and air pressure (p) have been found the high influencing factor for
the hole circularity (HC) while lamp current less influencing factor in Laser Beam
Drilling of KBFRP sheet.

12. The result of this research will be directly associated with modern industries for
manufacturing the better quality product with high geometrical accuracy.

7.2 Scope of Future Work

1. More Laser parameters such as spot diameter, laser power, standoff distance, assist
gas type etc can be selected as variable process parameters in further research.

2. The analysis can be done further such as surface irregularities, Material Removal Rate
etc.

3. Curved profile drilling of FRP composites with varying thickness may be considered
for future investigation.

4. Laser drilling of FRP hybrid composite materials fabricated by using different
stacking sequence will also be an area of research in future.

5. Employed multi-response optimization techniques in present research work can also
be implemented in other Laser Beam Machining (LBM) such as laser percussion

drilling, laser trepanning and laser milling etc. to enhance their performance.
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