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Preface
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All the accepted manuscripts were presented in ICETMIE 2019. ICETMIE is a
biennial International conference which aims to provide a platform for academi-
cians and practitioners to explore emerging technologies in the field of Mechanical
and Industrial Engineering and further to contribute and disseminate their experi-
ence and research work for the purpose of exploring solutions to the global chal-
lenges. This conference provided an opportunity for researchers to learn about the
latest developments and emerging trends in mechanical and industrial engineering
through scientific information interchange between researchers, developers, engi-
neers, students and practitioners in this field.

The purpose of this book is to provide the details of the latest advancements in
research and developments of various advanced machining processes such as
additive manufacturing processes, application of alloys/composite techniques,
composites, ceramics, and polymers/processing. This book will be useful for
industrial experts, entrepreneurs, university professors, and research scholars.
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Effect of Angular Orientation )
of Continuous Fibers on the Extensional L
Properties of Carbon Fiber Composites

Joginder Singh® and M. R. Tyagi

Abstract The strength of the unidirectional composites depends on factors like
types of the fibers, types of the matrix, the volume fraction of fibers (Vy), volume
fraction of matrix (Vy,), angle of fibers to the horizontal axis, etc. If the direction
of fiber and the applied force is the same then the angular orientation is 0° and the
composite behaves like an isotropic material. In this condition, if extensional stress is
applied to the composite then predominantly extensional strains are generated. In the
same condition, if shear stress is applied to the composite then predominantly shear
strains are generated. If the direction of fiber and applied stress is not the same then
the composite behaves like an anisotropic material. In this condition, if extensional
stress is applied to the composite then both extensional strains and shear strain are
generated in the same component. In the same condition, if shear stress is applied to
the composite then both shear strains and extensional strains are generated. So, as
the angle of orientation increases, the behavior of composite moves from isotropic
material to anisotropic material. The maximum value of the angle of orientation can
be 90° when the fiber is oriented in the lateral direction. At such orientation, the tensile
strength of the composite depends on matrix and the fibers act as stress concentration
factor (SCF). Therefore, fibers have a negative influence on the tensile strength of the
composite. The elastic behavior of Carbon Fiber Reinforced Composites (CFRC) was
studied as a function of the angular orientation of the carbon fiber in the composite.
The change in modulus of elasticity, as well as variation of stress and strain with an
increase in the angle of orientation the carbon fiber, were calculated by theoretical
approach. The results of the same are presented here.

Keywords Carbon fibers - Matrix + Volume fraction - Elastic modulus - Strain *
Stress - Orientation + CFRC
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1 Introduction

In every field of engineering, people are working on various methods to save energy,
so that global warming can be reduced. Materials to be used in engineering parts play
a very crucial role in that sense. Initially, parts were developed from steel and other
heavy metal materials. Researches were conducted in material science to reduce
density. Then, Aluminum was discovered and no doubt density was reduced very
much. And its uses increased everywhere like aerospace, automobile, heating, venti-
lation, and air conditioning (HVAC), etc. Even then further reduction was required
for human welfare. Aluminum Metal Foam came into existence. By this material,
density was reduced further without compromising the strength and other require-
ments [1]. Research is a journey, it’s not a destination. High technology materials
came into existence i.e., composites. Composites are not new because it had been
used by many countries for bow and arrow years ago. But composites like glass fiber,
carbon fibers, etc. were new for engineering application point of view. Initially, its
application was limited in aerospace and biomedical. Now optimization is also going
on in this field also [2]. Yang et al. [3] studied how composite strength and Elastic
Modulus effect if fiber alignment was not proper. Similarly, the angular orientation
of fiber with material axes also affects the composite mechanical properties but that
was not discussed in the paper. S. Kumar et al. [4] conducted an experiment on a
single composite but using different fibers at the same time and varying the fiber
orientation for the evaluation of bending and tensile properties. According to them,
elongation was maximum at 45° and lowest at 30°. Elastic modulus was maximum
at 30°. Hang et al. [5] studied the composite’s specimen with various widths ranging
from 10 to 40 mm. They observed the delamination in the specimen after the thick-
ness of 20 mm. Naresh et al. [6] worked on shear strength and flexural properties for
carbon epoxy and glass epoxy. They observed that flexural strength and modulus are
highest at fiber orientation of 0° for both the composites. Sahin et al. [7] found the
observation between fiber orientation and dry behavior. The weight of the composite
was affected by the factors of speed and load and not by the fiber orientation. Routray
et al. [8] performed the experiment with basalt fibers by varying the fiber orientation
and thickness to check the Modulus of Elasticity, load, and stress. They got that
composite gave the better result at 0° than 90° for the discussed properties. They also
found that the production technology of Basalt is much simpler than Glass fibers.
Hossain et al. [9] developed the jute fiber with epoxy resin using the technique of
vacuum bagging and characterized by tensile tests at different fiber orientations i.e.,
0°, 45°, and 90°. They found that the tensile strength of the composite is very sensi-
tive to the tensile strength of jute fibers and defects in jute fibers. Wu et al. [10]
studied the hybrid composite by the combination of carbon and glass fiber. They
revealed that tensile strength increases as carbon fibers increases but there is very
little change in compressive strength. Tensile fracture strain and compressive frac-
ture strain decreases as the carbon fiber increases. Rahmani et al. [11] confirmed the
relation between elastic modulus and fiber orientation of multiple layers of carbon
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fiber composites. They confirmed that for tensile strength of composite fiber orien-
tation is the most enhancing parameters. Defects like bond line defects, microvoids
and porosity minimize the mechanical properties. Cordin et al. [12] developed the
biobased lyocell-reinforced polypropylene composite at various fiber orientations.
They got a pattern between the elastic modulus and fiber orientation with the help
of the rule of mixtures and the result was as per the expectation. But they modified
the rule of mixtures of elastic modulus by improving the contribution of reinforcing
fibers.

In this study, the calculation of the Unidirectional Composite was conducted to
know the effect of the angular orientation of continuous fibers on the Elastic properties
of carbon fiber in unidirectional composites. As the fiber orientation changes, there is
a change in Elastic properties like Elastic Modulus, Shear Modulus, Poisson’s Ratio,
etc. Here only Elastic Modulus, Stress, and Strain at different angles with material
are discussed.

2 Basic Properties of Carbon Fiber and Epoxy Resin

Materials can be of different types like isotropic, special orthotropic, generally
orthotropic, and anisotropic. As the forces acting on these materials, they show
different behavior. In isotropic materials, the extensional stresses result in predomi-
nantly extensional strains whereas shear stresses induce shear strains. The nature of
stress—strain relationships for various materials is summarized in Table 1 [13].

Tab}e 1 Types O_f str.ess and Type of materials Stresses Strains developed
strain developed in different .
. induced
materials
Isotropic Extensional Extensional strains
stresses
Isotropic Shear stresses | Shear strains
Special Orthotropic Extensional Extensional strains
Lamina stresses
Special Orthotropic Shear stresses | Shear strains
Lamina
Generally Orthotropic | Extensional Extensional Strains
Lamina stresses And Shear Strains
Generally Orthotropic | Shear stresses | Extensional strains
Lamina and shear strains
Anisotropic Extensional Extensional strains
STRESSES and shear strains
Anisotropic Shear stresses | Extensional strains
and shear strains
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Table 2 Basic properties of carbon fiber and cast epoxy resin

S. no. Type of properties Symbols Values

1 Elastic modulus of fiber E¢ 350,000 N/mm?
2 Tensile strength of fiber Ouf 2100 N/mm?

3 Shear modulus of fiber Gy 13,000 N/mm?>
4 Shear strength of fiber T 23 N/mm?

5 Poisson’s ratio of fiber vy 0.20

6 Elastic modulus of epoxy Em 3500 N/mm?
7 Tensile strength of cast epoxy resin Oum 130 N/mm?

8 Shear modulus of epoxy G, 2000 N/mm?
9 Shear strength of epoxy Tm 6.33 N/mm?
10 Poisson’s ratio of epoxy Vm 0.35

In composite, fiber orientations to x-axis decide the type of material and the
stresses and strains will be developed in the composite. A Unidirectional Composite
has two main constituents i.e., Carbon Fiber and Epoxy. These constituents have
so many different properties. Every engineering or non-engineering application has
different requirements. Some applications even required thermal and electrical prop-
erties. For the model being used here in this study, the required properties are shown
in Table 2 [14].

3 Specimen Specification

Orthotropic materials can be of two types i.e., Specially Orthotropic Material and
Generally Orthotropic Material. In Special Orthotropic Condition, load on the
composite is aligned with fibers. It means there will be no angle between the fibers
and the load. In Generally Orthotropic Condition, load is not aligned with the fibers.
It means there will be an angle between the fibers and the load. This is also known
as Off-Axis Loading Condition. Here the focus is on Off-Axis Loading Condition
[15].

3.1 X-Section Area of the Specimen of Unidirectional
Composite

The geometry of the specimens was taken as per the ASTM E8M standard. The
same design is also selected while tested for the specimen of steel. Accordingly, the
X-Section area of the Unidirectional Composite specimen, with dimensions in mm,
is shown in Fig. 1.
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Fig. 1 X-Section of the
unidirectional composite

CIRCULAR FIBERS

MATRIX
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QQO0000000000000000
QQOQ000000000000000
QQOQ000000000000000
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So, X-Sectional Area of Unidirectional Composite

A, = 12.68 x 4 = 50.72 mm?

3.2 Volume Fraction of Carbon Fiber and Epoxy

The volume fraction of Carbon Fiber and Epoxy is an important factor for the strength
of the composite. It has been found that almost the entire load on a Unidirectional
Composite is carried by carbon fibers if the volume fraction of the fiber is 0.5.
Therefore, the volume fraction of fiber is taken i.e., 0.5 neglecting the presence of
voids. Volume fractions can be calculated as

Vi+ V=1 (D
where, Vi—Volume Fraction of Fiber and V,,—Volume Fraction of Matrix
So, Vi =V, =0.5.

X-Sectional Area of the Carbon Fiber and the Matrix was calculated as

Ar = Vi x A 2)

An=Vn x Ac 3)
Thus,
As = 25.36 mm? and A,, = 25.36 mm>

Since the values of the volume Fraction of the Fiber and the Matrix are the same.
The values for X-Sectional Areas of Carbon Fiber and Matrix are also the same.



6 J. Singh and M. R. Tyagi

I Y,_._Lﬂ \©

Po<s— | 2 >—1>P

Fig. 2 Load carried by the unidirectional composite

3.3 Load (Force) Applied on the Unidirectional Composite
and Orientation of the Fibers

The load is applied on Unidirectional Composite only in X-direction as shown in
Fig. 2. In the present study, 45400 N loads have been considered. This is the maximum
load before failure on a test specimen of steel in the tensile test on the Universal
Testing Machine (UTM) [16]. The orientation of the fibers is denoted by ‘e,” the angle
between the line of action of the applied force and the direction of the orientation of
the carbon fiber in the composite. In the present study, the orientation varied from 0
to 90 degrees in the steps of 5°.
Load carried by the Unidirectional Composite in X-Direction = P, = 45400 N.

4 Basic Calculations

4.1 Load Carried by the Fibers and Matrix (Py and Py,)

The applied load on the composite is shared by the fibers and matrix. The relation
between the load shared by the Composite, Fibers, and Matrix can be expressed as

P. = P; + P, “4)

The ratio of loads is given by the following relation in terms of Elastic Moduli
and Volume Fractions.

E,
LU T 5)
=5, va
Pe ﬁ + Vi

So, from Egs. (4) and (5),
Py =44950.495 N and, P,;, = 449.505 N as all other parameter values are known.
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4.2 Stresses in Fibers and Matrix (o yand o ,)

Stresses in Fibers and Matrix can be calculated with the formula of stress, force, and
area.

Stress in Fibers = o = Load Carried by Fibers/Area of Fibers
= Py/A¢
= 4495.495/25.36
or = 1772.496 N/mm?>

Stress in Matrix = oy, = Load Carried by Matrix/Area of Matrix
= Pn/An
= 449.505/25.36
Om = 17.725N/mm?

4.3 Stresses in the Longitudinal Direction
of the Unidirectional Composite (o1,

This is the stress when the direction of load and fibers are same. Stress in the
Longitudinal Direction of the Composite can be calculated as

oL =0tVi+0mVm (6)

So, o = 895.11 N/mm?.

4.4 Elastic Modulus of Unidirectional Composite
in Longitudinal Direction (Ep)

As per the rule of mixture, Elastic Modulus of Unidirectional Composite in
Longitudinal Direction can be calculated as

EL = EfVi +En Vi )

So, Er. = 350000 x 0.5 + 3500 x 0.5 = 176750 N/mm?.
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4.5 Halpin-Tsai Equations for Elastic Modulus
of Unidirectional Composite in Transverse Direction (er)

Elastic Modulus of Unidirectional Composite in Transverse Direction can be
calculated with the help of Halpin—Tsai Equations [17]. It can be calculated as

Er  1+EnVy

- -1 8
Em 1-— n Vf ( )
where
&= —1
E
n=g— ©)
£+
where
g Zeta
n lota

& (Zeta) is a measure of reinforcement and depends on the loading condition, packing
geometry, and fiber geometry. The value of Zeta ‘€’ can be taken 2 for fiber with
circular or square x-sections as per the Tsai and Halpin. Fibers used here are circular
as shown in Fig. 1. The value of ‘n’ (Iota) can be obtained from Eq. (9) as all other
values are known.

n =0.97

So, from Eq. (3), Elastic Modulus of Composite in Transverse Direction was
obtained as

Er = 13400 N/mm?

4.6 Stresses in the Transverse Direction of the Unidirectional
Composite (o)

This is the stress when the load is perpendicular to the direction of fibers. Stress in
the Transverse Direction of the Unidirectional Composite can be calculated as

L =ve+ 22y, (10)

So, o1 = 67.86 N/mm?>.
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4.7 Halpin-Tsai Equations for in-Plane Shear Modulus
of a Unidirectional Composite (Grr)

As the direction of the load and the fibers are not aligned, shear stress will generate.
Therefore, In-plane Shear Modulus of a Unidirectional Composite can be calculated
as

Gur  14+EnVy

[ (b
where
&
n= &—H (12)

The value of Zeta ‘€’ can be taken 1 for In-Plane Shear Modulus of a Unidirectional
Composite as per the Tsai—Halpin [18]. The value of ‘’ (Iota) can be obtained from
Eq. (12) as all other values are known.

n=20.73

So, from Eq. (5), In-plane shear modulus of a Unidirectional Composite was
obtained as

Gir = 4315.79 N/mm?

4.8 Major and Minor Poisson’s Ratio of a Unidirectional
Composite (viT and vy T)

For the In-plane loading of a Unidirectional Composite, two Poisson Ratios can be
defined i.e., Major Poisson’s Ratio and Minor Poisson’s Ratio. As per the rule of
mixture, Major Poisson’s Ratio can be calculated as

vir =VvrVi+ v, Vy (13)
SO, Vi = 0.275
Minor Poisson Ratio can be calculated from the relation given below
Yir _ Vi (14)
E.  Ep

SO, Vrp = 0.021.
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4.9 Strain in L and T Direction of a Unidirectional
Composite (er and er)
The strain in L Direction of a Unidirectional Composite can be calculated as

oL or
€ = — — VL — 15
L E, TL Er (15)

So, ¢, = 0.0051.
The strain in T Direction of a Unidirectional Composite can be calculated as

oT oL
S A 16
€r Er VLTEL (16)

So, e = 0.0037.

4.10 In-plane Shear Stress and Shear Strain
of a Unidirectional Composite (tyr and yrr)

In-plane Shear Stress of a Unidirectional Composite can be calculated as
— = —V¢+ —Vn 17)

So, 1t = 10.648 N/mmz.
In-plane Shear Strain of a Unidirectional Composite can be calculated as

YLT = (18)

Gir

So, yir = 0.00247.

5 Results and Discussion

Off-Axis load applied on Unidirectional Composite. Therefore, extensional stress
developed the extensional strain and shear strain. Similarly, shear stress developed the
shear strain and extensional strain also. Here only extensional properties considered
ie., ‘Ex’ ‘ex’ and ‘oy’
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5.1 Elastic Modulus of the Unidirectional Composite
in X-Direction as Fiber Orientation Varies from 0° to 90°

(Ex)

Elastic Modulus of a Unidirectional Composite in X-Direction can be calculated as

1 cos*® sin*® 1/ 1 2917 5
_ Z ) sin2 20 19
E._ E. | Er +4( )Sm 1

E, Gur  Eu

The calculated value of ‘E,’ is shown in Table 3. The graph between the Elastic
Modulus and Fiber Orientation of a Unidirectional Composite is shown in Fig. 3.

Table 3 Elastic modulus, strains, and stresses of unidirectional composite at various angles

Fiber orientation (e, Elastic modulus in Strain in X-direction Stress in X-direction
Degree) X-direction (Ey, (ex) (ox, N/mm?)
N/mm?)

0 176,750 (HV) 0.00496 (HV) 876.4 (HV)
136,993 0.00473 648.6

10 82,818 0.00450 372.5

15 51,158 0.00426 217.7

20 34,429 0.00402 138.2

25 25,167 0.00378 95.2

30 19,721 0.00357 70.4

35 16,370 0.00338 55.3

40 14,263 0.00321 45.8

45 12,950 0.00308 39.9

50 12,182 0.00299 36.4

55 11,810 0.00294 34.7

60 11,738 (LV) 0.00293 (LV) 34.3 (LV)

65 11,895 0.00296 352

70 12,213 0.00303 37.0

75 12,614 0.00314 39.6

80 13,007 0.00329 42.8

85 13,294 0.00347 46.1

90 13,400 0.00367 49.2

HV—Highest Value, LV—Lowest Value



12 J. Singh and M. R. Tyagi

200000

180000

160000

140000

120000

100000

80000

60000

40000

20000

Elastic Modulus (E;, Nmm?) —

0

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Fiber Orientation (0°) —408 ——

Fig. 3 Graph between the elastic modulus and fiber orientation of a unidirectional composite

5.2 Strains of the Unidirectional Composite in X-Direction
as Fiber Orientation Varies from 0° to 90° (e,)

Strain is nothing but change in length upon original length. So it is a unit less entity.

< s

Strain of the Unidirectional Composite in X-Direction is dependent on ‘er’ ‘et
‘“yur,” and fiber orientation [19]. It can be calculated as

€ =€ cos?0 + er sin? 6 — yLr sin 6 cos 6 (20)

The calculated values of ‘e’ are shown in Table 3. The graph between the Strain
and Fiber Orientation of the Unidirectional Composite is shown in Fig. 4.

5.3 Stresses of the Unidirectional Composite in X-Direction
as Fiber Orientation Varies from 0° to 90° (0 )

Stresses of the Unidirectional Composite in X-Direction can be calculated as

ox
Ex =— 21
€
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Fig. 4 Graph between the strain and fiber orientation of the unidirectional composite

The value of ‘o’ can be obtained from Eq. (21) as Elastic Modulus and Strain
values are calculated in Sects. 5.1 and 5.2. The calculated values of ‘cy’ calculated
are shown in Table 3 [20]. The graph between the Stress and Fiber Orientation of the
Unidirectional Composite is shown in Fig. 5.

5.4 Discussion

e As the fiber orientation increases from 0° to 90°, the Elastic Modulus of Unidi-
rectional Composite decreases rapidly from 0° to 20° and then it decreases slowly
up to 60°. After that, it becomes stable from 60° to 90°. Its highest value is at 0°
i.e., 176,750 N/mm? and the lowest value is at 60° i.e., 11,738 N/mm?.

e Ag the fiber orientation increases from 0° to 90°, strain induces in Unidirectional
Composite. Strain decreases slowly from 0° to 60° and again increases up to 90°.
Its highest value is at 0° i.e., 0.00496 and the lowest value is at 60° i.e., 0.00293.

e As the fiber orientation increases from 0° to 90°, Stress induces in the Unidirec-
tional Composite. Stresses of Unidirectional Composite decrease rapidly from 0°
to 20° and then it decreases slowly up to 60°. After that, it becomes stable from
60° to 90°. Its highest value is at 0° i.e., 876.4 N/mm? and the lowest value is at
60° i.e., 34.3 N/mm?.
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Fig. 5 Graph between the stress and fiber orientation of the unidirectional composite

6

Conclusion

Elastic Modulus, Strain, and Stress have the highest values at 90° of Fiber Orien-
tation i.e., at Longitudinal Direction. That is why Special Orthotropic Materials
are more preferred for engineering applications Generally Orthotropic Materials.
Elastic Modulus, Strain, and Stress have the lowest values at 60° of Fiber
Orientation, not at 90°.

Elastic Modulus, Strain, and Stress decreases from 0° to 60° and again starts
increases from 60° to 90° of Fiber Orientation.

This property can be utilized to optimize the carbon fiber reinforced composites
for obtaining desired properties for specific engineering applications.
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Simulation of Nanowires on c-Si Surface m
for Reflectance Reduction i

Arka Bera, Sourav Nag, and Arjyajyoti Goswami

Abstract Presence of surface structures has been found to reduce surface
reflectance. Structures like Nanoholes, Nanopyramids, AR coating, etc. have been
found useful for the purpose. In this work, the reflectance of c-Si with nanowires
on its surface is simulated with the aim of reducing its surface reflectance. It is
observed that the presence of Si nanowires on the surface of c-Si reduced the surface
reflectance to 23% as compared to a reflectance of 38% in the case of bare c-Si. The
simulations are based on Fast Fourier Transform and implemented through an online
simulation tool called Stanford Stratified Structure Solver (S4). Results obtained
from simulation are thereafter utilized in development of a mathematical model.

Keywords Surface structuring - Fast Fourier transform simulations + Reflectance

1 Introduction

Between 1992 and 2018, there has been significant growth in the field of Photo-
voltaics. During this era of time, photovoltaics (PV), additionally referred to as solar
PV, has evolved from a distinct segment market of small- scale applications to a
mainstream electricity supply [1]. For several years, Japan and pioneering European
countries progressed in the research. With the improvement in technology, the cost of
solar energy decreased significantly. Programs in several countries were involved in
promoting PV deployment, such as the Energiewende in Germany, the Million Solar
Roofs project in the United States, and China’s 2011 five-year plan for solar energy
production [2]. Since then, the deployment of photovoltaics has gained momentum
on a worldwide scale, with various industries aiming to utilize solar energy as an
alternative to conventional sources of energy. In the early twenty-first century, a
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market for utility scale plants emerged in addition to rooftop solar panels and other
distributed applications [3]. By 2015, about 30 nations had reached grid parity [4].

Crystalline Silicon (C-Si) is widely used by the photovoltaic industry for making
traditional, conventional, and water-based solar cells. In 2013, conventional crys-
talline silicon technology dominated worldwide photovoltaic production, with multi-
Si finding wider application as opposed to mono-Si, accounting for 54% and 36%t,
respectively. 121 Gigawatts (GW) of crystalline silicon (87%) is included in the
all-time deployed PV capacity (cumulative as of 2013) [5].

Crystalline Silicon generally reduces the reflection by 38%. Here we will be using
Crystalline Silicon nanowires by growing them over the surface of C-Si so that the
reflection reduces more. Silicon is chosen as it is cheap, easily available, and non-
reactive. Alternatively, Indium Tellurium Gallide or Indium Arsenide could be used
for the reduction of surface reflectance.

There are various nano-structures that have been implemented to reduce the
surface reflectance of crystalline silicon. These include structures such as nanopyra-
midal arrays [6], nanohole arrays [7], and nanogratings [8]. There is a need to study
the effect of nanowire parameters on the reflectance reduction from the surface of
¢-Si, which is being proposed in this paper. Studies by Van Trinh Pham et al. [9] have
shown an increase in the length of nanowire decreases surface reflectance.

The work studies the influence of Si nanowire parameters in reducing the surface
reflectance of C-Si by means of simulation of Sinanowires on a silicon wafer using S4
method. The work also aims at establishing a co- relation between surface reflectance
and geometrical parameters of nanowires such as diameter and length using Response
Surface Methodology. The rest of the paper is organized as follows: Sect. 2 intro-
duces S4 method, including simulation parameters and explains the experimental
methodology. Section 3 shows the results obtained from simulation and determines
the error obtained between the simulation results and the mathematical model.

2 Simulation and Experimental Methodology

The nanowire simulations are geometrically well-defined surface structures
consisting of equidistant, straight and parallel projections on the surface of c-Si.
A nanowire is defined by two main geometrical parameters, namely, radius and
length. Radius of nanowire refers to the distance between center and outer surface
of a single nanowire. The length is the height of the nanowire above the c-Si surface.
The schematic of a nanowire and its different geometrical features are shown in
Fig. 1.
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Fig. 1 Schematic of nanowire geometry

2.1 Simulation Tool

The simulation method used here is the Fourier Modal Method that is implemented
through Stanford Stratified Structure Solver (S4). S4 is a code that analyzes math-
ematical functions or signals in terms of frequency, and solves problems of layered
periodic structures. It internally uses Rigorous Coupled Wave Analysis (RCWA) and
the S-matrix algorithmic program. RCWA (alternatively called the Fourier Modal
Method (FMM)) is a semi-analytical methodology in studies of computational elec-
tromagnetics that is usually applied to resolve scattering from structures having
periodic dielectric parts [10]. It is a Fourier-space approach. Devices and fields are
considered as a sum of spatial harmonics [11]. FMM is the most widespread method
for modeling diffraction gratings. The method is characterized by expanding the
electromagnetic fields into Floquet—Fourier series, and medium permittivity (and
probably medium permeability as well) into Fourier series, and determination of the
ensuing Maxwell equations as a problem involving eigenvalues of a matrix [12].
The S4 tool was developed to carry out the analysis of optical proliferation in the
generalized 3D structure. Development of S4 is accredited to Victor Liu, a member
of the Fan Group in the Stanford Electrical Engineering Department [13—15].

The simulation space is divided into 4 regions. The top and bottom surfaces are
chosen as semi-infinite layers of vacuum (made transparent in the schematic). The c-
Siis further divided into 2 layers. The thickness of the upper layer is equal to the length
of the nanowires to be simulated. This is a heterogeneous layer with its permittivity
periodically changing between permittivity of c-Si and vacuum. The lower layer of
c-Si is a homogeneous medium having constant properties of c-Si (which of course
varies with the wavelength of the incident radiation). The schematic of the simulation
setup is shown in Fig. 2.

An initial trial was made by comparing the surface reflectance of bare c-Si and
c-Si with nanowires on its surface. The dimensions of the nanowires were taken as
length: 1000 nm and radius: 75 nm. Qualitatively it can be seen directly that the
presence of nanowires reduced the surface reflectance as compared to bare c-Si as
can be seen in Fig. 3.
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Fig. 2 Schematic of the simulation setup
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Fig. 3 Initial trial for reflectance reduction

More detailed experimentations were carried out through Central Composite
Design as described in the next section.
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Table 1 Simul?tion Parameters 1 0 1

parameters at different levels

of the design Radius 25 nm 55 nm 85 nm
Length 500 nm 800 nm 1100 nm

2.2 Experimental Methodology

The silicon nanowires were simulated on a base of crystalline silicon having a thick-
ness of 30,000 nm. The wafer was of dimensions 1000 nm x 1000 nm. The mediums
for incidence, reflectance, and transmittance of light rays were taken to be semi-
infinite layers of vacuum. Vacuum has relative permittivity with real part = 1 and
imaginary part = O for all wavelengths.

The reference point for a single nanowire was taken at (500 nm, 500 nm) with a
circular cross-section. Thus, a matrix of nanowires was obtained about this central
reference point. While simulating the silicon nanowires on the surface of the silicon
surface, the radius of the nanowires was varied from 25 to 85 nm in steps of 10 nm,
and length of the nanowires was varied from 500 to 1100 nm, in steps of 100 nm.
These values were selected based on a literature search. In this case, 2 factor 3 level
CCD is being used for Design of Experiments (DoE). The simulation parameters
and their values at different levels are given in Table 1.

The simulation is conducted over a wavelength range of 300—1100 nm in steps of
1. The maximum Fourier expansion order is set to 1.

The simulated surface reflectance at various combinations of design parameters
are shown in Table 2.

Table 2 Simulated values of surface reflectance at different design parameters

Standard order Factor 1 Factor 2 Simulated surface reflectance (%)
A: R (nm) B: L (nm)
1 25 500 32.58
2 85 500 24.62
3 25 1100 30.66
4 85 1100 22.45
5 25 800 31.31
6 85 800 23.95
7 55 500 28.10
8 55 1100 26.25
9 55 800 26.99
10 55 800 26.99
11 55 800 26.99
12 55 800 26.99
13 55 800 26.99
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The mathematical model co-relating surface reflectance and the nanowire
geometrical parameters is obtained as:

Reflectance = + 38.81290 — 0.18938 x R — 4.16863E—003 * L
— 6.94444E—006 % R L + 5.83716E—004 + R2 + 7.81609E—007 x L2 (1)

where R = radius of nanowire.
L = length of nanowire.

3 Results and Discussions

The obtained equation has an R-squared value of: 0.9977. It shows very good
correlation.

From the ANOVA analysis, it is found that the Model F-value of 612.21 implies
the model is significant. There is only a 0.01% chance that a “Model F-Value” this
large could occur due to noise. The “Predicted R-Squared” of 0.9781 is in reasonable
agreement with the “Adjusted R-Squared” of 0.9961.

“Adeq Precision” measures the signal to noise ratio. A ratio greater than 4 is
desirable. Ratio of 80.334 indicates an adequate signal. This model can be used to
navigate the design space.

It is observed that for minimum surface reflectance the length and radius of the
nanowires should be at the highest level as can be seen from Fig. 4. But there are fabri-
cation limitations beyond which the length of a nanowire cannot be manufactured
otherwise it will not be able to sustain itself and also the handling of the wafer with
such long nanowires will be very difficult and the sample will be prone to damage.

The developed model is used to mathematically predict the surface reflectance for
all combinations of the design parameters and the results are shown in Table 3.

The model is also tested for a few combinations of design parameters other than
those in the design matrix and the results are tabulated in Table 4.

The comparative graphs in Fig. 5 shows the reflectance values obtained from
simulation and from the mathematical model. As can be seen, there is an appreciable
overlap between the two that indicates that the mathematical model is sufficient for
predicting the surface reflectance of c-Si with nanowires.

After 5 trials, it is seen that there is an average error of 0.33.
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Fig. 4 Interaction plot of reflectance versus radius and length of the nanowires

Table 3 Calculated values of surface reflectance for various combinations of nanowire design
parameters

Radius (nm) Length (nm) Mathematically calculated Error = IMathematical
reflectance (%) — Experimentall
25 500 3247 0.11
85 500 24.75 0.13
25 1100 30.61 0.05
85 1100 22.64 0.19
25 800 31.47 0.16
85 800 23.63 0.32
55 500 28.08 0.02
55 1100 26.10 0.15
55 800 27.02 0.03

Table 4 Calculation of error in the mathematical model obtained

Radius (nm) | Length (nm) | Simulated reflectance (%) | Calculated reflectance (%) | Error

45 700 28.28 28.72 0.44
45 1000 27.95 27.717 0.18
65 900 25.87 25.44 0.43
65 1000 25.46 25.13 0.33

75 1000 24.24 23.98 0.26
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Fig. 5 Comparison of reflectance values from simulation and from mathematical model

4 Conclusion

The surface reflectance of crystalline silicon can be reduced by the growth of
nanowires on its surface. Simulations performed with the help of the Fourier Modal
Method show that reflectance reduces from 38 to ~23% areduction of 40%. The math-
ematical expression developed can predict the value of surface reflectance, given the
radius and length parameters, within an error margin of 33%. The “Pred R-squared”
value of 0.9781 is in reasonable agreement with the “Adj R-Squared” value of 0.9961.
This shows that the mathematical model is fairly accurate. The mathematical model
obtained can be used to obtain optimal anti-reflectance nanowire dimensions, but that
would be part of separate work. A difficulty that would be faced while performing
real-life experimentation would be varied structuring of the nanowires. The simu-
lation provides a starting point from which dimensions for experimentation can be
proposed.
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Investigation of Surface Roughness )
of Miniature Spur Gears Fabricated ek
Using WEDM by RSM Approach

Vyom Singh, Abhishek Patel, Ashish Goyal, Anand Pandey,
Ravikant Gupta, and Rahul Goyal

Abstract The present investigation is based on micro-geometry of miniature spur
gears manufactured by wire electrical discharge machining (WEDM). Effects of
pulse-on time, pulse-off time and feed rate on surface roughness were analysed using
response surface methodology and ANOVA analysis. The miniature gears have an
outside diameter of 9.889 mm, face width 3.105 mm and nine miniature spur gears
were fabricated. It was revealed from the observation that errors were seen during
the fabrication of miniature spur gear at a high level of discharge energy. Scanning
electron microscopy is also performed to analyse the geometry of the gears. This
study found optimum surface roughness for miniature spur gear is 1.48 ps.

Keywords WEDM - Miniature spur gear - RSM - Surface roughness + SEM

1 Introduction

Miniature gear is widely used in the industrial and scientific fields. Mostly such gears
are used in robotics, scientific instruments, miniature pumps and mechanical watches.
Miniature gear can be further categorized as micro and meso gear depending upon
the outer diameter. Micro gears have an outer diameter of less than 1 mm whereas the
meso gears have an outer diameter ranging from 1 to 10 mm, i.e. ] mm <D, < 10 mm.
The gear manufacturing process is mainly divided into two parts, i.e. Forming and
Machining. These conventional methods come with some limitations while manu-
facturing miniature spur gear, due to such limitations there has been research work
done on alternative methods to eradicate the issues encountered during manufac-
turing via the conventional methods. Wire Electric Discharge Machining (WEDM)
is widely acknowledged for the manufacturing of miniaturized components. It is a
non-traditional machining technique which uses a thin wire as the tool electrode,
usually brass in which the electrical energy is transformed to thermal energy for
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cutting of the materials. Wire EDM produces a precise, fine, wear-resistance and
corrosion-resistance surface.

Gupta et al. [5] concluded that WEDM can be used to obtain the better surface
roughness for the fabrication of miniature gears. A comparative analysis was also
proposed for the machining of spur gear by hobbing and WEDM process. Ali et al.
[1] proposed the model to increases the machining flexibility. Higher efficiency and
dimensional accuracy was also achieved by the proposed method. The mentioned
model can be used for the fabrication of micro parts. Mahapatra et al. [8] presented
WEDM parameters were optimized using the Taguchi loss function. Moreover, the
single pitch deviation is significantly affected by the interaction between pulse-off
time and wire feed rate.

Han et al. [6] concluded that the surface roughness was mainly depended on
the selection of the precise process parameter of WEDM. It was observed that
by a decrease in discharge energy and current, SR could be improved. Rao et al.
[9] reported that SR was influenced by wire tension and spark gap voltage. It was
proposed that machining of advanced material by WEDM provides a better surface
from the conventional process. Raju et al. [10] proposed a model for the selection
of process parameters during the machining by WEDM process. The better surface
finish can be achieved by an increase in servo voltage ab wire tension.

Shandilya et al. [11] presented an experimental study by the WEDM process
using the advanced optimization methodology. It was reported that responses are
depended on the lower level of the voltage and wire feed. Gupta et al. [2] performed
the experiments by the design of experiment methodology for the fabrication of
miniature gears. The gears were fabricated by the brass materials. The total profile
deviation and was also measured for the miniature spur gears. Somashekhar et al. [7]
used an artificial neural network to optimize micro-EDM input parameters for MRR.
The experiments were performed by using the design of experiments methodology
and modelling of material removal is performed by using the ANN approach. Goyal
[4] has performed experiments on Inconel 625 material by the WEDM process. The
design of experiments methodology was used to analyse the outcome of input param-
eters on the output parameters. Goyal et al. [3] have done experiments on WEDM
machine on Inconel 625 material. The machining is done by the DoE approach. It
was concluded that pulse-on time and current influence the response. Present work
reports about the preliminary investigations on the behaviour of surface roughness
of miniature gears made of brass, one of the most commonly used miniature gear
materials, with three process parameters of WEDM i.e. pulse-on time, pulse-off time
and wire feed rate. The SEM analysis was also performed to analyses the surface
integrity of the machined miniature spur gear.
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2 Experimental Detail’s

In the current research, a Brass rectangular plat of 6 mm thickness was used as a
specimen to perform the experiments. The experiments were performed on WEDM
(Electronica Maxicut) machine using brass wire of 0.25 mm dia. as a tool electrode
and distilled mineral water as dielectric medium. Three process parameters i.e. pulse-
on-time (Ton), pulse-off-time (Toff) and wire feed rate (Wf) were selected and the
ranges for these were set according to machine limitations and upon the basis of
preliminary experiments. The variation of these parameters was used to investigate
response surface roughness. A square workpiece of 10 cm * 15 cm * 6 mm was taken
for machining. The surface roughness is measured in micrometre. Figure 1 shows
the WEDM machine set up. Table 2 shows different parameters and their range used
in the experimentation.

Surface roughness of machined surface was measured by Mitutoyo’s Surftest (SJ-
210). The RSM (Response Surface Methodology) approach for the three variables
with each varying at three levels requires total of 9 experimental runs. Figure 2
presents the image of surface roughness tester.

Fig. 1 WEDM machine set up
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Display Probe/stylus

Parameter
control

Fig. 2 Surface roughness tester

Table 1 Different parameters and ranges used for experimentation

Symbol Control factor Unit Level 1 Level 2 Level 3
A Pulse-On-Time ws 1 3 4
B Pulse-Off-Time s 6 8 10
C Wire Feed Rate mm/min 5 6 7

Fig. 3 Machined sample
miniature gear
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Therefore, in total, 9 gears were manufactured corresponding to the input values.
Table 1 shows the process parameters and their range. Figure 3 shows the machined
miniature spur gear.

3 Response Surface Methodology

Response surface methodology approach is the procedure used for determining the
conditional behaviour of various process parameters and the output parameters in
order to find the problem and to rectify the problem. RSM is a collection of math-
ematical and statistical methods useful for modelling and analysis of engineering
problems. The main utilization of RSM is for the optimization of the responses
which are of the key interest of influence for other responses. Based on the exper-
imental investigation results and the model of response, an optimal point is then
deduced

y=f(@)p+¢e (1)

where y is the output of the interest and the input variables are denoted by x;, X». .
Xy, f(x) is a vector function of p elements that consists of power and cross-products
of power of x;, X, X, up to a certain degree, f is a vector of p constant coefficients
referred to as parameters and ¢ is a random experimental error.

There are two important models used in RSM. This is the first-degree model and
the second-degree model

k
y=Bo+ Y Bixi+e @)

i=1
k

k
y =,30+Z/3ixi +ZZ,3ijxixj +Z,3iix,~2+é 3)
i=1

i<j i=1

Figure 4 shows factors at the central point and the middle point of the edge Box-
Behnken designs are a class of rotatable or nearly rotatable second-order designs
based on 3-level incomplete factorial designs. This cube consists of the central point
and the middle point of the edge. Table 2 shows the orthogonal array obtained for
the input and output parameters.
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Fig. 4 Centre point and .
middle points of the design

Xz

/x,

A J

X,
Table 2 Orthogonal array obtained for different input and output responses
Factor 1 Factor 2 Factor 3 Response 2
Std Run A:TON B:TOFF C:WF RA
LS s m/min wm
3 1 0.4 80 7 1.558
9 2 0.4 60 6 1.964
6 3 0.4 100 5 2.741
2 4 0.1 80 6 1.789
4 5 0.1 60 5 2.236
8 6 0.1 100 7 1.486
5 7 0.3 80 5 2374
7 8 0.3 60 7 1.786
1 9 0.3 100 6 2.246

4 Result and Discussion

Figure 5 depicts a 3-D surface plot between input parameters and response parameter.
The three-dimensional response phase diagram shows that when there is increase
pulse-off time and pulse-on time, there is a significant increase in surface roughness.
Figure 6 shows normal plot of residuals. The obtained results show that increasing
pulse-on time also increases surface roughness. This is because when pulse-on time
is increased it will make discharge last longer which will eventually lead to high-
discharge energy.
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For the constant value of pulse-on time, increasing pulse-off time also increases
surface roughness because it will discharge more number of spark. The poor flushing
done in the machining zone by the SR is increased. Figure 7 shows that all the test
runs are within the limit.

Figure 8 shows the effect of different factors on surface roughness, A(Ton), B(Toff)
and (Wf). The surface plot is measure in colour coding, for this given figure it
shows as minimum < blue < green < red < maximum. Red shows Design points
above-predicated value and pink shows design points below predicated values.

Data Points should be approximately linear. A non-linear indicates non-normality
in the error term, which may be corrected by the transformation. All factors show the
individual relation with each parameter. In residual versus run graph, the run differs
more than it predicated value and it is also in red control limits.

It was observed that lower feed rate provided the chances of wire breakage and
the time of machining is also increase.

4.1 ANOVA Table

ANOVA is used to find the significant input parameters which are affecting the
response.

If the P-value is less 0.05 then that parameter and model are significant. Table 3
presents the ANOVA table for the SR.

ANOVA indicates the parameters that are significant in WEDM process. The
significant parameter is the feed rate. The R? (coefficient of determination) value
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Table 3 ANOVA table for SR

Source Sum of squares df Mean square F-value p-value
Model 1.22 3 0.4066 15.28 0.006
A-TON 0.1209 1 0.1209 4.54 0.0863
B-TOFF 0.0395 1 0.0395 1.49 0.2773
C-WF 1.06 1 1.06 39.8 0.0015
Residual 0.1331 5 0.0266

Cor Total 1.35 8
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is 90.16% represents a good percentage of variation. After optimization, the 47
solutions of input parameters and the solution with minimum SR are selected. All
the 3 variables Ton, Toff, WF are 3 major factors, interaction form a linear equa-
tion which affect the quality of brass. The Developed mathematical model is used
to predict surface roughness using Design expert 11. The Regression equation of
Surface roughness developed by the design expert 11 considering input and the
output parameters.

Ysr = 2.00 4+ 0.1394 % A + 0.0812 % B — 0.4202 % C ()

4.2 Material Characterization of Miniature Spur Gear

The materials are scanned under a scanning electron microscope (SEM) after the
machining operation to study and analyse the different characteristics, properties
and behaviour of the material. Figure 9 shows the flank surface of the miniature gear.
Figure 10 presents the SEM image shows a top view of the miniature gears. The
above image shows the use of proper parameters that can make miniature gear by a
uniform distribution of crates. This gear is machined from the following parameters:
Ton = 0.1, Toff = 60, WF = 6. Figure 11 depicts that the miniature gear has a diameter
of 9.889 mm.

EHT = 5.00kV USIC, UOR Jaipur Date :18 Apr 2019
WD =195 mm Mag= 200X Time :14:10:51

Fig. 9 SEM image of miniature gear at 200 x zoom
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200 pm EHT = 5.00kV USIC, UOR Jaipur Date :18 Apr 2019
WD =19.0mm Mag= 62X Time :14:09:25

Fig. 10 Top view of spur gear

Fig. 11 Fabricated miniature spur gear

37



38

5

V. Singh et al.

Conclusions

The effect of WEDM machining parameters on the surface roughness was investi-
gated in the present experimental work. The following conclusions were made:

1.

Increases of pulse-on time increase discharge energy which increases melting
and evaporation of the material and creation of uneven shaped deeper craters
which increases surface roughness

Feed rate is found to be the most significant parameter for the optimization of
the process. Consumption of the tool electrode is more at the higher discharge
energy.

The SEM image proves the capability of WEDM to machined miniature gear with
uniform distribution of regular-shaped craters and defect-free flank surfaces.
The optimal machining parameters can be achieved at the pulse-on time of 0.4 s,
pulse-off time of 60 s and feed rate of 6.861 mm/min to get surface roughness
of 1.4861 pwm.
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Multi-objective Analysis of Nd-YAG m
Laser Welding on Dissimilar Metals e

Dhruv Bhatt, Ashish Goyal, and Vyom Singh

Abstract Welding is the science of metal joining, usually performed on similar
metals. In the current study, Nd-YAG laser welding system was used for joining
two different categories of steel (Mild Steel and SS-304), expected to have different
properties. Dissimilar joints play a crucial role in the current industrial situation
where multiple materials are used for everyday tasks. DOE was used to optimize the
system input parameters. Quality of a weld is determined by the aspect ratio (depth of
weld/width of weld), which was determined using metallography. Microhardness test
was also inducted to study the hardness of these welds. A relationship was determined
between microhardness, quality of weld and input parameters using Grey Relational
Analysis (GRA) methodology.

Keywords GRA - Nd-YAG - Laser welding + Microhardness + Aspect ratio

1 Introduction

Laser Beam Welding (LBW) is a fusion joining process that produces coalescence of
materials with the heat obtained from a concentrated beam of coherent, monochro-
matic light impinging on the joint to be welded. It is a non-contact process, requiring
no pressure to be applied. Inert gas shielding is generally employed to prevent oxida-
tion of the molten puddle and filler metals may be occasionally used. Dissimilar metal
welding, compared to traditional laser welding, is the joining of two distinct metals
which won’t usually weld together as they have different mechanical and chemical
properties, and are from different alloy groups. This benefits various industries, such
as the automotive and electronics industry, heavy industry, oil and gas industry, etc.

Tadamalle et al. [11] studied the effect of welding speed on different process
efficiencies in SS-304L. Bead on SS-304L was created by varying welding speed. The
semi-empirical method was used to predict the melting efficiency of Nd-YAG laser
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welding process. The study concluded that process efficiency depends on operating
parameters, chemical and thermomechanical properties of the material and laser
power surface. Bagchi et al. [2] used SYSWELD to optimize and analyse the laser
welding on Hastelloy C-276. The observation shows that the predicting aspect ratio
is inversely proportional to heat input and that the location of peak temperature
depended on overlapping pulse. Dong et al. [6] studied the impact of micro laser
weld on microstructure. The work was aimed to reveal phase content within various
microstructural zones of laser micro-welded crossed Nitinol wires by transmission
electron microscope (TEM) with the assistance of FIB (focussed ion beam) technique.

Casalino et al. [4, 5] used Yb Fiber laser to carry out the work on 6 mm thick
aluminium allot sheets in butt configuration. ANN (Artificial Neutral Network) was
implemented to investigate the main effects of process parameters in laser welding
process quality. Hu et al. [9] used Inconel 625 specimens for this study on laser
welding. Inconel 625 specimens are made using selective laser melting (SLM)
process. It was observed that fractures after the process were found on base alloy and
not in welding zone also columnar grains that exhibited great resistance to tensile
fractures were a major constituent of welding zone.

Wangetal. [12, 13] used laser welding to join two dissimilar commonly used mate-
rials, molybdenum and copper. The study aimed to device a method, which would
prove to be successful in microwelding of the two materials. Energy and dispersive
spectroscopy (EDS) showed no trace of diffusion of elements at the welded inter-
face. Goyal et al. [7] optimize the process parameter of the WEDM machine by using
the design of experiments methodology. The ANOVA analysis was also performed
to show the relationship between the significant and non-significant parameters.
Hekmatjou et al. [8] used Nd-YAG laser welding technique to weld 5456 aluminium
alloy plates. The study focussed on investigating weld penetration and tendency of
liquid cracking in heat-affected zone. Casalino et al. [4] simulated laser welding for
lightweight metal sheets. Ansys parametric design language was used to device the
programme. Butt joints of both homogenous (Titanium alloys plates-Ti6Al4V) and
dissimilar (Al alloy and T40) metal plates were made. Ai et al. [1] investigated the
weld bead integrity of welded joints of dissimilar metals. An optimization model was
proposed by taking the integrity of the weld bead and weld area into consideration.
Relationships between process parameters and weld bead integrity were developed
by genetic algorithm optimized back proportion neutral network (GA-BPNN). Lei
et al. [10] used ultrasonic-assisted laser welding on AZ31B Mg alloy to predict its
effect of ultrasonic vibration on microstructure, mechanical property and welding
characteristics of welded joints. It was observed found that the ultrasonic-assisted
laser welding was successful in bringing weld porosity down to 0.9 from 4.3%. Bahtt
et al. [3] performed experiment by using the ND: YAG laser welding process. The
comparative study was also presented on the stainless steel and brass materials. In
this study, two metals that possess dissimilar chemical or mechanical properties,
and so aren’t necessarily a natural fit for each other are being joined using Nd-YAG
laser beam welding technique. There are certain factors that must be considered
while joining dissimilar metals like solubility, intermetallic compounds, weldability,
thermal expansion corrosion, melting rate and end service conditions. The laser beam
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Table 1 Chemical composition of SS-304
Element |Fe Mo Ni Cr P S C Si Mn
Joage Remaining |1.24 |7.93 |19.04 |0.018 |0.019 |0.081 |0.368 |1.74

Table 2 Chemical composition of mild steel (low carbon steel)
Element C Ag Mn S P
Yoage 0.17 0.4 0.8 0.04 0.04

which is precisely focused on the metals, melt each of the metals together until they
form one connected joint. If the two metals are not two wildly dissimilar, they will
often join seamlessly together.

2 Materials and Methodology

Nd-YAG Laser Welding System’s parameters were taken into account for designing
the Taguchi L,; orthogonal array on Minitab-18. This method tests pairs of combi-
nations and allows for the collection of data to determine factors affecting the output
most. Therefore, this is preferred over the conventional way of testing possible
combinations. The process helps in dealing with the study in a 