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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
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 (Vf), volume
fraction of matrix (Vm), 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 thefiber 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 ofCarbonFiberReinforcedComposites (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 orientationof continuousfibers on theElastic 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].

Table 1 Types of stress and
strain developed in different
materials

Type of materials Stresses
induced

Strains developed

Isotropic Extensional
stresses

Extensional strains

Isotropic Shear stresses Shear strains

Special Orthotropic
Lamina

Extensional
stresses

Extensional strains

Special Orthotropic
Lamina

Shear stresses Shear strains

Generally Orthotropic
Lamina

Extensional
stresses

Extensional Strains
And Shear Strains

Generally Orthotropic
Lamina

Shear stresses Extensional strains
and shear strains

Anisotropic Extensional
STRESSES

Extensional strains
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 Ef 350,000 N/mm2

2 Tensile strength of fiber σuf 2100 N/mm2

3 Shear modulus of fiber Gf 13,000 N/mm2

4 Shear strength of fiber τf 23 N/mm2

5 Poisson’s ratio of fiber ν f 0.20

6 Elastic modulus of epoxy Em 3500 N/mm2

7 Tensile strength of cast epoxy resin σum 130 N/mm2

8 Shear modulus of epoxy Gm 2000 N/mm2

9 Shear strength of epoxy τm 6.33 N/mm2

10 Poisson’s ratio of epoxy νm 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

So, X-Sectional Area of Unidirectional Composite

Ac = 12.68× 4 = 50.72mm2

3.2 Volume Fraction of Carbon Fiber and Epoxy

The volume fraction of Carbon Fiber andEpoxy 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

Vf + Vm = 1 (1)

where, Vf—Volume Fraction of Fiber and Vm—Volume Fraction of Matrix
So, Vf = Vm = 0.5.
X-Sectional Area of the Carbon Fiber and the Matrix was calculated as

Af = Vf × Ac (2)

Am = Vm × Ac (3)

Thus,

Af = 25.36mm2 and Am = 25.36mm2

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.
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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, 45400N loads have been considered. This is themaximum
load before failure on a test specimen of steel in the tensile test on the Universal
TestingMachine (UTM) [16]. The orientation of the fibers is denoted by ‘8,’ 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 = Pc = 45400 N.

4 Basic Calculations

4.1 Load Carried by the Fibers and Matrix (Pf and Pm)

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

Pc = Pf + Pm (4)

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

Pf
Pc

=
Ef
Em

Ef
Em

+ Vm
Vf

(5)

So, from Eqs. (4) and (5),
Pf = 44950.495 N and, Pm = 449.505 N as all other parameter values are known.
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4.2 Stresses in Fibers and Matrix (σ f and σm)

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

Stress in Fibers = σf = Load Carried by Fibers/Area of Fibers

= Pf/Af

= 4495.495/25.36

σf = 1772.496N/mm2

Stress in Matrix = σm = Load Carried by Matrix/Area of Matrix

= Pm/Am

= 449.505/25.36

σm = 17.725N/mm2

4.3 Stresses in the Longitudinal Direction
of the Unidirectional Composite (σL)

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

σL = σfVf + σmVm (6)

So, σL = 895.11 N/mm2.

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

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

EL = EfVf + EmVm (7)

So, EL = 350000 × 0.5 + 3500 × 0.5 = 176750 N/mm2.
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4.5 Halpin–Tsai Equations for Elastic Modulus
of Unidirectional Composite in Transverse Direction (eT)

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

ET

Em
= 1+ ξ ηVf

1− ηVf
(8)

where

η =
Ef
Em

− 1
Ef
Em

+ ξ
(9)

where

ξ Zeta
η Iota

ξ (Zeta) is a measure of reinforcement and depends on the loading condition, packing
geometry, and fiber geometry. The value of Zeta ‘ξ’ 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 ‘η’ (Iota) can be obtained from Eq. (9) as all other
values are known.

η = 0.97

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

ET = 13400N/mm2

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

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

σT

ET
= σf

Ef
Vf + σm

Em
Vm (10)

So, σT = 67.86 N/mm2.
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4.7 Halpin–Tsai Equations for in-Plane Shear Modulus
of a Unidirectional Composite (GLT)

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

GLT

Gm
= 1+ ξ ηVf

1− ηVf
(11)

where

η =
Gf
Gm

− 1
Gf
Gm

+ ξ
(12)

Thevalue ofZeta ‘ξ’ can be taken1 for In-PlaneShearModulus of aUnidirectional
Composite as per the Tsai–Halpin [18]. The value of ‘η’ (Iota) can be obtained from
Eq. (12) as all other values are known.

η = 0.73

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

GLT = 4315.79N/mm2

4.8 Major and Minor Poisson’s Ratio of a Unidirectional
Composite (νLT and νLT )

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

νLT = ν fVf + νmVm (13)

So, νLT = 0.275
Minor Poisson Ratio can be calculated from the relation given below

νLT

EL
= νTL

ET
(14)

So, νT L = 0.021.
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4.9 Strain in L and T Direction of a Unidirectional
Composite (pL and pT)

The strain in L Direction of a Unidirectional Composite can be calculated as

εL = σL

EL
− νT L

σT

ET
(15)

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

εT = σT

ET
− νLT

σL

EL
(16)

So, εT = 0.0037.

4.10 In-plane Shear Stress and Shear Strain
of a Unidirectional Composite (τLT and γ LT)

In-plane Shear Stress of a Unidirectional Composite can be calculated as

τLT

GLT
= τf

Gf
Vf + τm

Gm
Vm (17)

So, τLT = 10.648N/mm2.
In-plane Shear Strain of a Unidirectional Composite can be calculated as

γLT = τLT

GLT
(18)

So, γLT = 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
i.e., ‘Ex,’ ‘px,’ and ‘σx.’
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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

Ex
= cos4 θ

EL
+ sin4 θ

ET
+ 1

4

(
1

GLT
− 2νLT

EL

)
sin2 2θ (19)

The calculated value of ‘Ex’ 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 (8,
Degree)

Elastic modulus in
X-direction (Ex,
N/mm2)

Strain in X-direction
(px)

Stress in X-direction
(σx, N/mm2)

0 176,750 (HV) 0.00496 (HV) 876.4 (HV)

5 136,993 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 35.2

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
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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° (px)

Strain is nothing but change in length upon original length. So it is a unit less entity.
Strain of the Unidirectional Composite in X-Direction is dependent on ‘pL,’ ‘pT,’
‘γLT,’ and fiber orientation [19]. It can be calculated as

εx = εL cos
2 θ + εT sin

2 θ − γLT sin θ cos θ (20)

The calculated values of ‘px’ 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° (σ x)

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

Ex = σx

εx
(21)
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Fig. 4 Graph between the strain and fiber orientation of the unidirectional composite

The value of ‘σx’ 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 ‘σx’ 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

• 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/mm2 and the lowest value is at 60° i.e., 11,738 N/mm2.

• As 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.

• 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/mm2 and the lowest value is at
60° i.e., 34.3 N/mm2.



14 J. Singh and M. R. Tyagi

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
for Reflectance Reduction

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, withmulti-
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
c-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 ofC-Si bymeans of simulation of Si nanowires on a siliconwafer using S4
method. Thework also aims at establishing a co- relation between surface reflectance
and geometrical parameters of nanowires such as diameter and length usingResponse
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 CoupledWave 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-
Si is 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 Simulation
parameters at different levels
of the design

Parameters −1 0 +1

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× 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 = 0 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
A: R (nm)

Factor 2
B: L (nm)

Simulated surface reflectance (%)

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 ∗ R − 4.16863E−003 ∗ L

− 6.94444E−006 ∗ R ∗ L + 5.83716E−004 ∗ R2 + 7.81609E−007 ∗ 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 fromFig. 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
reflectance (%)

Error = |Mathematical
– Experimental|

25 500 32.47 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 27.77 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 from38 to~23%a reduction of 40%.Themath-
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 agreementwith 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
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 μs.

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 andmechanicalwatches.
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 1mmwhereas the
meso gears have an outer diameter ranging from 1 to 10mm, i.e. 1mm<Do < 10mm.
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 ofWEDM 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 distilledmineral water as dielectricmedium. 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 * 6mmwas taken
for machining. The surface roughness is measured in micrometre. Figure 1 shows
the WEDMmachine set up. Table 2 shows different parameters and their range used
in the experimentation.

Surface roughness of machined surface was measured byMitutoyo’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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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 μs 1 3 4

B Pulse-Off-Time μs 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
′
(x)β + è (1)

where y is the output of the interest and the input variables are denoted by x1, x2…
xn, f(x) is a vector function of p elements that consists of power and cross-products
of power of x1, x2… xn up to a certain degree, β is a vector of p constant coefficients
referred to as parameters and è is a random experimental error.

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

y = βo +
k∑

i=1

βi xi + è (2)

y = β0 +
k∑

i=1

βi xi +
∑

i< j

∑
βi j xi x j +

k∑

i=1

βi i x
2
i + è (3)

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

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

μs μs m/min μm

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 2.374

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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Fig. 5 3-D surface plot

Fig. 6 Normal plot of residuals
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Fig. 7 Graph of run versus
residuals

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 R2 (coefficient of determination) value
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Fig. 8 Graph of different factors with Surface roughness. a (Ton), b (Toff) and c (WF)

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 + 0.1394 ∗ A + 0.0812 ∗ B − 0.4202 ∗ C (4)

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 theminiature gear has a diameter
of 9.889 mm.

Fig. 9 SEM image of miniature gear at 200 × zoom
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Fig. 10 Top view of spur gear

Fig. 11 Fabricated miniature spur gear
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5 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

2. 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.

3. The SEM image proves the capability ofWEDMtomachinedminiature gearwith
uniform distribution of regular-shaped craters and defect-free flank surfaces.

4. The optimalmachining parameters can be achieved at the pulse-on time of 0.4μs,
pulse-off time of 60 μs and feed rate of 6.861 mm/min to get surface roughness
of 1.4861 μm.
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Multi-objective Analysis of Nd-YAG
Laser Welding on Dissimilar Metals

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 ofweld), whichwas determined usingmetallography.Microhardness test
was also inducted to study the hardness of thesewelds. A relationshipwas 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 BeamWelding (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 themolten puddle and fillermetalsmay be occasionally used.Dissimilarmetal
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 onSS-304Lwas created by varyingwelding 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
electronmicroscope (TEM)with the assistanceofFIB (focussed ionbeam) 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.

Wang et al. [12, 13] used laserwelding to join twodissimilar commonly usedmate-
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 theWEDMmachine 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 optimizationmodel 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

%age 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

%age 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 L27 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 more professional
and systematic manner, thereby saving resources and time. The experiment was
conducted using Nd-YAG Laser welding system at BARC, Mumbai, India. The
composition of SS-304 and mild steel are given in Tables 1 and 2, respectively. In
the present experimental work, Helium (He) was used as a shielding gas.

In this study, five machine parameters were selected of the Nd-YAG laser welding
system. Those five parameters were then optimized using L-27 Taguchi array. Based
on this experiment design experiment were performed and determined the quality of
weld using the aspect ratio (depth of weld/width of weld) of welds made. Figure 1
shows the Nd-YAG Laser Welding System setup.

3 Metallography

Toanalyse the quality ofwelds, the aspect ratiowas considered as a reliable factor. For
the successful calculation of aspect ratio, metallography was adopted. This method
includes cutting the welded sample in two parts and later on etchants are used to
smoothen themachined surface, later with help of optical microscope theweld region
is analysed.



42 D. Bhatt et al.

Fig. 1 Nd-YAG laser welding setup

Table 3 Etchant and
concentration

Metal Etchant Concentration

Stainless Steel and
Mild Steel

Aqua Regia with
HCl and HNO3

2 parts of HCl and 1
part of HNO3

The width and depth of weld are calculated, resulting in a successful calculation
of aspect ratio. The more the aspect ratio is the better is the weld quality [12]. The
etchants are selected based on the materials, for this study we selected these etchants
listed in Table 3.

4 Grey Relational Analysis (GRA)

In GRA the data (aspect ratio) is normalized in the range of 0–1. The process is
termed as normalization. Based on this, grey relational coefficients are calculated,
which helps in representing a relationship between the actual data (normalized)
and the ideal data. Later the grey relation grade is determined by averaging grey
relation coefficient to selected responses. Overall quality characteristics depend on
the calculated grey relation grade.
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4.1 Normalization

Raw data is prepared using normalization of signal to noise ratio (S/N Ratio) for
analysis to transform the original sequence to comparable sequence. Normalization
(Linear) is required as the unit and range in single data sequence may differ from
others. Types of data normalizations are based on the requirement of Higher the
Better (HB), Nominal the Best (NB), Lower the Better (LB) criteria. If target value
of original sequence is infinite, then it has a characteristic for “higher is better”. The
original sequence can be normalized as follows:

x∗
i = xoi (k) − minxoi (k)

maxxoi (k) − minxoi (k)
(1)

where i = 1…m; k = 1… n, m is the number of experimental data items and n is the
number of parameters. xoi (k) denotes the original sequence, x∗

i the sequence after
the data pre-processing, max xoi (k) the largest value ofx

o
i (k), min xoi (k) the smallest

value of xoi (k) and xo the anticipated value.

4.2 Determination of Deviation Sequences Δ0i(k)

The deviation sequence, �0i(k) is the absolute difference between the reference
sequence x∗

0 (k) and the comparability sequence x∗
i (k) after normalization. It is

determined using equation:

�0i(k) = |xo(k) − x∗
i (k)| (2)

4.3 Grey Relational Coefficient (GRC)

GRC for all the sequences express the relationship between the ideal (best) and actual
normalizedS/N ratio. If the two sequences agree at all points, then their grey relational
coefficient stands 1. The grey relational coefficient ζi (k) for the k-th performance
characteristics in the ith experiment can be expressed as:

ζi (k) = xoi (k�min + τ�max)

�oi (k) + τ�max
(3)

�Oi is the deviation sequence of the reference sequence and x∗
o (k) is the compara-

bility sequence. ζ is the identification coefficient: ζ ε[0, 1] (the value can be adjusted
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based on actual system requirements). A value of ζ is the smaller and the distin-
guished ability is the larger. τ = 0.5 is generally used. Grey relational coefficient for
27 comparability sequences.

4.4 Grey Relational Grade (GRG)

After the grey relational coefficient is derived, GRG is usual to take the average value
of the grey relational coefficients as the grey relational grade. The grey relational
grade is expressed as:

γi = 1

n

n∑

k=1

εi (k) (4)

In a practical situation, the importance of factors varies, henceGRGwas expressed
as above.

The grey relational grade γi represents the level of correlation between the compa-
rability sequence and the reference sequence. If two sequences are identical, then the
value of GRG is 1. The GRG also indicates the degree of influence that the compara-
bility sequence could exert over the reference sequence. Therefore, if a comparability
sequence is more important than the other comparability sequences to the reference
sequence, then GRG for that comparability sequence and reference sequence will be
higher than GRG of the other.

5 Experimentation

Table 4, shows the resultant of Taguchi’s L27 orthogonal array, which was designed
using Minitab 18.

5.1 Aspect Ratio

Aspect Ratio can simply be calculated using a basic equation:

depth

width
= aspectratio (5)

For calculating it we need to first determine the exact depth and width of the weld.
This is done using the metallography of the welded job. After this aspect ratio for
each of the 27 samples is calculated we use GRA to determine the best set. Figure 2
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Table 4 L27 Orthogonal array table

Sr.
no.

PP
(KW)

PD
(ms)

Frequency
(Hz)

Defocussing
(mm)

Coff Aspect
ratio

Microhardness
(HV)

1 1.0 4 6 1 1 0.500 232

2 1.0 4 6 1 0 0.312 219

3 1.0 4 6 1 −1 0.750 171

4 1.0 10 12 2 1 0.666 246

5 1.0 10 12 2 0 0.300 229

6 1.0 10 12 2 −1 0.727 160

7 1.0 16 18 3 1 0.416 248

8 1.0 16 18 3 0 0.357 230

9 1.0 16 18 3 −1 0.428 175

10 1.5 4 12 3 1 0.142 251

11 1.5 4 12 3 0 0.222 222

12 1.5 4 12 3 −1 0.250 177

13 1.5 10 18 1 1 0.769 245

14 1.5 10 18 1 0 1.100 239

15 1.5 10 18 1 −1 1.200 167

16 1.5 16 6 2 1 0.636 238

17 1.5 16 6 2 0 0.727 234

18 1.5 16 6 2 −1 0.818 177

19 3.0 4 18 2 1 0.833 231

20 3.0 4 18 2 0 0.750 237

21 3.0 4 18 2 −1 1.200 168

22 3.0 10 6 3 1 0.526 233

23 3.0 10 6 3 0 0.666 234

24 3.0 10 6 3 −1 0.600 170

25 3.0 16 12 1 1 1.285 248

26 3.0 16 12 1 0 1.666 238

27 3.0 16 12 1 −1 1.285 166

is the metallography result of one of the 27 samples. The image is obtained using a
digital microscope.

The joint between two metals (denoted by A) in the above figure can clearly be
seen, The C section (denoted by B) is the welded region. The depth andWidth of the
C is measured using the optical microscope.
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  A

B

Fig. 2 Etched metallography result

5.2 Microhardness

Microhardness test was carried out on each of the 27 samples to determine the
hardness of the welds made. The microhardness should ideally be equal to the base
metal, but in the current scenario we have two metals. Hence, the microhardness
close to level, where the welds are made (on the stainless-steel side or in the centre
or the low carbon steel end of the joint. The +1 value in Coff means that the weld
was made on the high carbon steel end of the joint, 0 means it was welded in the
centre and -1 determines that it was welded on the low carbon steel end of the joint.
So, if the high carbon end weld is analysed, we notice that the microhardness is more
due to more carbon content in the joint, this is since more carbon is being fused in
to prepare a weld.

6 Result and Discussion

Aspect Ratio for all the 27 samples was calculated and the result was analysed using
Grey Relational Analysis (GRA) technique, the results were calculated for “higher
is better”. On the same principle the microhardness was calculated for each of the
27 samples. The microhardness of a welded region must be equal to the base metal
(ideally) but in the case of dissimilar metal joining it would prefer it near the range
harder metal, to avoid the defects. Later the ranks were determined to select the best
outcome of the experiment. The study model was aimed to give a full proof solution
to the issues related to dissimilar welding.
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6.1 Normalization and Deviation Sequence

Using Eqs. 1 and 2, the normalized values and deviation sequence were calculated.
The calculated normalized values and deviation sequence are mentioned in Table 5.

Table 5 Normalization and deviation sequence

S. no. Normalization Deviation sequence

Aspect ratio Microhardness Aspect ration Microhardness

1 0.235 1 0.765 0.082

2 0.112 0.944 0.888 0.138

3 0399 0.737 0.601 0.345

4 0.344 1.060 0.656 0.022

5 0.104 0.987 0.896 0.095

6 0.384 0.690 0.616 0.392

7 0.180 1.069 0.820 0.013

8 0.141 0.991 0.859 0.091

9 0.188 0.754 0.812 0.328

10 0 1.082 1.0 0

11 0.052 0.957 0948 0.125

12 0.071 0.763 0.929 0.319

13 0.411 1.056 0.589 0.026

14 0.629 1.030 0.371 0.052

15 0.694 0.720 0.306 0.362

16 0.324 1.026 0.676 0.056

17 0.384 1.009 0.616 0.073

18 0.444 0.763 0.556 0.319

19 0.453 0.996 0.547 0.086

20 0.399 1.022 0.601 0.060

21 0.694 0.724 0.306 0.358

22 0.252 1.004 0.748 0.078

23 0.344 1.009 0.656 0.073

24 0.301 0.733 0.699 0.349

25 0.750 1.069 0.250 0.13

26 1 1.026 0 0.056

27 0.750 0.716 0.250 0.366
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6.2 Grey Relational Coefficient and Grade with Rank

Based on the deviation Table 6, Grey Relational Coefficient and Grey Relational
Grade, these are calculated on the lines of equations and, respectively.

According to GRA rank, the 26th sample was pretty close to the ideal weld. Hence
the input characteristics on the first three ranks can be considered apt.

Table 6 Grey relational coefficient, grade and rank

S. no. Grey relational coefficient Grey relational grade Rank

Aspect ratio Microhardness

1 0.395 0.705 0.550 14

2 0.360 0.587 0.474 21

3 0.454 0.363 0.408 23

4 0.432 0.901 0.667 5

5 0.358 0.674 0.516 16

6 0.448 0.333 0.391 24

7 0.379 0.938 0.658 7

8 0.368 0.684 0.526 15

9 0.381 0.374 0.378 26

10 0.333 1.0 0.667 6

11 0.345 0.611 0.478 20

12 0.350 0.381 0.365 27

13 0.454 0.883 0.671 4

14 0.574 0.791 0.683 3

15 0.621 0.351 0.486 19

16 0.425 0.778 0.602 9

17 0.448 0.728 0.588 10

18 0.473 0.381 0.427 22

19 0.478 0.695 0.586 11

20 0.454 0.765 0.609 8

21 0.621 0.354 0.487 18

22 0.401 0.717 0.559 13

23 0.432 0.728 0.580 12

24 0.417 0.360 0.388 25

25 0.667 0.938 0.802 2

26 1.0 0.778 0.889 1

27 0.667 0.349 0.502 17
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Fig. 3 Main effects plot for S/N ratios (Aspect ratio)

6.3 Aspect Ratio

As discussed earlier, aspect ratio is to be more for a good quality weld hence by
taking “higher is better” criteria into consideration we have plotted mean of S/N
ratio graph and according to Fig. 3 the aspect ratio was affected significantly by all
five parameters. Using it is observed that the defocussing played the main role in
influencing the aspect ratio.

6.4 Micro-hardness

Microhardness of the weld at three different locations (based on defocussing) varied
a lot. The welds which were made on the Stainless-steel side (+1 D) of the joint
had higher microhardness compared to the once made on the low carbon steel side
(−1) and between the range of 220–240 HV. The microhardness according to the
mean of S/N ratio graph (Fig. 4) was mainly dependent on defocussing. “Larger was
Greater” criteria were selected even in this plotting as the number of defects was
lower when the welded region had higher microhardness (towards the higher end of
stainless steel).
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Fig. 4 Main effects plot for S/N ratios (Microhardness)

7 Conclusion

Based on the present experimental work, the following conclusion has been made.

1. The optimization of process parameters of an Nd-YAG Laser Welding system
on dissimilar metals, was performed successfully using L27 Taguchi orthogonal
array. The results were analysed using Grey Relational Analysis and mean for
S/N ratio.

2. Pulse Power and Defocussing played a major role in influencing the aspect ratio
of the welds, thereby directly effecting the quality of welds.

3. Centre Off, which played the least role in affecting the aspect ratio, surprisingly
showed more influence on microhardness.

4. In future, the level of research can be extended by including new materials and
by introducing hybrid optimization techniques.
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Fabrication and Tensile Testing of DHAK
Fiber Reinforced Polyester Composites
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Gadudasu Babu Rao, Bhupendra Prakash Sharma,
and Umesh Kumar Vates

Abstract In this Study, DHAK is identified as a potential fiber for reinforcement in
making the composites. DHAK fiber reinforced polyester composites were manu-
factured up to a highest volume fraction of about 0.18 using hand layup method. The
density ofDHAK is found to be 1098.5 kg/m3. The tensile behavior of the composites
was examined as a function of fiber content. It is found that the mean tensile strength
and modulus of the composites increases with an increase in fiber content. It has
been observed that the highest mean tensile strength of the composite is 114.97 MPa
for the maximum volume fraction, which is about 2.356 times higher than that of the
matrix. The maximum mean tensile modulus of the composite is calculated as 16.14
GPa for highest volume fraction, which is about 2.07 times higher than that of a
matrix. It is found that a firm bond in existed between the DHAK fiber and matrix at
the highest volume fraction 0.18. It is found from the results that using DHAK fiber
placing in the matrix plays an important part in terms of maximum tensile strength
and modulus of a new manufactured composite.
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Keywords Natural fibers · Fibers · Tensile properties

1 Introduction

The natural fibers have lot of benefits over synthetic fibers owing to their light weight,
recyclable, availability, and ecofriendly. These fibers can be extracted either from
plants or the stems of the trees. From the last two decades, a huge number of plants
have been identified such as rice straw, banana, vakka, elephant grass, sisal, bamboo,
jowar, etc. The composites made using these fibers exhibited maximum tensile, flex-
ural, and impact strength when the appropriate adding agents are used for providing
the solid strong connection between the fibers and the matrix. The impact strength
and tensile properties of a rice straw reinforced in epoxy resin composites were inves-
tigated by Ratna Prasad et al. [1]. It has been observed that the composites fabricated
by rice straw revealed maximum impact and tensile strength compared to that of the
plain resin matrix. Murali Mohan Rao et al. [2] has reported on the tensile strength
of the composites manufactured by chemically extracted elephant grass fibers with
KMnO4 treated fibers. It has been found that the specimens made by chemically
treated fibers using KMnO4 have showed a substantial growth in the ultimate tensile
strength of the fibers taken out by general manual process. The composites prepared
from various fibers such as jute, sisal, hemp, coir, kenaf, and its tensile properties
were published by Wambua et al. [3] and reported that coir specimens exhibited
lower tensile strength values and whereas hemp specimens showed the highest. A
systematic study was conducted by Mishra et al. [4] on various mechanical prop-
erties of banana, hemp, and sisal specimens fabricated by novolac resin, with and
without chemical treatments. Their studies revealed that the mechanical properties of
the specimens were greatly affected by the chemical treatment process of the fibers
as compared to the untreated fibers. Symington et al. [5] conducted a study on the
influence of water content on mechanical behavior of abaca, kenaf, coir, flax, sisal,
and jute. It is found that the specimens fabricated by jute exhibited higher mechan-
ical properties than abaca, kenaf, coir, flax, and sisal. The mechanical behavior of
thermosetting and thermoplastics composites made from recently identified fibers
like sisal, hemp, banana, and coir using various methods was reported by several
investigators [6–11]. The results show that the chemical treated fibers with polyester
composites have showed higher impact and flexural strength as compared to the
fibers taken out by manual process. Rajesh et al. [12] conducted a systematic study
on mechanical and degradation properties of successive alkali treated completely
biodegradable sisal fiber reinforced PLA composites. The results show that the alkali
treated poly lactic acid composites exhibited higher flexural strength compared to
that of plain poly lactic acid composites. Prasad [13] made an attempt to study the
mechanical characteristics of various natural FRP. The investigations revealed that
the jowar specimens prevailed superior mechanical characteristics than bamboo and
sisal composites.



Fabrication and Tensile Testing of DHAK Fiber Reinforced Polyester Composites 55

Fig. 1 DHAK plant and its dried stems

Though, enormous work is published on different natural fibers and their counter-
parts but no work was published on tensile testing of composites made by DHAK as
fiber in the pure resin. Therefore, the main objective of this current work is to fabri-
cate a new composite material for suitable applications and to evaluate the tensile
behavior of DHAK composites.

2 Experimental Procedure

2.1 Materials

The fiber used in this study was a DHAK and collected from DHAK tree, which
grows inwestern part ofUttar Pradesh, India. TheDHAKplant and its dried stems are
displayed in Fig. 1. Polyester resin, catalyst, and accelerator were acquired from ICA
(Pvt) Ltd. (Delhi, India). The molds were cut as per ASTM standards in the medium-
hard rubber. The sizes of the tensile specimens are 160 mm * 12.5 mm * 3 mm. The
OHP transparent plastic sheet was used for covering the top side of the molds in
longitudinal direction of the fiber in order to prevent the air. Four sets of specimens
for individual volume fraction (0.06, 0.09, 0.11, 0.16, and 0.18) were manufactured
by followed by ASTM D638-89.

2.2 Preparation of Fiber

Here, the fibers were extracted by retting andmanual process. For doing that, initially
the dried stems of DHAK plant were collected from the fields of the western parts
of Uttar Pradesh. The long stems were cut at the knots of the DHAK and these
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stems were kept in water for 40–45 days to get them wet. Later, these stems were
beaten smoothly by mallet in order for separating the fibers from DHAK. Moreover,
separated fibers were combed further to get the required size and shape of individual
fibers. The obtained fibers were allowed to dry under the sun light for about 2–3 h
and successively dried in the oven. Subsequently, the fibers were cut to the necessary
length as per ASTM standard.

2.3 Composite Preparation

Hand layup procedure was followed for fabricating the composites in the current
work. The equal amount, i.e., 1.5 ml of catalyst and accelerator were mixed in plain
resin of 100 ml to form a solid bond. The molds were filled with the fibers and resin
simultaneously in unidirectional by layer this would help to remove the air present
in the mold. Later, a transparent OHP sheet was allowed to stricken on the mold
from one side by gently pressing by the steel rule subsequently with a heavy load.
Moreover, the mold was remained for one day for curing and removes the specimens
from the mold without breakage.

2.4 Tensile Testing of Specimens

The sizes of the above test composites are 160 * 12.5 * 3 mm. The four sets of each
weight fraction were tested as per ASTM D638-89 standard. Prepared composites
were examined at a cross speed of 0.5 mm/min by an UTM at ITS College, UP.

3 Result and Discussion

3.1 Tensile Testing of DHAK Composites

The influence of fiber amount on mean tensile strength and modulus of DHAK fiber
reinforced specimens are represented in Figs. 5 and 6. It can be seen from Figs.
5 and 6 that the ultimate tensile strength and modulus of DHAK fiber reinforced
composites gradually increases as the fiber quantity was increased. Highest mean
ultimate strength and modulus were found as 114.97 MPa for the maximum volume
fraction 0.18 that would be 2.356 times higher than that of a matrix. These results
show that, making the composites by reinforcing less amount of DHAK fiber in
the resin matrix advances the ultimate tensile strength of the composites. This was
happened due to fixed bond between the DHAK and the resin matrix at the maximum
volume fraction.
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The same trend has been observed for the mean tensile modulus of DHAK fiber
reinforced composites, as themean tensilemodulus increaseswith increase of volume
fraction represented in Fig. 6. The highest mean tensile modulus of the composite
is calculated as 16.14 GPa for highest volume fraction, which is about 2.07 times
higher than that of a resin matrix.

The bare and tensile test coupons for different VF (0.06, 0.09, 0.11, 0.16, and
0.18) are represented in Fig. 2.

Failed bare and tensile tested composites are also shown in Figs. 3 and 4.
It can be seen clearly from the results that the DHAK fiber composites exhibited

highest mean tensile strength of 114.91 MPa for the highest VF 0.18 which is much
higher compared to that of the composites made by natural fibers like rice straw,
sisal, banana, vakka, and elephant grass at 0.37 volume fractions. This indicates

Fig. 2 Prepared tensile
specimens of bare and
DHAK reinforced
composites at various
volume fractions

Fig. 3 Failed bare
specimens of DHAK
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Fig. 4 Failed tensile
specimens of DHAK

that DHAK fiber reinforced composite will be a good replacement over the existing
natural fiber composites in the near future (Figs. 5 and 6).

The density and tensile properties of existed fibers along with DHAK fiber rein-
forced composites have been represented in Table 1 for better comparison in the
literature [11–16]. It is found that the density of DHAK is less compared to the many
existed natural fibers like rice straw, sisal, banana, coir, hemp, and slightly higher
than vakka, bamboo, and jowar which is a pretty property for fabricating light weight
components.

Fig. 5 Influence of VF on mean tensile strength of DHAK composites
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Fig. 6 Influence of VF on mean tensile modulus of DHAK composites

Table 1 Tensile properties and density of DHAK fiber reinforced composites along with other
natural fiber reinforced composites [11–16]

S. no. Name of the
composite
material

Density (Kg/m3) VF of fiber Ultimate tensile
strength (MPa)

Mean tensile
modulus (GPa)

1 Matrix 1074.5 0.00 15.1 0.44

2 Rice straw 1258 0.41 46.1 1.04

3 Sisal 1450 0.37 50.0 1.6

4 Banana 1350 0.374 60.9 1.08

5 Vakka 810 0.372 66.0 1.79

6 Elephant
grass

817 0.31 80.5 1.52

7 Bamboo 910 0.371 121.5 2.23

8 Jowar 922 0.40 124 2.75

9 DHAK 1098.5 0.18 114.91 1.614

4 Conclusions

In this study, the fabrication of DHAK fiber has been carried out and tensile testing is
performed on the developed composites. The key points regarding the DHAK fiber
reinforced composites are concluded as follows:

1. DHAK is identified as a potential fiber for reinforcement in making the
composites.
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2. The density of DHAK is found to be 1098.5 kg/m3, which is less compared to the
many existed fibers like rice straw, sisal, banana, coir, hemp, and slightly higher
than vakka, bamboo, and jowar. This is a pretty property for manufacturing light
weight components.

3. It is observed that the mean tensile strength and modulus of the composites
increases with an increase in fiber content.

4. DHAKcomposites revealed highest tensile strength andmodulus values at higher
volume fraction 0.18 as 114.97 MPa and 16.14 GPa.

5. It is found that using DHAK in the resin plays an important role in terms of
maximum tensile strength and modulus of a new manufactured composite.

References

1. Ratna Prasad AV, Mohan Rao K, Gupta AVSSKS (2007) Tensile and impact behavior of rice
straw-polyester composites. Indian J Fiber Text Res 32:399–403

2. Murali Mohan Rao K, Ratna Prasad AV, Ranga Babu MNV, Mohan Rao K, Gupta AVSSKS
(2007) The tensile behavior of elephant grass fiber reinforced composites fabricated from
retting, chemical extraction and treated by KMnO4. J Mater Sci 42:3266–3272. https://doi.org/
10.1007/s10853-006-0657-8

3. Wambua P, Ivens J, Verpoest I (2003) Natural fibers: can they replace glass in fibre reinforced
plastics? Compos Sci Technol 63:1259–1264

4. Mishra S, Naik JB, Patil YP (2000) Com Sci Tech 60:1729
5. Symington MC, Banks WM, West Opukuro David, Pethrick RA (2009) Tensile testing of

cellulose-based natural fibers for structural composite applications. J Compos Mater 43:1083–
1086

6. Li Y, Mai YW, Lin Y (2000) Sisal fibre and its composites: a review of recent developments.
Compos Sci Tech 60:2037–2055

7. Singh B, Gupta M, Verma A (1996) Influence of fiber surface treatment on the properties of
sisal–polyester composites. Polym Compos 17:910–918

8. Manikandan Nair KC, Diwan SM, Thomas S (1996) Tensile properties of short sisal fiber
reinforced polystyrene composites. J Appl Polym Sci 60:1483–1497

9. Geethamma VG, Joseph R, Thomas S (1995) Short coir fibre-reinforced natural rubber
composites: effects of fibre length, orientation and alkali treatment. J Appl Polym Sci
55:583–594

10. Mishra S, Naik JB, Patel YP (2000) The compatibilising effect of maleic anhydride on swelling
and mechanical properties of plant-fibre-reinforced novolac composites. Compos Sci Tech
60:1729–1735

11. Ratna Prasad AV,Mohan RK (2011)Mechanical properties of natural fiber reinforced polyester
composites: jowar, sisal, and bamboo. Mater Des 32(8–9):508–513

12. Rajesh G, Ratana Prasad AV, Gupta AVSSKS (20115) Mechanical and degradation properties
of successive alkali treated completely biodegradable sisal fiber reinforced PLA composites. J
Reinf Plast Compos 34(12):951–961

13. MuraliMohanRaoK,MohanRaoK, Ratna PrasadAV (2010) Fabrication and testing of natural
fiber reinforced composites: vakka, sisal, bamboo, banana. Mater Des 31:508–513

https://doi.org/10.1007/s10853-006-0657-8


Fabrication and Tensile Testing of DHAK Fiber Reinforced Polyester Composites 61

14. Murali Mohan Rao K, Mohan Rao K (2007) Extraction and tensile properties of natural fibres:
Vakka, date and bamboo. Compos Struct 77:288–295

15. Romildo DTF, Karen S, George LE, Ghavami K (2000) Durability of alkali sensitive sisal and
coconut fibres in cement mortar composites. Cem Concr Compos 22:127–143

16. Geethamma VG, Mathew KT, Lakshminarayana R, Thomas S (1998) Composite of short coir
fibers and natural rubber: effect of chemical modification, loading and orientation of fiber.
Polymer 39:1483–1491



Determination of Safety Stock
in Divergent Supply Chains
with Non-stationary Demand Process

A. M. Ranjith and V. Madhusudanan Pillai

Abstract In the present world, most of the firms are facing uncertain demand due to
different market conditions. This type of demand can be modelled as non-stationary
demand. In this paper, different multi-echelon divergent supply chain scenarios with
non-stationary demand process are considered. Stock out plays an important role in
supply chains; it reduces the service level of eachmember in a supply chain and causes
high supply chain inventory cost. In order to avoid stock out in a supply chain, safety
stock is to bemaintained by eachmember. Developed simulationmodels for studying
the operation of divergent supply chains under non-stationary demand processes. It
is found that the stock out which leads to lost sales depends on two factors, i.e. the
inertia of the non-stationary demand process and the structure of the divergent supply
chain. In detail, the structure of the divergent supply chain is, basically, described in
terms of the divergence factor. In this situation, we propose a mathematical relation
to estimate safety stock by incorporating the divergence factor of the supply chain
with non-stationary demand process. The performance of the supply chain against
the divergence is analysed and the analysis shows that estimation of safety stock
based on divergence factor can give a good estimate of the safety stock for divergent
supply chain.

Keywords Supply chain · Non-stationary demand · Safety stock · Divergence
factor

1 Introduction

A supply chain is an integrated network ofmultiplemembers and echelons consisting
of retailers, wholesalers, distributors, manufacturers, and suppliers. The function
of a supply chain is to meet customer demand in a timely manner. On the raw
materials supplied by the suppliers to the manufacture of an end product, a series
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of processes and value additions are involved and the product should be transported
to the end customer through different members of the supply chain. In addition,
apart from all these processes, each member of the network has the responsibility
to do their operations without any delay. Meeting the demand in a timely manner is
a difficult task for each member in the supply chain. Stock out is one of the main
factors which make the replenishment of products to members in the supply chain
tedious. To overcome this difficulty, people follow certain inventory policies and
keep safety stocks in their inventory. Furthermore, stock outs occur in supply chain
with stationary demand models, many researchers have reported solution for those
stock outs [1, 2].

What would be the effect of non-stationary demand process in the level of stock
out in a supply chain? This question has already been answered by researchers, but
not fully. Most of the research reported in supply chain with non-stationary demand
emphasised only on problems related to serial supply chains [1, 2 and 3]. Literature on
non-stationary demand processes can be classified as whether the works focussed on
optimisation or performance evaluation.Morton and Pentico [4] focused on setting of
inventory policies in a single-stage supply chain with non-stationary demand process
incorporating holding cost and backorder cost. Ettl et al. [5] reported a model that
minimises the total inventory cost in a multi-stage supply chain system with non-
stationary demand process. The non-stationary demand process was broken into
stationary phases and adopted a rolling-horizon approach where the optimisation
was performed for each demand phase. Non-stationary demand process was also
modelled as a Markov-modulated Poisson demand process. A base-stock policy
with state-dependent order-up-to level is optimal for a serial supply chain with non-
stationary demand and the demand is modelled as a Markov-modulated Poisson
demand process [6]. Abhyankar and Grave [7] developed an optimisation model
to determine the best position to place an order in a two-stage serial supply chain
with non-stationary demand. A state-dependent base-stock policy is optimal for a
single-stage supply chain with Markov-modulated demand [8]. Neal and Willems
[1] modified the existing algorithms of stationary demand models to optimise safety
stock across the supply chainwith non-stationary demand. Janssen et al. [9] proposed
an age-based inventory policy for perishable product having constant shelf life with
non-stationarydemand.Tunc et al. [10] investigate the supply chain cost of employing
stationary inventory policies when demand is non-stationary.

Based on the performance evaluation of supply chain, we consider the literature
focusedmainly on the bullwhip of supply chain. These papers generally assumed that
each stage follows an adaptive base-stock policy. Grave [2] used an autoregressive
integrated moving average (ARIMA) as demand process and describes the order
amplification from one stage to another. In addition, the study shows an expres-
sion for estimating the safety stock in different echelons of a serial supply chain,
accounting the parameters of non-stationary demand. Inventory management of a
perishable product with fixed shelf life and non-stationary demand was investigated
by PaulWorms et al. [11]. Grave and Willems [2] considered a constant service
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time policy and extended the optimisation algorithms of stationary demand to non-
stationary demand to determine the safety stock. The sharing of demand faced infor-
mation by retailer could reduce the variance of its forecast in upstream members
of the supply chain with non-stationary demand [12]. Another study [13] presented
dynamic programming approaches to solve for the reordering policies of supply
chain with uncertain demand distribution.

This paper proposes a mathematical model for the estimation of safety stock in
a multi-echelon divergent supply chain which faces non-stationary demand. The
literature review shows that the literature is mainly concerned with safety stock
estimation and the optimal inventory policy identification for a single item in serial
supply chains. However, no works are reported on safety stock determination for
divergent supply chain with non-stationary demand.

The remainder of this paper is organised as follows. Section 2 provides a brief
description of demand models. Furthermore, the section gives an idea about non-
stationary demand processes. Section 3 discusses the performance analysis of multi-
echelon divergent supply chain. Safety stock estimation for the divergent supply
chain is described in Sect. 4 and results are discussed in Sect. 5.

2 Demand Models

There are mainly two demand models available, stationary and non-stationary
demandmodels. Stationary demandmodels are stochastic, but the process remains in
statistical equilibrium with probabilistic properties, i.e. it does not change its param-
eters overtime. In particular, demand is varying about the fixed mean level and with
constant variance. That is if the demand is normally distributed then parameter of
the distribution will not change with time. Non-stationary demand models are also
stochastic, but the demand histories behave like a randomwalk. In detail, the process
does not remain in statistical equilibrium with probabilistic properties.

2.1 Non-stationary Demand

Non-stationary demand processes are modelled as autoregressive integrated moving
average by Grave [7]. The model is given as follows:

d1 = μ + ε1 and

dt+1 = dt − (1 − α)εt + εt+1 for t = 1, 2, ... (1)

In the given equations, dt is the observed demand in period t,α is the measure of
inertia in the non-stationary demand process, which means for larger α value there is
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less inertia in the demand process. Less inertia causes more fluctuation in the demand
process. We have taken the value of α between 0 to 1, i.e. 0 ≤ α ≤ 1. If the value of
α is one, the demand process would be a random walk on a continuous state space.μ
is the mean value considered for the non-stationary demand process. The white noise
(εt ) of the non-stationary demand process is normally distributed random noise with
E[εt ] = 0 and Var [εt ] = σ 2. The demand process becomes a stationary process
when the value of α = 0.

3 Multi-Stage Divergent Supply Chain: Divergent Factor

Supply chain structure can be differentiated based on the number of members avail-
able in each echelon. The differentiation is purely based on the degree of divergence
of the supply chain which is given in Dominguez et al. [14]. The characterisation of
divergent supply chain is known as divergence factor (divF).

divF =
√
√
√
√

∑ms

i=1

((

mi − mM
/

ms
)2

ms − 1

)

(2)

where, i is the echelon indexing of the divergent supply chain and mi represents the
number of members available in echelon i. Number of echelons is given as ms and
the total number of members available in the supply chain is expressed as mM .

3.1 Illustration of a Divergent Supply Chain Structure
and Divergence Factor

A three-echelon divergent supply chain as shown in Fig. 1 is considered for the
illustration and it has three retailers (i = 1), one distributor (i = 2) and one factory
(i = 3). The notations used in Fig. 1 are, Di (t) is the demand of the customer, Si (t)
is the amount of shipping quantity from the upstream members to their immediate
downstream member and Oi (t) is the order placed by the downstream members to
their immediate upstream members.

Here, mM = 5, ms = 3 and the available members in echelons 1, 2 and 3 are 3,
1, 1 respectively, i.e. m1 = 3, m2 = 1 and m3 = 1. The divergence factor can be
calculated as follows,
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Fig. 1 Illustration of three-echelon divergent supply chain structure
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= 1.154

4 Simulation Model and Assumptions

Three-echelon divergent supply chains are considered for the study and Fig. 1 shows
such a supply chain with shipment and order flow among the members. In this study
the non-stationary demand distribution for customer is considered. The supply chain
consists of retailers (i = 1), distributors (i = 2) and one factory (i = 3). The retailers
face customer demand (Di (t)) and the factory has an unlimited production capacity
and whatever quantity demanded by the factorymanager is released after production.
An order (Oi(t)) is placed at the end of a time period by eachmember to its immediate
upstream member in the supply chain based on Order-Up-To (OUT) level inventory
policy, which is a periodic review type inventory system [15]. In this inventory policy,
a review takes place after a fixed order interval. At the review point, order-up-to level
and inventory position are determined to decide about the order quantity. Order-
Up-To level is the sum of forecasted demand of risk period and safety stock. At a
review point, if the inventory position is less than the base-stock-level (Order-Up-To
level), an order is placed. Otherwise, no order would happen. The review period
considered for every member of the supply chain is one period. An order to reach
an upstream member is considered as zero and delivery lead time is one period.
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Table 1 Initial inventory and
cost details

Retailer Distributor Factory

Holding cost per unit 5 3 1

Lost sales cost per unit 10 6 2

Initial Inventory 190 190 190

The allocated quantity or quantity to be shipped (Si(t)) is transported from each
member to its immediate downstream member and is received at the beginning of
time period t. Every member in the supply chain will decide the shipping quantity
based on the on-hand inventory available on their shelf and allocation rationing rule.
The exponentially weighted moving average is considered as the forecasting method
of each member in the supply chain.

Excel-based simulation model of divergent supply chain is developed for the
analysis. Initially, the replication length is assumed as 30 and after execution of
initial simulation model actual replication is calculated for 95% confidence interval
of total supply chain cost with 5% error. Demand data is generated using the Eq. 1
with a mean of 80 and the measure of inertia of the process is taken from the range “0
to 0.9”. White noise is generated using a normal distribution with mean as zero and
variance as 100. The simulation model is executed for a time period of 104 weeks
and first 52 weeks are the warm-up period for the simulation analysis. Initial forecast
value is assumed as the mean value used for the demand generation. The cost details
and the initial inventory details are given in Table. 1 [16]. A detailed description of
the model considered for determination of safety stock for divergent supply chain
with non-stationary demand is given in the next section. It is assumed that all the
retailers of the supply chain have the same inventory-related cost as given in Table
1, and in distribution and factory echelons of the supply chain, there is only one
member in each stage.

5 Safety Stock Estimation for Multi-Stage Divergent
Supply Chain

Safety stock is an additional quantity of the item kept in inventory in order to reduce
the risk that the item will be out of stock. Safety stock is needed to cover the demand
during the risk period, which includes ordering lead time, replenishment lead time
and review period, in case of actual demand exceeds expected demand and/or actual
lead time exceeds the expected lead time. The quantity of an items maintained by
each members in a supply chain is based on the demand of those items. Demands
would be not same at all time. It will vary depends on the market conditions and
customers taste [6]. Emphasise by the members the supply chain of an item is to
maintain sufficient inventory tomeet downstreammember demand/customer demand
in a timely manner. Sometimes the upstream members are not able to meet those
demands and it will lead to back order/lost sales. The stock outs in the member of
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supply chain can be managed with safety stock. Thus, the managers need to keep
sufficient safety stock to avoid stock out and to meet the demand of downstream
member/customer in a timely manner. Safety stock estimation in serial supply chains
with non-stationary demand has already been considered in previous research works
[2]. In [2], the risk period as well as the measure of inertia (α) of the non-stationary
demand process are considered for safety stock estimation. Supply chain networks
are considered by previous researchers [5, 14]. They [5] did not consider the structural
aspects of the supply chain. Dominguez et al. [14] proposed a mathematical model
to differentiate the supply chain structure in terms of divergence aspects and they
conducted a comparative for analysing bullwhip effect in serial and divergent supply
chain with stationary demand. The expression for the safety stock to cover uncertain
demand over the lead time is described by accommodating the measure inertia of the
non-stationary demand process.

This paper focuses on divergent supply chain with non-stationary demand and
the estimation of safety stock for its members. The safety stock determination model
suggested by Grave [2] for a serial supply chain is given in Eq. 3.

Sa f ety Stock = Z × σD (3)

where, Z is the service level factor which can be determined from the standard normal
table corresponding to the desired service level. The standard deviation of risk period
demand is expressed as σD and is different formembers belongs to different echelons.

Equation 4 is the proposed model for the safety stock calculation of divergent
supply chain with non-stationary demand process. This relation is suitable for the
extreme downstreammembers in a supply chain, i.e. this is only suitable formembers
in stage (i= 1). The standard deviation of demand during risk period can be estimated
using Eq. 5. The divergence factor of the divergent supply chain is divF and σd,i is
the risk period demand of stage i = 1. The lead time of echelon i is Li .

Sa f ety stock = Z × 4
√
divF × σd,i (4)

σd,i = σ
√

Li

√

1 + αL + α2L2
i

3
(5)

Safety stock for the upstream member (other than stage i = 1) is shown in Eq. 6
and σu,i is the standard deviation of demand during risk period (See Eq. 7 for the
estimation of standard deviation) of upstreammembers in the divergent supply chain.

Sa f ety stock = Z × 4
√

divF3 × σu,i (6)

σu,i = σ

√
∑Li−1+Li−1

j=Li−1
(1 + jα)2 (7)
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In the simulation model, safety stock is calculated using Eqs. (4) and (6).

6 Experimental Results and Validation

The entire simulation models are run under the assumptions given in the above
sections. The desired service level is set as 95%. Three-echelon supply chains with
different divergence factor are simulated. The divergent factor is varied by varying
the number of members in echelon i = 1. The divergent supply chains are operated
under the safety stock determined using Grave’s [2] method and proposedmethod. In
particular, service level, lost sales cost and total supply chain inventory cost obtained
after executing the simulation models under both methods are given in Table 2. The
performance of the supply chain is analysed against the divergence of the supply
chains. A comparison of performance measures can be easily obtained from the
graphs given in Figs. 2 and 3. These graphs show that divergence factor has significant
influence on the performance of the supply chain. This analysis shows the effect of
divergence on supply chain performance, especially, in lost sales and it clearly support
the incorporation of divergence factor in the safety stock required for managing the
divergent supply chains. In real life, the supply chains are divergent and the proposed
method provides a good estimates for the safety stock.

The average fill rate obtained from the proposed method is better than the fill
rate obtained from Grave’s [2] method. From the result obtained after execution of
simulation models; it is very clear that the service level has not reached the desired
value with the safety stock proposed by Grave [2]. But, in the case of proposed safety
stock calculation with the incorporation of the divergence factor, equal andmore than
the set service level (95%) is obtained. In specific, there is an increment of service
level within the range of 6.16–9.41% compared to the method suggested by Grave
[2]. Comparison of service level under both methods is available in Fig. 2. The lost
sales comparison is shown in Fig. 3 and there is a decrement of 32.35 to 38.02% in lost
sales cost. As the divergence factor increases, the supply chain structure goes away
from the serial structure. Figures 2 and 3 show that as divergence factor increases,
the need for accommodation of divergence factor for safety stock determination is
clearly visible.

6.1 Conclusion

This paper focused on safety stock estimation of multi-echelon divergent supply
chain with non-stationary demand. Different three-echelon divergent supply chains
are considered and simulation models are developed for the analysis. The divergence
of the supply chain is measured using divergence factor. The proposed safety stock
determination method uses the divergence factor. The performance of the supply
chain is evaluated using the performancemeasures such as fill rate, total supply chain
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Fig. 2 Comparison of fill rate

Fig. 3 Comparison of lost sales cost

inventory cost and lost sales cost. Safety stock determination method proposed in the
literature for the serial supply chain with non-stationary demand is applied for the
operation of divergent supply chains. But, it is found that the model proposed in this
paper for determination of safety stock is providing better performance for the supply
chains considered. The performance of the supply chain against the divergence is
analysed and the analysis shows that estimation of safety stock based on divergence
factor can give a good estimate of the safety stock for divergent supply chain. In
particular, the proposed safety stock determination method helps the supply chains
to meet demand on a timely manner. Further, similar analysis is required under
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different echelon levels and divergent factors to establish safety stock estimation for
a general supply chain under non-stationary demand.
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Solving Unequal Area Facility Layout
Problems with Flexible Bay Structure
by Simulated Annealing Algorithm

Irappa Basappa Hunagund, V. Madhusudanan Pillai, and U. N. Kempaiah

Abstract This article proposes an application of Simulated Annealing algorithm
for Flexible Bay Structure (SA-FBS) based Unequal Area Facility Layout Problems
(UA-FLPs). Initially, MILP model of UA-FLPs with FBS is solved using LINGO
software, due to complexity of the model, LINGO solver is not giving the optimal
solution in a reasonable time. Then, the proposed SA-FBS is developed and applied
to test the UA-FLPs reported in the literature. SA-FBS method has either given
the same or better solution as compared to the solution reported in the literature.
The proposed SA-FBS computational timings are competitive as compared to other
meta-heuristics timings reported in the literature.

Keywords Unequal area facility layout problem · Flexible bay structure ·
Meta-heuristics · Simulated annealing

1 Introduction

The arrangement of facilities or resources on the shop floor for the manufacture of
goods or to deliver the services is called the facility layout planning or design. The
proper arrangement of facilities is a challenging task and this problem is usually
formulated as Facility Layout Problems (FLPs). The various main objectives consid-
ered in the design of FLPs are minimizing the material handling cost (MHC) and
production/service time, and maximizing the space utilization, and the safety of
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workers and machines. In most of the FLPs, the main objective considered is the
MHC. The material handling cost is a non-value adding cost. A proper arrangement
of facilities on the shop floor is required to reduce the material handling cost and
thus increases the productivity.

UA-FLPs represented on a continuous space are solved either with an assumption
of larger floor area than the area required for the all facilities or with the floor area
equal to the sum of area of all facilities. In the former case, facilities get clustered
towards the centre of the plant. The clustering of facilities at the centre of plant area
is overcome by considering the floor area equal to the sum of area of all facilities. In
this case, facilities are arranged either as Slicing Tree Structure (STS) or in Flexible
Bay Structure (FBS) or in Relaxed Flexible Bay Structure (RFBS). In STS, the plant
area is partitioned both in vertical and horizontal direction, simultaneously. In FBS,
plant area is partitioned either in vertical or horizontal direction, but not in both. In
FBS, the width of vertical or horizontal bays is flexible depending on the sum of
facilities’ area within each bay, and also, the facilities are not allowed to span over
multiple bays. The FBS formulation is made more relaxed by RFBS representation.
In RFBS, extra area or extended space is considered for plant area to allow extra
space within each bay.

Sample FBS, RFBS and STS layouts for ten unequal area facilities are shown
in Fig. 1. Figure 1a represents FBS layout with four vertical bays in the layout.
Figure 1b represents RFBS layout with four vertical bays and empty spaces in the
layout. The empty spaces in the RFBS are shown by dark shadings. Figure 1c repre-
sents STS without formation of bays. The bay boundaries in FBS help to form
aisle structure on the plant floor. Aisle structure is suitable when fork lift trucks or
automated guided vehicles are used for material transportation from one facility to
another. Hence, FBS is one of the important layout representations that researchers
and practitioners continue to study [1]. Further, Simulated Annealing (SA) is simple
meta-heuristic used to solve combinatorial problems. Unlike other population-based
meta-heuristics, SA is simple to implement, and is a sequential search algorithm
hence it is computationally more efficient one.

In the present work, initially, LINGO software package is used to code the MILP
model of UA-FLP with FBS. LINGO solver is used to obtain optimum solution of
small size problems and thus to check the effectiveness of the proposed Simulated
Annealing algorithm for Flexible Bay Structure (SA-FBS). The rest of the paper is
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(a) Flexible bay layout (b) Relaxed flexible bay layout (c) Slicing tree layout

Fig. 1 A sample flexible bay, relaxed flexible bay and slicing tree structure layouts
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organized as follows: Section 2 gives the literature review; Section 3 discusses the
problem environment andMILPmodel of UA-FLPwith FBS. Section 4 discusses the
simulated annealing heuristic and explains about solution encoding, neighbourhood
search methods and SA-FBS parameter settings. Section 5 gives numerical experi-
ments and computational results for the problems reported in the literature. Section 6
presents the conclusions and future research direction.

2 Literature Review

Much of earlier works in FLPs assume equal area for all facilities. Koopmans and
Beckmann [2] are first to formulate the layout problem as a Quadratic Assign-
ment Problem (QAP). QAP is NP-hard problem. Hence researchers use heuristics
and meta-heuristics to solve QAP [3–6]. But, in most of practical situations each
facility’s area would be different. Hence, recent researches in layout design consider
the Unequal Area Facilities Layout Problems (UA-FLPs). UA-FLPs are either repre-
sented in discrete or continuous space. Armour and Buffa [7] are first to deal with
Unequal Area Facilities Layout Problems (UA-FLPs) by discrete space representa-
tion, and they applied the conditional pair-wise exchange method to solve UA-FLPs.
Space Filling Curve (SFC) method to solve UA-FLPs by discrete space representa-
tion is reported in [8, 9]. Discrete space representation approaches generate irregular
shape facilities as layout solution, which is difficult to implement practically. Hence,
recent researchworks [10–25] onUA-FLPs consider continuous space representation
to generate regular shape facilities in the layout.

UA-FLPs represented on continuous space are formulated as MIP model. MIP
models give more realistic solution since they determine location coordinates of
facilities and their sizes while designing the layout for required objective. Lacksonen
[10], and Meller et al. [11] assume larger floor area than the area required for the
all facilities to solve MIP model. The solution values by this approach are better but
the facilities get clustered towards the centre of the plant and the solution contains
empty spaces among the facilities leading to poor space utilization. Hence many
researchers take the floor area equal to the sum of all facilities’ area. Researchers
[12–15] use various meta-heuristics to solve UA-FLPS with slicing tree structure
(STS). Tate and Smith [16] have first time represented the UA-FLP by a flexible bay
structure (FBS) and use Genetic Algorithm (GA) as the solution method. UA-FLP
with FBS representation is more constrained than STS due to the creation of bays.
Hence, optimal UA-FLP designs based on the FBS are expected to have a higher
material handling cost than the corresponding optimal designs based on STS.

In 2006, Konak et al. [1] have formulated the UA-FLP with FBS as a Mixed
Integer Linear Programming (MILP) model. In this formulation, the non-linear
constraint of earlier MIP model is converted into linear constraint. This formula-
tion is NP-complete and hence it has a limitation on the size of problems that can
be solved optimally. Researchers use various meta-heuristics for solving this formu-
lation. Researchers [17–20] used different meta-heuristics to solve formulation of
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Konak et al. [1]. Researchers [18, 19, 21] used Relaxed Flexible Bay System (RFBS)
by allowing dummy facilities with empty spaces in the bays. Konak et al. [1], and
Gau and Meller [22] argues that the solution value of RFBS layout is expected to be
lower than the solution value of FBS layout due to more flexibility in search space as
RFBS layout provides extra or empty spaces in the bays.But,RFBS layout is expected
to have more floor area requirement than UA-FLP with FBS. Kulturel-Konak and
Konak [21] used Ant Colony Optimisation (ACO), Kulturel-Konak and Konak [18]
used Particle Swarm Optimisation (PSO) and Ulutas and Kulturel-Konak [19] used
Artificial Immune System (AIS) to solve the UA-FLPs by RFBS representation.
Mazinani et al. [23] formulated the MILP model for dynamic environment UA-FLP
with FBS and used GAMS software and GA to solve both static and dynamic UA-
FLP with FBS. Meta-heuristics like GA, ACO, AIS and PSO used by above, various
researchers are population-based parallel search algorithms hence they are compu-
tationally less efficient. Simulated Annealing (SA) is another simple meta-heuristic
used to solve combinatorial problems. Application of SAmeta-heuristic in equal area
static and dynamic facility layout problems is made by [4–6]. Tam [24] and M-Y
Ku et al., [9] used SA and SA based GA for general type UA-FLPs, but these SA
applications are not for UA-FLPs based on flexible bay structure. Recently, Kulturel-
Konak and Konak [25] developed a hybrid simulated algorithm to solve unequal area
cyclic facility layout problems, and they combined the large-scale local search with
simulated annealing. But, layout solution is not for the flexible bay structure (FBS).
More recently, Hunagund et al. [20] used the SA to solve the dynamic environment
UA-FLP with FBS but not for static environment problems. Hence, the extensive
literature review reveals that flexible bay structure is one of the important layout
representations as bay boundaries help to form aisle structure. The present study
proposes a Simulated Annealing algorithm for Flexible Bay Structure (SA-FBS) to
solve unequal area facility layout problems.

3 Problem Environment and MILP Model of UA-FLP
with FBS

Research problem under consideration is to design and develop a layout plan for a
manufacturing system operating in an environment where the annual demand is not
fluctuating considerably. The problem considered here has unequal area facilities
with rectangular shapes which are to be placed on a given plant floor area without
overlapping of facilities. Theminimumandmaximum limits on the side lengths of the
facilities are defined by aspect ratio. The design of block layout involves formation of
flexible bays with objective of minimizing the material handling cost. The formation
of flexible bays helps in better design of aisles structure in the layout. Good aisle
structure helps the facilities to interact easily with material handling equipment.
Hence, the developed layout plan can be directly used by an end user with small
modification, if any required.
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MILP model of UA-FLP with FBS: In this section, an MILP model of UA-FLP
with FBS of Konak et al. [1] is presented.

Assumptions in the Model:

• Unequal area facilities with rectangular shapes are considered.
• Centre to centre distance between the facilities is measured considering the

rectilinear distance.
• The minimum andmaximum limits on the side lengths of the facilities are defined

by aspect ratio.
• All the facilities allocated to a bay should fill the bay completely. The proposed

model can solve problems with floor size more than or equal to the sum of area of
all facilities. In case, floor size is more than the sum of facility areas, the excess
space will be pushed to the east side of the plant floor.

Inputs to the Model:

• The material flow between facilities.
• The cost of moving unit material per unit distance between facilities
• The area of each facility
• The aspect ratio or shape constraint of each facility
• The maximum number of bays allowed in the layout and
• The size (width × height) of the plant floor

Notations:

Indexes;

k = 1, 2, ..., K, where, K is the number of parts
m, n = 1, 2, ..., N, where, N is the number of facilities
r, s = 1, 2, ..., M, where, M is the maximum number of bays allowed

Input Parameters;

W Horizontal length of floor in x–axis direction.
H Vertical length of floor in y–axis direction.
Am Area of facility m.
αm Maximum aspect ratio of facility m.
Smax
m = min

{
H,

√
Amαm

}
Maximum allowable side length of facility m.

Smin
m =

√
Am
αm

Minimum allowable side length of facility m.

fm→n Parts flow volume from facility m to facility n.
fmn = fm→n + fn→m Parts flow volume between facilities m and n.

fmn =
K∑

k=1
ζk,mn ∀m, n Part flow, if demand of product k and its route sheet are

given.
ζk,mn Part flow between facilities m and n due to product k.
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Cmn Cost of transporting unit part per unit distance between
facilities m and n.

MHC The material handling cost.

Decision Variables;

br Horizontal width of bay r.
lmr Height of facility m in bay r.
hy
m Vertical height of facility m in y-axis direction.

(xm, ym) Centre coordinates of the facility m.
Dx

mn = |xm − xn| Distance between the centre of facilities m and n in x-axis
direction.

Dy
mn = |ym − yn| Distance between the centre of facilities m and n in y-axis

direction.
Imr = 1 If facility m is allocated to bay r.
= 0 Otherwise.
ϕr = 1 If bay r is having facilities.
= 0 Otherwise.
Ymn = 1 If facility m is above the facility n in the same bay.
= 0 Otherwise.

The MILP Model:

Minimize MHC =
N−1∑

m=1

N∑

n=m+1

Cmn fmn
(
Dx

mn + Dy
mn

)
(1)

Subjected to:

Dx
mn ≥ xm − xn ∀n > m (2)

Dx
mn ≥ xn − xm ∀n > m (3)

Dy
mn ≥ ym − yn ∀n > m (4)

Dy
mn ≥ yn − ym ∀n > m (5)

M∑

r=1

Imr = 1 ∀m (6)

br = 1

H

N∑

m=1

Imr Am ∀r (7)

Smin
m ≤ br ≤ Smax

m + W (1 − Imr ) ∀m, r (8)
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xm ≥
∑

s≤r

bs − 0.5br − (W − Smin
m )(1 − Imr ) ∀m, r (9)

xm ≤
∑

s≤r

bs − 0.5br + (W − Smin
m )(1 − Imr ) ∀m, r (10)

lmr

Am
− lnr

An
− max

{
Smax
m

Am
,
Smax
n

An

}
(2 − Imr − Inr ) ≤ 0 ∀r,m, n > m (11)

lmr

Am
− lnr

An
+ max

{
Smax
m

Am
,
Smax
n

An

}
(2 − Imr − Inr ) ≥ 0 ∀r,m, n > m (12)

N∑

m=1

lmr = Hϕr ∀r (13)

Smin
m Imr ≤ lmr ≤ Smax

m Imr + W (1 − Imr ) ∀m, r (14)

M∑

r=1

lmr = hy
m ∀m (15)

ym − 0.5hy
m ≥ yn + 0.5hy

n − H(1 − Ymn) ∀m, n �= m (16)

Ymn + Ynm ≤ 1 ∀m, n > m (17)

Ymn + Ynm ≥ Imr + Inr − 1 ∀r,m, n > m (18)

0.5hy
m ≤ ym ≤ H − 0.5hy

m ∀m (19)

xm, ym, hy
m, br , lmr , Dx

mn, Dy
mn ≥ 0 ∀m, n, r (20)

Imr ∈ {0, 1}, ϕr ∈ {0, 1}, Ymn ∈ {0, 1} ∀m, n, r (21)

The objective function is represented by Eq. (1) which minimizes the material
handling cost of a UA-FLP with FBS. The objective function finds the facilities
dimension and coordinates by considering the amount of material flow and cost
of moving unit material per unit distance between facilities m and n. The absolute
centre to centre rectilinear distance between facilities is ensured by constraints (2)
to (5). The absolute value term |xm − xn| is linearized by Dx

mn ≥ xm − xn and
Dx

mn ≥ xn − xm where Dx
mn ≥ 0. The assigning of each facility to only one bay is

ensured by constraint (6). The width of each bay is computed using Eq. (7) based on
the areas of the facilities assigned and the height of floor space. The upper and lower
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limits on thewidth of each bay is ensured by constraint (8) based on facilities assigned
in each bay. The facilities centre coordinates along the plant floor’s horizontal axis
(x-axis coordinate) are determined by constraints (9) and (10). And also, the facilities
are located within the limits of floor size and this aspect is ensured by constraints
(7), (9) and (10). The facilities centre coordinate (y-axis coordinate) along the floor’s
vertical axis is determined by constraints (11) to (18), and also these constraints
ensure that the facilities do not overlap in the vertical direction. The accommodation
of facilities within the limit of floor space along the vertical axis is ensured by
constraint (19). Constraint (20) ensures the non-negativity of continuous decision
variables and constraint (21) puts the restrictions for binary decision variables.

Initially, the above MILP model is coded in LINGO 16.0 × 64 mathematical
modelling software. LINGO solver is used to obtain optimum solution of small
size problem by an exact method. In the second part of present work, a Simulated
Annealing algorithm for Flexible Bay Structure (SA-FBS) is developed to solve the
above UA-FLP with FBS model.

4 SA-FBS to Unequal Area Facility Layout Problems
with Flexible Bay Structure

Simulated Annealing (SA) algorithm is a neighbourhood search meta-heuristic for
global optimisation. The objective of global optimization is to find the globally
best solution for models, in the presence of multiple local optima. There are many
meta-heuristics like GA, Tabu Search (TS), ACO, PSO, AIS, etc. are reported in the
literature for global optimization but all these are population-based parallel search
algorithms. The SA algorithm is the one of meta-heuristic and it works based on
probabilistic methods that avoid being stuck at local (non-global) minima. It is
proven to be a simple sequential search algorithmbut powerfulmethod for large-scale
combinatorial optimization.

In SA, the solution A’ derived from a solution A is not only accepted if A’ is better
but it may also be get accepted if A’ is worse than A. Worse solution is accepted with
some acceptance probability. Boltzmann’s law is used to determine this acceptance
probability, It is given as P(accept) = exp(-Δ/(b × Ti)), where ‘b’ is Boltzmann’s
constant and ‘Ti’ is the temperature at each iteration level according to cooling
schedule. The value of ‘Ti’ is between T0 ≤ Ti ≤ TF . Where ‘T0’ and ‘TF’ are initial
and final temperatures, respectively. Δ = z(A’)-z(A), where Δ represents difference
between the value of solutions A and A’. This is known as Metropolis acceptance
rule which implies that the smaller the increase in the ‘Δ’ value, more likely the new
solution is selected, and the lower the value of ‘Ti’, the less likely the new solution
is selected.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 0 5 6 0 0 0 7 8 2 0 3 4 1 0

(a) Sample encoding alternative-1.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
5 6 0 7 8 2 0 0 3 4 1 0 0 0 0

(b) Sample encoding alternative -2.

Fig. 2 Sample encoding scheme for FBS layout

Fig. 3 FBS layout for
encoded scheme of Fig. 2

6 
2 1 

8 4 

5 7 3 

4.1 Solution Encoding

The encoding scheme given in Ulutas and Kulturel-Konak [19] is used to encode
the UA-FLP with FBS for the proposed SA-FBS solution method. This encoding
scheme has a single segment containing the whole information regarding the name
of facilities, facilities sequence and bay division points. When the numbers of bays
(M) are not given, the length of the string is taken as (2 N-1), since the maximum
number of bays in the solution can be equal to the number of facilities (N). The bay
breakpoints are represented by ‘0’s. Hence maximum bay breakpoints ‘0’ can be
(N-1). If the maximum number of bays (M) are given data, then the length of the
string is (N + M-1).

The encoding scheme for 8-facilities with the consideration of maximum number
of bays equal to the given number facilities (N) is shown in Fig. 2. This figure shows
two sample encoded strings and both strings lead to the same layout configuration.
The layout configuration for these strings is shown in Fig. 3. If N = 8, then length
of string = 2 N-1 = 2 × 8–1 = 15.

4.2 Configuration Change

In the proposed work, to create neighbourhood solution, insert, swap and reversion
operators as given in [26] are used. These three operators are used randomly with
the equal probability of selection for each operator. That is, a random number r is
generated between 0 and 1, if the r is between 0 < r < 0.33, insert operation is
carried out and if the r is between 0.33 ≤ r < 0.67, swap operation is carried
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Before After 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 0 5 6 0 0 0 7 8 2 0 3 4 1 0 0 0 5 6 7 0 0 0 8 2 0 3 4 1 0 

(a) Insert operation for random numbers i = 8 and j = 5.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 0 5 6 0 0 0 7 8 2 0 3 4 1 0 0 0 5 6 0 0 0 7 8 2 3 4 1 0 0

(b) Insert operation for random numbers i = 11 and j = 15.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 0 5 6 0 0 0 7 8 2 0 3 4 1 0 0 0 5 0 6 0 0 7 8 2 0 3 4 1 0

(c) Insert operation for random numbers i = 7 and j = 4.

Fig. 4 Illustrations of insert operation for configuration change

out and if the r is between 0.67 ≤ r < 1, reversion operation is carried out for
neighbourhood configuration creation. After generating the neighbourhood solution
by using randomly selected operator, the algorithm checks the feasibility of solution;
if the solution is infeasible then the randomly selected operation is repeated on the
string until gets a feasible solution. The operation of these operators is explained
below.

Insert Operation: In this operation, two random numbers i and j indicating the
positions of element in a string, are generated between 1 and length of string.
Figures 4a, b and c illustrate how insert operation changes the number of facilities
within the bay, merges the bays, and creates the new bays for the encoded string-1
shown in Fig. 2a.

The insert operation removes the element in the position i of the string and then
moves certain elements either leftward or rightward depending on values of i and
j and then insert the removed element into the position j. If i < j, the element in
the position i is removed and the elements from position i + 1 to j are moved one
position leftward, then the removed element is inserted into position j. If i > j, the
element in position i is removed and the elements from position j to (i-1) are moved
one position rightward, then the removed element is inserted into position j.

Swap Operation: In this operation, two random numbers i and j indicating the
positions of element in a string, are generated between 1 and length of string. The
swap operation swaps the element in positions i and j of the string. Application of
swap operation is shown in Fig. 5. Note that if the element of positions i and j are
bay breaks ‘0’ then the swap operation does not generate different neighbourhood
solution from the current solution; in such a case new i and j are generated until the
elements in i and j positions are not bay breaks ‘0’.

Before     After 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 0 5 6 0 0 0 7 8 2 0 3 4 1 0 0 7 5 6 0 0 0 0 8 2 0 3 4 1 0

Fig. 5 Illustrations of swap operation for random numbers i = 8 and j = 2
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Before After 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 0 5 6 0 0 0 7 8 2 0 3 4 1 0 0 0 5 3 0 2 8 7 0 0 0 6 4 1 0

Fig. 6 Illustrations of reversion operation for random numbers i = 4 and j = 12

Reversion Operation: In this operation, two random numbers i and j indicating
the positions of element in a string, are generated between 1 and length of string. This
operation reverses all the elements located from the position i to the position j. In
this configuration change, the reverse operation sequentially removes the elements
from positions i to j in current solution and places these elements sequentially into
positions j to i in reverse manner to create neighbourhood solution. Application of
reversion operation is shown in Fig. 6.

4.3 SA-FBS Parameters Settings and Flow Chart

The flow chart of the proposed SA-FBS heuristic method for UA-FLP with FBS is
shown in Fig. 7 and the parameter settings for the proposed SA-FBS method are
explained in the further section.

Perturbation methods: Three operators explained in Section 4.2 are used for
generating neighbourhood solution from the current solution. The operators are used
randomly with an equal probability of selection of an operator.

Starting Temperature (T0): The starting temperature is set high such that virtually
all configuration changes are accepted. In the proposed SA-FBS, the starting temper-
ature is computed based on the initial configuration changes acceptance probability
of 95%. Hence, the configuration change acceptance probability (Pc) is set to 0.95
in the present study. The initial temperature depends on problem size, flow volume
between facilities, area of facilities and aspect ratio.

Annealing: Common functions used, in the literature for computing the temper-
ature at state i, are: Arithmetic function, Geometric function, Logarithmic function
and Inverse function. The proposed SA-FBS algorithm uses the geometric function
which is given by: Ti+1 = γ × Ti, where i = 0, 1, …, and γ = Constant < 1. To
allow the system to cool slowly, the value of ‘γ ’ (cooling rate) is taken as 0.98 in the
present study.

Epoch length (L): The number of feasible configuration changes at each temper-
ature level is done by the expression; L = aN2, where, ‘a’ is a constant number and
‘N’ is the number of facilities. In the present SA-FBS, the value of ‘a’ is set to 1.

Final temperature (TF): In the proposed SA-FBS heuristic, the termination
temperature is decided by the probability of accepting worse configuration change
(Pf ). The probability of accepting a worse solution at the termination of SA should
be very low. In the present study, it is taken as Pf = 1 × 10–15. When the values
of Pc, γ and Pf are known then the total number of temperatures decreasing
cycles (CT ) can be found using the expression given in [4]. The expression is:
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Yes

No

No

Yes

Yes
No

No

Yes 

No

Yes

Find Δ = TC’ – TCcurrent

Set Pc, Pf, L, γ, and I =1, and evaluate the initial temperature (T0) and final 
temperature (TF)  

Compute the cost of randomly generated solution and set this as current cost 
(TCcurrent) and best cost (TCbest) 

Generate an initial feasible random solution and set this solution as current 
solution (S) and best solution (Sbest)

Start

is
TC’ < TCbest? 

Apply insert or swap or reversion method to create feasible neighbourhood 
solution (S’) from current solution S, find the material handling cost (TC’) of

neighbourhood solution

Update Sbest and TCbest

Δ <= 0

Compute probability using P
= exp (-Δ /Ti),

and generate random 
number (r) [0 1]

r < P
S = S’,

TCcurrent = TC’

I = I +1

I = = L

Set Ti = Ti × γ

Ti = = TF

Print best solution, Sbest and best material handling cost, TCbest

Exit

Fig. 7 Proposed SA-FBS flow chart for UA-FLP with FBS



Solving Unequal Area Facility Layout Problems … 87

γ = (log (Pc)/log (Pf ))1/(CT−1); and the terminating temperature is computed using
the expression, TF = T0 × (γ )CT .

Neighbourhood solution acceptance criteria: The neighbourhood solution gener-
ated is accepted using Metropolis criterion. This criterion has two ways of accepting
the generated neighbourhood solution. These two ways are:

i. If the generated neighbourhood solution results in a net decrease in the objective
function value, then it is accepted.

ii. If the generated neighbourhood results in a net increase in the objective function
value, even then there is a chance of accepting the generated solution but this
is with a probability of exp (–Δ/T i), where ‘Δ’ is the difference in the objec-
tive function values, and Ti is the temperature at the corresponding state. In
the proposed SA-FBS, the generated neighbourhood solution is accepted if a
random number generated between 0 and 1 is less than exp (–Δ/T i) otherwise
the configuration change is rejected.

5 Numerical Experiments and Results Analysis

The performance of the LINGO solver-based method and the proposed Simulated
Annealing for Flexible Bay Structure (SA-FBS) based method is tested using the
problems reported in the literature. The MILP model of UA-FLP with FBS repre-
sentation is coded in LINGO 16.0 × 64 software package. The SA-FBS algorithm
is coded in MATLAB R2015b. For SA-FBS procedure, the encoded solution string
length is, usually, (2 N-1), where N is the number of facilities. All the experiments
are conducted on 64-bit PC with Windows 8.1Pro operating system having 3.2 GHz
Intel(R) Core (TM) i5-4570 CPU and 8 GB RAM.

Initially, equal area static facility layout problem instants are tested to judge the
performance of proposedmethods. In the literature, equal area-FLPs are studied with
discrete space QAP model. The UA-FLP with FBS is a special case of equal area
discrete space QAP formulation when area and aspect ratio of all facilities are set to
one. The data set of [3] is taken for equal area static facility layout problem. This data
set consists of five period’s data. These five-period data are taken as five independent
equal area static layout problems and are named as Y9-1, Y9-2, Y9-3, Y9-4 and
Y9-5 respectively for each period data. The input data consist of products demand
in various periods and their operational sequence. These input data information are
provided in Tables 1 and 2. In order to use the equal area data in continuous space
MILP model of UA-FLP with FBS, we assumed unit area (A = 1) for each facility
and minimum side length of each facility as one (Smin = 1), and the plant floor size
of 3 × 3 is considered (i.e., W = 3 and H = 3).

Further, the standard UA-FLPs available in the literature are used to test the
performance of proposed SA-FBS. Table 3 gives the list of unequal area problems
studied in literature either using MIP approach or slicing tree structure or flexible
bay structure or relaxed flexible bay structure representation. The problem sizes
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Table 1 Demand profiles in Yaman et al.’s [3] case

Part Periods

(Y9-1) (Y9-2) (Y9-3) (Y9-4) (Y9-5)

1 10 35 90 40 55

2 30 50 25 65 20

3 45 15 40 70 15

4 70 80 55 90 85

5 85 60 70 20 30

Table 2 Operational
sequence of products in
Yaman et al.’s [3] case

Part Machine operational sequence

1 01 → 03 → 05 → 07 → 02 → 07 → 09

2 01 → 04 → 02 → 05 → 06 → 08 → 09

3 01 → 05 → 07 → 08 → 05 → 06 → 02 → 09

4 01 → 02 → 04 → 06 → 07 → 08 → 02 → 03 → 09

5 01 → 07 → 06 → 04 → 02 → 08 → 03 → 05 → 06 →
09

vary from 7 to 35 facilities. Hence all these problems are taken as good benchmark
problems for present study. The original input data of all these test problems can
be found in the corresponding references. In the proposed study, all the problems
are solved without any empty space inside the bays of layout and also no dummy
departments are considered for FBS layout formation. In these problems, if the given
plant floor area is more than the sum of areas of all facilities then the extra space is
pushed towards the east side of the plant. Note that ‘N’ is the number of facilities, α
is the maximum aspect ratio constraint, ‘Smin’ is the minimum side length constraint,
‘W ’ is plant length in the x-direction and ‘H’ is plant length in the y-direction.

5.1 Results and Discussion of Equal Area Facility Layout
Problems

In this section, the performance of proposed LINGO coded MILP model, and SA-
FBS heuristic method of layout formation for UA-FLPs with FBS representation
in continuous space are tested on equal area static FLP instants. In literature, these
problems are studied with discrete space QAP model [6, 31, 32]. Table 4 shows the
solution values, best solutions and CPU timings obtained by proposed LINGO and
SA-FBSmethodologies toUA-FLPswith FBS representation. LINGOcodedmethod
has given the global optimum solution values for all these five equal area problems.
SA-FBS method is also given the optimal solutions in very less computational times
compared to LINGO solver. In this table, best layout for each problem is given under
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Table 3 Summary of unequal area facility layout problem data sets

Sl. No Problem name N Shape constraint Floor dimensions Data references

W H

1 O7 7 α = 4 8.54 13 Meller et al. [11],
and Komarudin
and Wong [15]

2 O8 8 α = 4 11.31 13 Meller et al. [11],
and Komarudin
and Wong [15]

3 O9 9 α = 4 12 13 Meller et al. [11],
and Komarudin
and Wong [15]

4 VC10Rs 10 Smin = 5 51 25 Van Camp et al.
[27]

5 VC10Ra 10 α = 5 51 25 Van Camp et al.
[27]

6 M11a 11 α = 5 6 6 Meller [28], and
Liu and Meller
[13]

7 M11s 11 Smin = 1 6 6 Meller [28], and
Liu and Meller
[13]

8 M15a 15 α = 5 15 15 Meller [28], and
Liu and Meller
[13]

9 M15s 15 Smin = 1 15 15 Meller [28], and
Liu and Meller
[13]

10 BA12 12 Smin = 1 10 6 Bazaraa [29]

11 BA14 14 Smin = 1 9 7 Bazaraa [29]

12 NUG12 12 α = 4 4 3 Nugent et al. [30]

13 NUG15 15 α = 4 5 3 Nugent et al. [30]

14 AB20 20 α = 4 30 20 Armour and Buffa
[7]

15 TAM20 20 α = 5 40 35 Tam [24], and Gau
and Meller [22]

16 TAM30 30 α = 5 45 40 Tam [24], and Gau
and Meller [22]

17 SC30 30 α = 5 15 12 Liu and Meller
[13]

18 SC35 30 α = 4 16 15 Liu and Meller
[13]
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Table 4 LINGO and SA-FBS results for static equal area facility layout problems

Problem name LINGO SA-FBS Best solution

Solution
valuea

Run time
(secs)

Solution value CPU time
(secs)

Y9-1 2780 1067 2780 4.72 4-6-9|2-7-8|1-5-3

Y9-2 2640 2012 2640 4.87 9-8-3|6-7-5|4-2-1

Y9-3 2950 780 2950 4.87 3-5-1|8-7-2|9-6-4

Y9-4 3020 1423 3020 4.66 6-4-1|5-2-3|7-8-9

Y9-5 2200 2203 2200 4.90 3-8-9|5-7-6|1-2-4

aLINGO solver has given global optimum solutions to all above problems

Table 5 Comparison of proposed LINGO and SA-FBS results with the solution values reported in
the literature for equal area facility layout problems solved using discrete space QAP

Problem
name

Pillai
et al.
[6]

Chan
et al.
[31]

Tang and
Abdel
–Malek
[32]

Yaman
et al. [3]
spiral-1

Yaman
et al. [3]
spiral-2

Best
Known

Proposed
SA-FBS/LINGO

Y9-1 2780 2850 2820 3630 3470 2780 2780

Y9-2 2640 2790 2980 3180 3350 2640 2640

Y9-3 2950 3160 3200 3690 3570 2950 2950

Y9-4 3020 3165 3100 3975 4065 3020 3020

Y9-5 2200 22,750 2355 3045 2975 2200 2200

best solution column. The best solution is encoded such that bays are separated by
symbol (|) and the order of facilities within the bays are given from bottom to top.

Researchers [6, 31, 32] used the Yaman et al.’s [3] data for their approaches. All
these authors used the discrete space QAPmodel and solved themwith various exact
and heuristic methods. Table 5 shows the comparison of material handling costs of
proposed continuous spaceMILPmodel coded in LINGOand SA-FBSwith the other
approaches used in the literature to solve discrete space QAPmodel. Solution values
obtained by the proposed methods are same as the best solution values published in
equal area layout literature using discrete space.

5.2 Results and Discussion of Unequal Area Facility Layout
Problems Data Set

The unequal area facility layout problems given in Table 3 are solved by LINGO
solver. It has given solution values near to best-known solutions in literature for small
size problems. In the case of larger size problems, solutions are very poor and the
solver is interrupted after running a few minutes to hours for different problem sizes.
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The poor results are due to a large number of binary integer decision variables in
the model for large size problems and the solver uses the branch and bound exact
method to solve the model. Hence, it is difficult to obtain better results for bigger size
problems using LINGO solver. For SC35 problem, LINGO solver did not generate
the feasible solution in a reasonable time, hence result is not reported for this problem.
The solution values recorded for various problem sizes are given in Table 6.

To overcome the inferior solution by LINGO solver, SA meta-heuristic is used,
and all the unequal area problems given in Table 3 are tested using proposed SA-FBS
algorithm coded in MATLAB. The SA-FBS is initialized with the random feasible
solution, and 10 runs are made for each problem. The number of iterations at each
temperature level for 10-replications is set as N2, where N is number of facilities.
The results of proposed SA-FBS heuristic method after running 10-replications for
various size problems are recorded in Tables 7 and 8.

Table 7 gives the best, worst, average solution values found and also gives the
minimum, maximum and average CPU timings of the algorithm. Table 7 indicates
that the variability of solution values is less and the percentage difference between
the best and worst solutions is relatively very low and the solution procedure has
very less computational timings. Therefore, the proposed SA-FBS heuristic method
for UA-FLPs with flexible bay system layout formation is robust one. Table 8 gives
the best solution in 10-run of SA-FBS in encoded form for different size problems.

6 Comparison of SA-FBS with the Other Approaches
results to UA-FLP Based on FBS or RFBS

In this section, the performance of SA-FBS heuristic approach is compared with
other approaches reported in the literature for solving UA-FLPs with FBS as well as
with RFBS. Table 9 summarizes the comparison.

Comparisons are made with the GA of [16], MILP approach of Konak et al. [1],
ASA of Wong and Komarudin [17], ACO of Kulturel-Konak and Konak [21], PSO
of Kulturel-Konak and Konak [18] and AIS of Ulutas and Kulturel-Konak [19], and
GA of Mazinani et al. [23]. To have consistency with these approaches, vertical bays
are used in the present study. The proposed SA-FBS heuristic has given either better
Material Handling Cost (MHC) than the one reported in the literature or the same as
reported in the literature for UA-FLPs with FBS. The proposed SA-FBS algorithm
has found the new best FBS solution for the problems O7, VC10Rs, VC10Ra, M11a,
M15a, M15s and AB20. The SA-FBS best found solution values as compared with
best-known solution values in the literature are shown by bold numbers in Table 9.
The MILP approach of Konak et al. [1] has given optimum solution for problem O9
optimally and our SA-FBS algorithm also gives the same optimal solution. AB20
problem is one of themost studied test problems in the literature bymany researchers.
In the present study, a new best solution is found for this problem as compared to the
best-known solution available in the literature. The RFBS based approaches are less
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Table 7 SA-FBS 10-run solution values and cpu timings for UA-FLP with FBS

Sl. No Problem
name

10-run solution value 10-runs CPU time (s)

Best Worst Mean Minimum Maximum Average

1 O7 134.19 134.19 134.19 1.79 2.52 2.09

2 O8 245.51 247.85 245.62 3.24 3.92 3.58

3 O9 241.06 250.89 244.65 2.82 3.9 3.5

4 VC10Ra 21,456.83 21,662.27 21,465.11 4.1 5.11 4.5

5 VC10Rs 22,897.65 24,050.57 23,721.17 4.72 6.06 5.16

6 M11a 1197.76 1220.32 1205.14 6.86 7.94 7.35

7 M11s 1317.79 1409.83 1350.19 9.89 12.33 11.05

8 M15a 27,350.77 30,897.17 29,357.84 14.78 18.64 16.88

9 M15s 22,757.18 26,303.22 23,640.34 9.49 10.9 10.33

10 BA12 8786 9102.67 8801.83 9.43 11.85 10.59

11 BA14 5004.55 5042.29 5016.58 12.47 15.55 13.86

12 NUG12 262 276.5 267.85 7.28 8.82 8.15

13 NUG15 524.75 562.75 534.17 14.86 19.39 16.53

14 AB20 5178.2 5487.79 5293 41.44 73.71 52.34

15 TAM20 9003.82 9350.61 9144.95 44.88 84.9 59.58

16 TAM30 19,667.46 20,293.28 19,916.92 96.94 158.55 120.11

17 SC30 3731.92 4737.2 4040.04 99.56 187.6 125.08

18 SC35 4182.4 5025.78 4499.42 313.03 13,884.35 2983.88

constrained than FBS. Therefore, a solution found by RFBS approach is expected
to have a better solution than the corresponding FBS solution. For VC10Ra, BA12,
BA14, NUG12, TAM20, TAM30, SC30 and SC35 problems, the SA-FBS algorithm
MHC is inferior to RFBS based MHC due to more flexibility in the availability of
space for arranging the facilities on the plant floor. The percentage inferiority of
MHC value for these problems are provided in the last but one column of Table 9.
In fact, the proposed SA-FBS algorithm has found a new best solution for VC10Rs,
M11a, M15a, M15s and AB20 problems as compared to the previously best-known
solution with RFBS. In summary, the computational performance of proposed SA-
FBS algorithm is excellent compared with other meta-heuristic approaches reported
in the literature to solve UA-FLPs with FBS.

7 SA-FBS Results Analysis for Armour and Buffa’s [7]
AB20 Problem

Armour and Buffa [7] 20-facility AB20 problem is still considered as a fairly large
problem in UA-FLPs. It is one of the most studied test problems in the literature, and
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is a good benchmark problem to study the performance of the proposed SA-FBS.
In this section, the AB20 problem is solved for different maximum aspect ratios
(αmax) ranging from 3 to 1000 with 10-replications. Table 10 gives the best, worst,
average solution values found and also gives the minimum, maximum and average
CPU timings of the algorithm. Table 11 gives the SA-FBS 10-run best solution in
encoded form for different maximum aspect ratios.

Table 12 gives the comparison of proposed SA-FBS best solution values with
other researchers’ results reported in literature for the AB20 problem with different
aspect ratios. The comparisons are made with the GA of [19], the hybrid fuzzymodel
and genetic search of [33], the ACO of [21], the AIS of [19] and GA of [23]. These
authors solved the AB20 problem for different maximum aspect ratios ranging from
1.70667 to 1000. Except for Ulutas and Kulturel-Konak [19] all other authors solved
AB20 problem with the FBS representation, whereas Ulutas and Kulturel-Konak
[19] solved with RFBS representation. For most cases of AB20, the proposed SA-
FBS solutions are almost equal to earlier best-known solutions (i.e., only less by
0.04% to 0.06%). In fact, for the cases, αmax = 25, αmax = 5 and αmax = 4, the new

Tabe 10 SA-FBS solution values and CPU timings for AB20 problem with different αmax values

αmax 10-run solution values 10-runs CPU timings

Best Worst Mean Minimum Maximum Average

1000 1588.49 3287.33 2051.11 16.27 18.60 17.43

50 2382.74 3650.57 2775.5 16.10 19.11 17.82

25 3324.49 3552.92 3432.52 17.54 19.98 18.68

15 4045.58 4404.34 4101.19 21.26 24.46 23.09

10 4367.57 4833.81 4510.07 25.26 27.99 26.37

7 4720.36 5017.39 4860.29 28.96 33.39 30.79

5 5132.34 5564.80 5295.28 37.18 44.34 40.14

4 5178.2 5487.79 5293 41.44 73.7 52.34

3 5372.6 5663.25 5465.63 61.44 720 282.24

Table 11 Best solutions
found for AB20 problem with
different αmax values

αmax Best solution of 20-runs SA-FBS

1000 1-18-5-20-8-7-6-2-4-19-3-10-14-9-15-12-17-13-16-11

50 18|1|5|20|8|7|6|2|4|19|3|10|14|9|15|12|17|13|16|11

25 11|16|13|17|12|15|10|14|3|19|4|2|1-5-9-7-8-20|6|18

15 11|16|17|12|15|13-3-14-10-9-19-4-2-7-8-20|1-6-5|18

10 11|16|17|12|15-13-14-10-9-19-3-1|5-20-8-7-2-4-6-18

7 11|16|17|13-12|15-14-10-9-3-1|5-19|20-8-7-6-2-4-18

5 11-13-16|15-14-9-17|5-10-12|3-19|20-8-7-2-4-6|1-18

4 11-16|15-13-17|5-14-10-9-12|3-19|20-8-7-2-4-6|1-18

3 20-18|6-8-7-4-2-1|5-19-3|12-9-10-14|17-13-15|16-11
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best solutions are found and these solutions improved the earlier best-known values
by 1.99%, 0.99% and 0.1% respectively. The SA-FBS best found solution values
are shown by bold numbers in Table 12. The problem AB20 with αmax = 4 is one
of the most studied problem in the literature by many researchers. In the present
study, a new best solution is found for AB20 with αmax = 4 problem as compared to
best-known solution reported in the literature.

7.1 SA-FBS Computational Effort Discussions

In this section, computational efficiency of proposed SA-FBS is compared with
various meta-heuristic algorithms used by earlier researchers to solve the UA-FLPs
with FBS. The CPU timings are not directly comparable due to different hardware
used by various researchers for testing their algorithms. But the comparisons are
made here with the description of hardware facilities used by various researchers.

The hardware used for the proposed SA-FBS algorithm is Windows PC with
Intel(R) core(TM) i5-4570, 3.2 GHz, 8 GB RAM. The ASA of [17], ACO of [21]
and PSO of [18] are tested using special high-performance computing hardware
workstation. Authors [18, 21] in their published paper acknowledged that, All the
experiments were conducted in High-Performance Computing Group facility avail-
able at the Pennsylvania State University. AIS of [19] is tested using Windows PC
with 2.6 GHz Intel Xeon Processor and 2 GB RAM. In Table 13, it can be noticed
that in spite of, basic level hardware used for testing the proposed SA-FBS algorithm,
the CPU timings are very much promising in most of the test problem cases. Particu-
larly, proposed SA-FBS CPU timings are better as compasred to Kulturel-Konak and
Konak [21], and Kulturel-Konak and Konak [18] who used the professional high-
performance Intel Xeon processor with 32 GB RAMworkstation for all their experi-
ments. Ulutas and Kulturel-Konak [19] also used the professional high-performance
Intel Xeon processor with a RAM of 2 GB.

8 Conclusions

This paper has proposed a SA-FBS algorithm to solve unequal area facility layout
problems with flexible bay structure. Also, an MILP model of UA-FLP with FBS is
coded in LINGOmathematicalmodelling software and solved byLINGO solver. The
performance of SA-FBS algorithm and LINGO coding are tested with the problems
reported in the literature. For small size equal area facility layout problems, both
LINGO and SA-FBS methods have given the same solutions, but for UA-FLPs with
FBS, SA-FBS has given better solution than LINGO solver. The performance of
SA-FBS algorithm is robust and could produce best FBS solutions. Proposed SA-
FBS method has either given the same solution or even better solution for the test
problems as compared to the best-known solution reported in the literature based on
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FBS. Regarding computational effort, though the proposed SA-FBS used the basic
hardware facility for testing the algorithm, it has given the superior CPU timings than
the other meta-heuristics tested on professional very high-performance hardware
workstations. Finally, the research can be extended in future to consider dynamic
environment UA-FLPs with FBS.
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Mechanical Characterization
of Polycarbonate-Graphene Oxide (PCG)
Nanocomposite

Jaskaran Singh, Suneev Anil Bansal , and Amrinder Pal Singh

Abstract Polymermatrix nanocomposite are of great interest due to its high specific
strength, low cost, and ease of processing & synthesis. Various attempts have been
made to improve properties of polymer matrix by introducing nano reinforcement. In
present report, effect of low cost nanosheet reinforcement, Graphene Oxide (GO), in
Polycarbonate (PC) matrix was studied for mechanical properties of PC-GO (PCG)
nanocomposite. PC is used in various mechanical parts and structural applications.
Low cost GO was synthesized by chemical oxidation route using low cost graphite
flakes. To get better dispersion of GO in PC, solution mixing method was used.
First, the thin film of PCG nanocomposite was prepared by mixing sonicated GO in
Tetrahydrofuran (THF) and beads of PC. After that these sheets were extruded using
an injection molding machine to synthesize dog-bone sample of PCG nanocom-
posites. Morphological studies of samples were performed using FE-SEMmachine.
Dog-bone sampleswere characterized usingmicromechanical testingmachine. PCG
composite was prepared for 0.05, 0.1, and 0.2 wt.% of GO reinforcement in PC
matrix. As the percentage of GO reinforcement increased, both tensile strength and
elasticmodulus of PCGnanocomposite increased. At 0.2wt.% ofGO tensile strength
and elastic modulus was increased by 57 and 13%, respectively. GO reinforcement
in PC showed better mechanical performance over pure PC.
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1 Introduction

Two ormorematerials, having different types of properties, are combined in different
ways to form composites that possesses superior properties than pristinematrixmate-
rials. Matrix phase has less strength whereas the reinforcement has more strength
and stiffness thanmatrix, giving goodmechanical and physical properties to compos-
ites. Thus composite materials possess better mechanical properties along with light
weight, a combination difficult to find in conventional materials like metals. Weight
of the finished part produced by composite has high strength to weight ratio because
of the low density of composite as compared to bulk material. Uniquely, polymer
composites are widely used for mechanical applications in aerospace, automobile,
marine industry, etc., due to their light weight, better strength, and ease of processing
[1, 2].

Polycarbonate (PC) finds variety of application like structural parts, body, auto-
motive parts, helmets, hydrophobic surfaces, packaging, etc. [3, 4]. Various filler
like carbon fibers, carbon nanotubes, glass fibers, etc., were reported to enhance
properties of PC by synthesizing PC composite materials [5–10]. Still area of carbon
nanoparticles reinforcement in PC is still in development. As Graphene/Graphene
oxide reinforcement reported to produce excellent resultswith othermatrixmaterials,
GO in PC can produce exciting results [11, 12].

Graphene, sp2 hybridized two-dimensional (2D) carbon nanostructure, has as an
atomically thin sheet structure with carbon to carbon 0.142 nm. A 2D graphene sheet
weighing only 0.77 mg/m2 is 100 times stronger than the steel sheet of same size
and thickness. The single-layered graphene sheet is one of the strongest materials;
its breaking strength is 42 Nm−1 and 1.0 TPa Young’s modulus. Graphene exhibits
excellent thermal conductivity (5000 Wm−1 K−1), extremely high transmittance at
97.7% over wide range of wavelengths and very large surface area of 2630 m2/g
[13]. Graphene, is extensively researched for application in various fields like battery
storage, sensing, photo activity, composites, due to fascinatingmechanical properties,
electrical properties, and thermal properties [14–18].

Our group recently studied effect of graphene/CNT reinforcement in polystyrene
and found carbon nanomaterial can enhance mechanical properties of polymer [19].
Effect of Graphene oxide (GO) reinforcement of epoxy resin was also studied and
found that GO enhances modulus and hardness of epoxy-GO composites [20].
Composite synthesis requires a high quantity of GO at reasonable quality that can be
suitably produced by wet chemical oxidation method. Although graphene was first
synthesized from graphite precursor by simple mechanical cleavage method using
an adhesive tape [21, 22].

The present work reportsmechanical characterization of polycarbonate-Graphene
Oxide (PCG) nanocomposite with the percentage weight variation of GO. GO
was synthesized by chemical oxidation method. To achieve better dispersion solu-
tion mixing method was used. Dog-bone samples were synthesized and tested on
micromechanical testing machine. Small percentage reinforcement of GO in PC
tremendously improved mechanical properties of PCG nanocomposite.
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2 Experimental

2.1 Materials

Commercial grade polycarbonate (PC), in form of beads, was procured frommarket.
Received materials were put in vacuum over at 60 °C for 8 h to remove moisture
and volatile substances. Graphite flakes were procedure from Sigma Aldrich as used
as received. All reagents used were of AR grade and procured from either, Thermo
Fisher Scientific, India or Sigma Aldrich, India. All reagents were used as received
without any purification.

3 Synthesis of GO

Graphene oxide (GO) was prepared using wet chemical oxidation method reported
earlier [23, 24]. In short, 1 g of graphite flakes were stirred in H2SO4 and H3PO4 acid
mixture in 9:1 ratio (by volume) onmagnetic stirrer. An oxidizing agent, KMnO4 (six
times byweight of graphite flakes), was slowly added andmixture was left on stirring
condition till color changes to dark brown. A small amount of H2O2 was added to
stop oxidation reaction. Solution was washed several times with mild HCl solution
and then with De-ionized water to neutralize pH. Solution was dried in vacuum oven
to get sheets of GO.

4 Synthesis of PC-GO Nanocomposite

Fabrication of Dog-bone shaped specimen was carried out in two steps. In first
step, PC was mixed with GO using solution mixing method. GO was sonicated in
Tetrahydrofuran (THF) using ultra-sonicator for 15 min. After complete dispersion
of GO in THF, beads of PC were added in solution under constant stirring condition.
Different composition samples were obtained by varying the weight percentage of
GO in PC from 0–0.2wt.%. The nomenclature of resulting composite was designated
as PCG000 where last three numeric characters represent weight percentage of GO
in PC multiplied by 100, e.g., PCG010 represents 0.10 wt.% of GO reinforcement
in PC (Table 1). The solution was then dried on glass perti-dish at 70 °C for couple
of hours to completely evaporate solvent.

In second step, Composite films were molded using injection molding machine
shown in Fig. 1 [25–27]. Temperature of injection moulding machine was set at
2900C and pressure settings were 6–10 psi. Composite films, obtained from solution
blended method, were poured into the hopper of Injection moulding machine. After
the conversion of solid-state film tomolten state, moltenmaterial was pushed into the
die with the pressure ram. Figure 2 shows actual digital image of Dog-bone samples.
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Table 1 Table shows the results of different % of Graphene in compositions

S. no Specimen
name

GO wt.%age Tensile
strength
(MPa)

Elastic
modulus
(GPa)

Tensile
strength
Ratio

Elastic
modulus

1 PCG000 Pure 29.141 1.280 1.00 1.00

2 PCG005 0.05 26.762 1.072 0.92 0.84

3 PCG010 0.1 31.743 1.295 1.09 1.02

4 PCG020 0.2 45.694 1.440 1.57 1.13

Fig. 1 Digital photograph of Injection Moulding Machine

Figure 2a and b shows digital images of pure and composite samples, respectively.
Figure 2c shows digital image of broken dog-bone sample after testing. All the
procedure was repeated to prepare pristine PC sample using same procedure without
mixing GO in it.

5 Results and Discussion

Solution mixing method for polymer composite synthesis is widely used due to
improved dispersion of reinforcement in matrix [28, 29]. Solvent should be compat-
ible for matrix and reinforcement [30]. THF was used as a solvent in present work as
GOcan be easily dispersed and PC can be dissolved in it. Regular color of synthesized
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(a)

(c)

(b)

Fig. 2 Digital camera Images of Dog-bone shaped sample a Pure PC sample, b PC/Graphene
(PCG) nanocomposites and c broken dog-bone sample after testing

specimen also points toward better dispersion of GO in PC matrix. Better disper-
sion enhances interaction of reinforcement and matrix to achieve higher mechanical
properties.

Morphological studies of PCG nanocomposite samples were performed to under-
stand reinforcement ofGO in nanocomposite. Figure 3 PCGnanocomposite FE-SEM
micrographs and presence of GO is marked by arrows. Shining spot in FE-SEM can
be attributed to thin sheets of GO successfully embedded in PCG nanocomposite.
Distribution of GO sheets has been fairly even too.

Fig. 3 FE-SEMmicrograph of PC/G nanocomposite a Surface micrograph of PCG nanocomposite
and b cross-sectional micrograph of PCG nanocomposite
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5.1 Tensile Strength

To characterize tensile behavior of PCG nanocomposite, a dog-bone sample was
tested on micromechanical testing machine. Sample was prepared according to
ASTM 638. Before testing samples were cleaned from burrs and extra materials.
Surfaces of all samples were scratched with sand papers to achieve smooth finishing.
Results of tensile testing are presented in Fig. 4 and Table 1.

Tensile strength of PCG upon addition of 0.05wt.% initially decreased. Decrease
in tensile strength may be attributed to developments of few defects during synthesis
as new materials phase was introduced. As GO concentration was further increased
the tensile strength started to increase. Maximum tensile strength was achieved at
0.02 wt.% of GO in PCG020 sample. Comparing with tensile strength of pure sample
PCG000 of 29.141 MPa, sample PCG020 showed tensile strength of 45.694 MPa
that was 57% improvement from pure polycarbonate sample. A small reinforcement
of 0.2 wt.% showed improved mechanical performance of PCG nanocomposite.

Elastic modulus characterization of PCG nanocomposites were also performed. A
higher modulus represents lower strain while applying same load, i.e., better dimen-
sional stability upon applying load. After an initial dip in modulus at 0.05 wt.%
reinforcement of GO that may be attributed to small defects due to introduction
of second phase modulus was increased in by further reinforcement. Modulus was
increased from 1.280 GPa at pure PC to 1.440 GPa at PCG020 (GO 0.20 wt.%). It
was a 13% improvement from pure PC. Once high strength GO reinforced at inter-
face, GO gives strength to nanocomposite by increasing attachment matrix with high
strength GO.
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6 Conclusions

Following conclusions are drawn from the presented work:

• Solution blending was successfully used to synthesize Polycarbonate-GO (PCG)
composite solution at room temperature for achieving superior mechanical
properties.

• Casted thin sheets of PCG nano-composites were successful extruded Dog-bone
shaped samples using Injection Molding Machine.

• Tensile strength and modulus of PCG nanocomposite at 0 wt%(pure), 0.5 wt%,
0.1 wt%, 0.2 wt% GO reinforcement were tested. Increase in tensile strength and
elastic modulus of composite was observed with increase in concentration of GO
in PC/Graphene composite.

• At 0.2 wt.% reinforcement of GO a rise in tensile strength and elastic modulus of
57% and 13% reported, respectively.
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Comparative Experimental Analysis
of Machining Parameters for Inconel 825
on Cryogenic Treatment

Shivaji Vithal Bhivsane and Arvind L. Chel

Abstract This paper investigates machining of Inconel 825 with and without cryo-
genic treatment. The micromachining of Inconel 825 was done using CNC lathe and
PVDcoated (Multilayer TiAlN/TiN) carbide inserts as a cutting tool. Improvement in
output parameters was observed when the workpiece material was treated cryogeni-
cally. The experiments were designed using the Taguchi method. A mathematical
model has been established using the regression analysis of the experimental results.
The independent variables in the developed mathematical model are cutting speed
(Vc), feed (f), and depth of cut (d). The surface roughness and temperature are the
dependent variables. The effect of independent variables on dependent variables with
and without cryogenic treatment of the workpiece (i.e., Inconel 825) was analyzed.
Nine experiments were conducted on a CNC lathemachine. Surface roughness of the
workpieces was measured after machining the workpieces and the temperature was
measuredwhilemachining of theworkpieces. Amathematicalmodelwas formulated
by using regression analysis. Based on the developed mathematical model surface
finish was calculated.

Keywords Surface roughness · PVD coated carbide inserts · Cutting temperature ·
Tool wear

1 Introduction

The common properties in combination with low thermal conductivity, high rate of
strain hardening, presence of hard and abrasive particles in the microstructure, and
high chemical affinity make such alloys difficult to machine. Therefore, attempts
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should be made to improve the machinability characteristics of nickel-based super-
alloys. White layer formation affects the surface integrity and decreases the machin-
ability. White layer increases crack propagation decreases the surface quality and
fatigue strength. As micromachining includes machining of components in microns
to reduce temperature generation and minimum white layer formation. It is found
that for high cutting speed and hard workpiece material, the machining results in
the formation of the white layer. This results in hardness of workpiece material and
affects for tool wear as well as tool life.

2 Literature Review

The generation of the white layer during machining has an adverse influence on
surface integrity of the machined component [1, 2, 3]. The white layer is formed
due to microstructural changes when recrystallization and strain hardening takes
place due to high thermomechanical load [4]. It is known as the white layer as it
resists standard etchants and appears white when seen under an optical microscope
[5, 6]. The hard phase white layer leads the surface to become brittle hence causing
initiation of crack and component failure [7, 8]. Formation of the white layer was
noticed having a thickness of 2–4 µm which got reduced as cutting speed increased
during turning [9]. High-speed machining of Inconel 825 at speed of 300 mm/rev is
not possible as high tool wear is occurring and tool failure is rapid [10].

The lateral flow of material increased with increasing cutting speed. Tool wear
during drymachining of Inconel 825was characterized by adhesion, diffusion, plastic
deformation, and catastrophic failure. The average flank wear increased with both
cutting speed aswell aswithmachiningduration.However, the use ofCVDmultilayer
coated improved the resistance to flank wear [11]. This effect was more pronounced
at high cutting speed [12]. During machining it is observed that with an increase in
cutting speed as well as with the progression of machining duration, the tool wear
increases for both uncoated and coated inserts. However, the superiority ofmultilayer
coated tool can be explained due to high wear resistance of coating as compared to
its counterpart uncoated carbide inserts [13]. As the cutting speed increased, plastic
deformation of chips increased due to rise in temperature, resulting in the material
flow toward the side of the chips. Coated insert resulted in less plastic deformation
and serrated chips than its uncoated counterpart. This is due to the generation of less
cutting temperature owing to the presence of antifriction coatings like TiN, TiCN,
and ZrCN in the coated insert [14, 15].

The rate of the toolwear in high-speedmachining depends heavily on the chip–tool
contact conditions. Tool wear is mainly by abrasion and some plastic deformation
[16]. The difference in tool life between coated and uncoated CBN tool is neglected
when Vc > 300m/min [17, 18]. The surface roughness produced by coated CBN tool
tends to be higher than the uncoated CBN tool [19]. Austenitization and Quenching,
this stage is adopted for materials with a considerable amount of Carbon composition
in it. But, as we can see Inconel 825 is a superalloy which does not contain Carbon
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composition to perform the austenitization operation, therefore this stage is omitted
in our experiment [20]. Formation of this thermal barrier ceramic white layer on
the surface of the machined part negatively affects its surface integrity and cutting
tool life [21]. The deformed layer thickness obtained with higher cutting velocity
(124 m/min) was found to be comparable for both uncoated and coated inserts [22].

From literature review it is understood that due to high depth of cut and feed
which are usually in mm temperature generated is high and this results in white layer
formation which decreases the fatigue life of material and hard surface formation
which results in high tool wear and early failure of cutting tools and surface finish
deteriorate [21, 22, 23, 24, 25]

To overcome this problem, it is beneficial to reduce the parameters into microns
and perform these operations so that there will be minimum white layer formation
and there will beminimum tool wear with longer tool life and it also increases surface
finish of the workpiece.

3 Composition of Workpiece Material

Nickel-based superalloys are widely used in engineering applications especially in
aerospace sectors. These alloys have good strength and corrosion resistance at high-
temperature applications. Themachinability of superalloys Inconel 825 asworkpiece
material is discussed in this paper. The composition of this material is as given in
Table 1.

3.1 Advantages of Inconel 825

• High mechanical strength
• Resistance to oxidation and corrosion at elevated temperature,
• Good precipitation hardening ability and remarkable capability to withstand

chemical
• Attack specially under sulphuric acid, phosphoric acid, and marine (chloride)

environments.

Table 1 Material composition (Element % by mass)

Ni Cr Fe Mo Cu Ti

46 19.94 25.62 3.26 1.53 2.60
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3.2 Applications of Inconel Alloys

• Chemical and petrochemical processing
• Components where exposure to high mechanical stress and seawater are required
• Flare stacks on offshore oil platforms
• Gas turbines, rocket motors/engines, and spacecrafts
• Pollution control equipment
• Nuclear reactors
• Pickling equipment
• Food processing equipment

4 Cryogenic Treatment of Workpiece (Inconel 825)

Low-temperature treatment is one of the most promising methods to enhance the
performance of the materials. The concept of metalworking at less than zero degrees
Celsius is not new, but one that, if using correct procedures, can bring substan-
tial economic benefits [1, 2, 3]. There is always a difference between working at
low temperature and working at cryogenic conditions, keeping in view the strict
controls of temperature in the treatment cycle. Depending upon the application of
the temperature it may be classified as [17, 18]:

1. Cold treatment, which is also recognized as ShallowCryogenic Treatment (SCT),
is to gradually cool the workpiece in the range −84 C (189 K);

2. CT or Cryo-treatment may also be explored as Deep Cryogenic Treatment (DCT)
is carried out at about −195 C (78 K).

Cryogenic Treatment (CT) and refrigerant-based cold treatments are essentially
an extension of standard heat-treatment processes, rather, a complementary process
to heat treatment that optimizes the material characteristics. CT is an inexpensive
one-time treatment that influences the core properties of the component, unlike purely
surface treatments [6, 4, 15]. CT process is needed to be identical in implementation
to the existing conventional heat-treatment process, so that it can be applied to the
materials to enhance mechanical properties as per requirement. This would require a
lot of research work to optimize the process for various materials and to summarize
the same on a platform [5].

Performing Cryogenic Heat Treatment on the specimens:

After preparing the samples, the cryogenic heat-treatment process was performed on
all the nine specimens.

• The parameters for this heat treatment were as follows shown in Table 2

Figure 1 illustrates all the stages performed in the cryogenic heat treatment:
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Table 2 Stages of heat
treatments and temperature
ranges

Sr. no Stages Range of temperature

From To

1 Descending stage Room temp – 193 °C

2 Soak period (for 24
h)

– 193 °C – 193 °C

3 Ascending stage – 193 °C Room temp

4 Tempering process 150 °C 150 °C

Fig. 1 Prepared samples prior to cryogenic heat treatment

A typical cryogenic heat-treatment cycle is completed in four stages as shown in
Fig. 2. A slow decent lowering down of temperature of the specimen from room
temperature to –193 °C called as Descend. At temperature –193 °C the specimen
is held to be cryogenically treated by using liquid nitrogen for the period of 24 h
called as soaking period. After that the slow rate of change of temperature is
recommended to return to room temperature from –193 °C, to avoid any kind
of stresses or microcracking in the specimen called Ascend. In the tempering
process, the specimen is tempered at 150 °C for 2 h to avoid brittleness, with a
conventional heat treatment. It is the last step and takes 2 h.

Fig. 2 Temperature versus time graph
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5 Experimental Setup

The experimental work has been carried out at Anoop industry, M.I.D.C. Waluj,
Aurangabad. This experiment is performed on a CNC lathe machine. CNC lathe
machine is selected as it is required that material is to be removed in microns and
precise feed is required. So as per requirement CNC lathe is selected.

After conducting the second experiment the final parameters have been decided.
These parameters then entered into Minitab software (Minitab 71.ink) which
provided nine different combinations on which actual experiment can be conducted.
These parameters are shown in the following table.

In Minitab software (Minitab 71.ink) for deciding these parameters Taguchi
methods have been used which provide us with the design of experiment and number
of experiments to be conducted for satisfying our purpose. Taguchimethods are statis-
tical methods, or sometimes called robust design methods, developed by Genichi
Taguchi to improve the quality ofmanufactured goods, andmore recently also applied
to engineering, biotechnology, marketing and advertising.

The experiment is carried out as shown in Fig. 3, relative parameters on each
blank of the test rod are given in Table 3. Initially a rough cut is taken, and then
an actual cut is taken. This is done so that surface roughness can be calculated for
parameters. Along with machining the temperature generated for each cut is also
measured before and after cryogenic treatment by using a temperature gun. After
the test has been carried out, surface roughness value (Ra) is measured by a surface
roughness tester.

Fig. 3 Experimental setup
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Table 3 Final parameters
obtained by using Minitab
software

Sr. no Cutting speed
(Vc) (m/min)

Feed (f)
(mm/rev)

Depth of cut (d)
(µm)

1 125 0.1 15

2 125 0.15 20

3 125 0.2 25

4 150 0.15 15

5 150 0.2 20

6 150 0.1 25

7 175 0.2 15

8 175 0.1 20

9 175 0.15 25

Fig. 4 Calculated and experimental surface roughness (Ra)

5.1 Cutting Tool

After studying different research papers and talking with experts it is recommended
that PVD coated (Multilayer TiAlN/TiN) carbide inserts are preferred for this oper-
ation. ISO designation of TNMG 160,408 and this PVD coated carbide tool are
based on carbide grades, ceramic thin-film technology and are effective for milling,
threading, and grooving. The tough basis material of carbide and the innovative
coating technology ensures excellent wear resistance and strong coating adhesion
for long tool life and stable machining [10]. The PVD is, namely, Physical vapor
deposition (PVD) describes a variety of vacuum deposition method which can be
used to produce thin films and coatings [7, 8]. PVD is characterized by a process in
which the material goes from a condensed phase to a vapor phase and then back to
a thin film condensed phase. The most common PVD processes are sputtering and
evaporation. PVD is used in the manufacture of items which require thin films for
mechanical, optical, chemical, or electronic functions [9, 11].
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Properties of cemented carbide are Density, g/cm3- 14.45, Vickers hardness-
1850, Rockwell hardness-80, Youngmodulus (GPA)-630, Poisson’s ratio- 0.31, Bulk
modulus (GPA)- 646, Shear modulus (GPA)- 243.

Dimension for TNMG160,408—Cutting edge length (mm)-16.0, Inscribed circle
or height (mm)- 8.525, Thickness (mm)- 4.76, Hole diameter (mm)-3.81, Corner
radius (mm)-0.8, Side clearance- 0o.

5.2 Preparation of the Specimens (workpiece)

• The Inconel 825 rod was measured 25 mm diameter and 460 mm length, it is
hard to machine a specimen of such length in a CNC Lathe Machine, so Wire Cut
operation was performed on the specimen.

• The specimens were cut at 90 mm length with 0.6 mm wire diameter, thus giving
us five specimens of 1 mm allowance on either side of each specimen.

• It was decided that the work area will be at 25 mm length from either end of the
specimen and the clamping area was given 40 mm in the middle. The reason for
this was to maintain even surface for clamping area or else the specimen would
have shown vibrations while machining.

• After this the specimen is ready for a rough cut to reduce the diameter from 25 to
23.3 mm.

• After this the specimen to subjected to Cryogenic treatment as follows.

5.3 Design of Experiment

After conducting the second experiment the final parameters have been decided.
These parameters then entered into Minitab software which provided nine different
combinations on which actual experiment can be conducted (Table 4).

Table 4 Process parameters
and their levels

Level Cutting speed
(Vc) m/min

Feed rate (f)
mm/rev

Depth of cut (d)
(µm)

Low 125 0.1 15

Moderate 150 0.15 20

High 175 0.2 25
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Table 5 Temperature generated, and surface roughness obtained from actual experiment

Sr. no Cutting
speed (Vc)
(m/min)

Feed (f)
(mm/rev)

Depth of
cut (d)
(µm)

Temp. in
degree
Celsius

Ra value
(µm)

Temp. In
degree
Celsius

Ra value
(µm)

before cryogenic
treatment

After cryogenic
treatment

1 125 0.1 15 34.4 1.15 31.3 0.6138

2 125 0.15 20 34.8 1.381 31.7 1.196

3 125 0.2 25 35.1 1.658 32.01 1.596

4 150 0.15 15 35.6 1.781 32.05 1.6046

5 150 0.2 20 35.1 1.419 32.4 1.1216

6 150 0.1 25 35 0.989 32.03 0.7362

7 175 0.2 15 35.7 1.758 31.9 1.636

8 175 0.1 20 34.4 0.860 32 0.7402

9 175 0.15 25 35 1.901 32.01 1.2114

6 Experimental Results and Mathematical Modelling

6.1 Experimental Result

After obtaining the required parameters test has been conducted on a CNC operated
lathe machine. The relative parameter on each blank of the test rod is given in the
table. Initially a rough cut is taken, and then an actual cut is taken. This is done so that
surface roughness can be calculated for both before machining and after machining
parameters. Along with machining the temperature generated for each cut is also
measured by using a temperature gun. After the test has been carried out surface
roughness value (Ra) is measured by a surface roughness tester. The following table
shows the temperature generated for each speed and Ra value accordingly. During
the test for each cut a separate insert is used so that the behavior of the tool for each
parameter can be studied.

From Table 5 it is observed that the cutting temperature is reduced and surface
finish is increased after cryogenic treatment of the workpieces.

7 Mathematical Modelling

The correlation between a criterion variable and a combination of the predictor
variable, the statistical multiple regression method is applied. Since the independent
variables of this studywere cutting speed (Vc), feed (f), depth of cut (d), the dependent
variable is surface roughness (Ra).
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The theoretical surface roughness is calculated by using Minitab software 16
in which regression analysis is done and the equation for theoretical Ra value
is obtained. By using this equation all the theoretical Ra values for each process
parameters are calculated.

A mathematical model is developed using Regression analysis using MINITAB
16. Cutting speed, feed and doc interactions are considered while formulating the
mathematical model to incorporate the combined effect of design variables of surface
finish. Corresponding data generated for the model formulation is recorded.

The mathematical model formulated by regression analysis is:

Ra = − 3.06 + 0.0204 Vc + 0.074d + 21.3 f − 0.073 Vc × f

− 0.00045Vc × d − 0.17 f × d (1)

where Vc is cutting speed in m/min, d is depth of cut in mm, f is feed in mm/rev, Vc
*d is product of cutting speed and depth of cut, Vc *f is product of cutting speed and
feed, and d*f is product of depth of cut and feed.

8 Result and Discussion

The values obtained from the mathematical model formulated by regression analysis
(Equation number 1) are given in Table 6.

Standardized regression coefficients (sometimes referred to as beta coefficients).
They allow to directly compare the relative influence of the explanatory variables on
the dependent variable, and their significance (Fig. 4 and Table 7).

Table 6 Calculation of theoretical and predicted surface roughness Ra

Sr.
No

Cutting
speed
(Vc) in
mm/rev

Depth
of cut
(d) in
mm

Feed (f) in
mm/rev)

Vc *f Vc *d f*d Ra
experimental
(µm)

Ra
predicted
(µm)

1 125 15 0.10 12.50 1875 1.50 0.6138 0.71875

2 125 20 0.15 18.75 2500 3.00 1.1960 1.16125

3 125 25 0.20 25.00 3125 5.00 1.5960 1.51875

4 150 15 0.15 22.50 2250 2.25 1.6046 1.2675

5 150 20 0.20 30.00 3000 4.00 1.1216 1.52

6 150 25 0.10 15.00 3750 2.50 0.7362 0.7725

7 175 15 0.20 35.00 2625 3.00 1.6360 1.63375

8 175 20 0.10 17.50 3500 2.00 0.7402 0.9275

9 175 25 0.15 26.25 4375 3.75 1.2114 1.0325
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Table 7 Analysis of variance

Source DF Adj SS Adj MS F-Value P-Value

Cutting speed (Vc) 2 0.00577 0.002885 0.03 0.967

Feed (f) (mm/rev) 2 0.99255 0.496277 5.9 0.145

Depth of cut (d) (Micron) 2 0.10746 0.053732 0.64 0.61

Error 2 0.16811 0.084056

Total 8 1.2739

Table 8 Optimum values for
input parameters

Optimum (Vc)
(m/min)

Optimum (d)
(µm)

Optimum (f)
(mm/rev)

Ra predicted
(µm)

125 15 0.1 0.71875

From the graph it can be seen that in majority of cases both surface roughness
(Ra) values are similar but in some cases they are different.

The table given below gives the information about optimum values of cutting
speed (Vc) is 125 m/min, feed (f) 01 mm/rev, and depth of cut (d) 15 mm. This
means that by using these parameters the best possible result will be obtained
(Table 8).

9 Conclusion

The paper narrates the improvement in surface finish and reduction in cutting temper-
ature while machining cryogenically heat-treated Inconel 825 workpiece material
using PVD coated carbide insert cutting tool. The result was obtained with and
without cryogenic heat treatment and compared in Table 4.

The regression analysis was carried out for the obtained experimental result and
the following key conclusions were drawn.

• The surface roughness gets affected by different values of cutting speed, optimum
cutting speed obtained from Analysis of Variance was 125 m/min for Ra value
0.719 µm.

• The mathematical model obtained from regression analysis shows that the depth
of cut is an insignificant parameter.

• Increase in feed rate deteriorates the surface roughness, hence optimum value for
the feed rate is obtained as 0.1 mm/rev.

• Cutting temperature is reduced from 35.7 to 31.9 °C due to cryogenic heat
treatment of the workpiece.

• PVD coated carbide insert as a cutting tool should be used for improved surface
finish, with cryogenic heat treatment.
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Optimizing Gas Injection Stir Casting
Process Parameters for Improving
the Ultimate Tensile Strength of Hybrid
Mg/(SiCp + Al2O3p + Grp) Through
Taguchi Technique

Jaspreet Hira, Alakesh Manna, Pushpinder Kumar, and Rohit Singla

Abstract In this experimental research work Taguchi technique has been utilized
for finding out the optimal parameter combinations that result for better ultimate
tensile strength of hybrid Mg/(SiCp + Al2O3p + Grp) MMC. The process param-
eters that are used for the analysis are the furnace temperature (oC), stirring speed
(rpm) and stirring time (min). Also considering significant process parameters math-
ematical models related to the ultimate tensile strength (MPa) has been established.
An L27(313) orthogonal array has been utilized for finding out the optimum condi-
tions. The optimal parametric combination wheremaximum ultimate tensile strength
has been achieved are A3B2C3, respectively. The results of this investigation result
in selecting suitable casting process parameters in fabricating hybrid Mg-MMC of
desired strength and longer durability.
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1 Introduction

Metal matrix composites developed as an engineering mate-
rial system that supports a wonderful combination of mechanical and chem-
ical properties for immediate structural applications. Their enhanced mechanical
properties including strength, stiffness, wear and damping capacities. Aluminium,
magnesium, titanium and its alloys are the primary matrix materials used nowadays
in modern industrial applications. The main matrix materials are aluminium,
magnesium, titanium and its alloys. In addition to these hybrid matrix materials
are the hard reinforcement particulates such as silicon carbide, aluminium trioxide,
graphite, boron carbide, fly ash, red mud and zircon sand. The casting of hybrid
metal matrix materials can be processed using various developed technique, i.e.
stir casting, compo casting, liquid infiltration, vortex flow, surface deposition. The
developed hybridMMC’s are further tested for its strength, durability, toughness and
other material properties. Taguchi technique is a powerful tool to obtain information
in a controlled manner and to analyze the effect of different process variable on
response variable. Taguchi GRA Entropy technique has been utilized for achieving
optimal level during fabrication of Al2024/red mud composite using two steps stir
casting [1] Taguchi method was being utilized for predicting the influence of process
parameters on erosion wear performance of Al7034 – T6 composite reinforced
with silicon carbide and alumina particles. Taguchi L16 orthogonal array was being
utilized for numerous erosion trials and results concluded that the filler content
silicon carbide and alumina particles and impact velocity are the most contributing
factors in terms of erosion [2]. Utilizing Taguchi and regression analysis degree
of sphericity of the primary phase during cooling slope casting of A356 Al alloy
has been identified. The optimum degree of sphericity has been achieved with 60°
angle of slope, 650 °C pouring furnace temperature, 60 °C wall temperature and
500 mm length of travel of the melted region [3]. Accumulative roll bonding has
been utilized for fabricating alumina aluminium hybrid composite and the results
found out that the uniformity of particle distribution has been improved. The tensile
strength and percentage elongation showed increasing trend through utilizing this
accumulative roll bonding process [4]. Taguchi technique has been utilized during
thixoforming of A356 alloys, and pouring temperature 640 °C, slope angle 60 °C
and cooling length 300 mm are the optimal values for higher hardness. The most
influential parameter was the pouring temperature [5]. Homogeneous dispersal,
smooth interfacial composition and grain enhancement result in elevated strength
of AM60 based metal matrix nanocomposite strengthened with Al2O3 fibre and
nano-sized Al2O3 particles [6]. Coating calcium on magnesium and its alloy during
casting lowers the susceptibility to inflammation and makes the casting possible in
the air forming protective film [7]. The strength and ductility of the Mg Matrix were
enhanced by 22% when subjected to homogenization treatment at a temperature of
about 900 °C for two hours duration, with the addition of Ti and B2C powders as
reinforcements [8]. The addition of SiCp/m + s + n was supportive to upsurge the
ratio of DRXed nucleation and decrease the average grain size of the matrix thereby
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enhancing the tensile strength [9]. Based on the literature review above, it was
obviously stated that the Taguchi method provides us the highest ideal parameters
with a minimum number of experimental tests. In the present work, the Taguchi
method applied for finding out the optimum settings for each parameter and its
combinations for achieving ultimate tensile strength (MPa) of prepared hybrid
Magnesium-MMC.

2 Experimental Details

2.1 Material Preparation

A stir-casting set-up, which consists of argon gas injection, has been designed and
fabricated for prepare hybrid Mg-MMC. The magnesium was first preheated at a
temperature of about 450 °C for maximum two hours before melting. Simultane-
ously the hard reinforcement particulates such as alumina (Al2O3), silicon carbide
(SiC) and graphite (Gr) were also preheated at a temperature of about 1100 °C
for a maximum of 2 h for removing absorbed hydroxides and other affluent gases.
The preheating effect improves the wettability of the cast Mg-MMC. The induction
furnace is raised above the liquid temperature, i.e. 710 °C, and retained for 30 min
when the Mg-MMC has fully melted. The preheated particles added and mechani-
cally mixed with the stirrer with average speed up to 300 rpm. The graphite addition
improves the magnesium wettability. The 3.15 mm thick steel sheet has been used
to fabricate the metal mould with size dimension 50 mm diameter and 150 mm long
length with 8wt%SiC, 2wt% Al2O3 and 1wt% Gr in the metal matrix composite.

2.2 Ultimate Tensile Strength (MPa)

Figure 1 shows hybrid Mg-MMC’s ultimate tensile strength specimen measured on
an universal testing machine with the maximum testing capacity of 100 kN, the
measurement of the load is displayed on five digit digital display with ± 1% of the
indicated value. The maximum stress that hybrid Mg-MMC can withstand under
uniaxial loading has been measured.

σut = Pmax

Ao
(1)

σut is the maximum stress that hybrid Mg-MMC can withstand under uniaxial
loading.

Pmax is the maximum load per unit area Ao.
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Fig. 1 Tensile strength test
specimen

3 Optimization of Stir Casting Parameters
and Development of Mathematical Model

The detail experimental investigations have been carried out in a pre-planned
way to explore the significant parameters and optimize the parametric condi-
tions during casting of Mg/(8wt%SiCp + 2wt%Al2O3p + 1wt%Grp)-MMC
with nitrogen gas-assisted and argon gas injection liquid stir casting tech-
nique. An orthogonal L27 (313) array is employed for 33 factorial design and
the analysis of variance is the workout to investigate the influence of furnace
temperature, stirring speed and stirring time on fabricated Mg metal matrix
composite performancemechanical properties of the ultimate tensile strength (MPa).
Taking into account significant casting parameters and using multiple linear regres-
sion, mathematical models related to the ultimate tensile strength are estab-
lished to explore the influence of different casting parameters for casting Magne-
sium/(8wt%SiC + 2wt%Al2O3 + 1wt%Gr) MMC.

3.1 Planning for Experimentation

The various sets of tests were carried out for fabrication of hybrid Mg-MMC on the
developed set-up. For this purpose, it utilized three furnaces simultaneously. The first
furnace is used formelting ofMg; the second furnace is used for heating and agitating
of reinforced particles and the third furnace is used for backing of thin coated fire clay
metal moulds. The workpiece samples are prepared by shaping, sawing; and turning,
parting-off from cast Mg-MMC ingots for tensile testing, respectively. The ultimate
tensile strength of the prepared sample has been measured utilizing Universal testing
machine HT2107 A and average test results are taken for analysis. Robust based on
the Taguchi technique employs an orthogonal array of L27 (313) for testing.
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Table 1 Gas injection liquid stir casting parameters and their levels

Sr. no Casting parameters Levels

1 2 3

1 A: Furnace Temperature, oC 600 675 750

2 B: Stirring speed, rpm 160 230 350

3 C: Stirring Time, min 4 6 8

3.2 Design of Experimental Plan Based on Standard
Orthogonal Array

Experimental plan development is a methodology for effec-
tively studying the impact of several control variablesconcurrently through an exper-
imental matrix plan called an orthogonal array. Based on facts of the number
of control factors, their stages and the desire to study specific interaction,
an orthogonal array can be built for a robust experimentation design. Table
1 shows the casting parameters and their level which has been used in the
experimentation.

Table 2 represents the L27 (313) orthogonal as per planned and experimental design
considered for experimental investigation. Experimentally acquired results based on
this planned of experiments are utilized for optimization of gas injection liquid stir
casting parameters to achieve better mechanical properties in terms ofmaximumulti-
mate tensile strength during casting of Mg/(8wt%SiCp + 2wt%Al2O3p + 1wt%Grp)
MMC. Initially twenty-seven experiments have been performed according to the
L27(313) orthogonal array and each set of test trials was repeated three times, i.e.
total 81 experiments have been performed for the present set of investigations.

3.3 L27(313) Orthogonal Array

S/N ratio (dB) for fabricated Mg/(8wt%SiCp + 2wt%Al2O3p + 1wt%Grp)-MMC
for S/N ratio, ANOVA and Mathematical model MATLAB version 7.10 (R2010 a)
was employed and acquired results were used to develop the mathematical model.

3.3.1 Anova

Table:4 represents ANOVA and ‘F-test’ value for Ultimate tensile strength (Mpa)
of Mg/(8wt%SiCp + 2wt%Al2O3p + 1wt%Grp)-MMC. From Table 7, it is clear
that the ‘F-test’ value against the parameter, furnace temperature (oC) is 31.2105,
stirring speed (rpm) is 85.1841 and stirring time (min) is 26.3968 and all have a
great influence on ultimate tensile strength (Mpa). Here, stirring speed is the most
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Table 2 L27 (313) orthogonal array and actual parametric setting value

Exp. No Coded level Actual setting value

1 2 3 1 2 3

1 1 1 1 600 160 4

2 1 1 2 600 160 6

3 1 1 3 600 160 8

4 2 2 1 675 230 4

5 2 2 2 675 230 6

6 2 2 3 675 230 8

7 3 3 1 750 350 4

8 3 3 2 750 350 6

9 3 3 3 750 350 8

10 2 3 1 675 350 4

11 2 3 2 675 350 6

12 2 3 3 675 350 8

13 3 1 1 750 160 4

14 3 1 2 750 160 6

15 3 1 3 750 160 8

16 1 2 1 600 230 4

17 1 2 2 600 230 6

18 1 2 3 600 230 8

19 3 2 1 750 230 4

20 3 2 2 750 230 6

21 3 2 3 750 230 8

22 1 3 1 600 350 4

23 1 3 2 600 350 6

24 1 3 3 600 350 8

25 2 1 1 675 160 4

26 2 1 2 675 160 6

27 2 1 3 675 160 8

significant parameter as ‘F-test’ value is 85.1841. It is also clear that the maximum
contribution, i.e. 27.365 by the interaction of the parameters furnace temperature
(oC) and stirring speed (rpm).

Figure 2 shows the S/N ratio graph for different factor levels for ultimate tensile
strength (MPa) of fabricated Mg/(8wt%SiCp + 2wt%Al2O3p + 1wt%Grp)-MMC.
From Fig. 2, it is clear that the optimal parametric combination for ultimate tensile
strength (MPa) is A3B2C3, i.e. 750 °C furnace temperature, 230 rpm stirring speed
and 8 min stirring time.
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Fig. 2 S/N ratio (dB) for ultimate tensile strength (MPa)

3.3.2 Mathematical Model

Considering three parameters, namely furnace temperature (°C) as X1, stirring speed
(rpm) as X2 and stirring time (min) as X3 and using the Gauss elimination method,
the mathematical model has been developed. The mathematical model for ultimate
tensile strength of the fabricated Mg/(8wt%SiC + 2wt%Al2O3 + 1wt%Gr) –MMC
is as follows

Ytensile strgth = − 57.496682 + 0.8442709 X1 − 0.438245 X2 + 9.865764 X3

+ 0.00099947 X1X2 − 0.016646 X1X3 + 0.030814X2X3

− 0.000703 X2
1 − 0.000943 X2

2 − 0.389259 X2
3 (2)

R2 = 0.92.
Where, R2 stands for thhhe coefficient of multiple determinations. It processes the

proportion of total variability of Y (i.e. response) obtained by using the regression
variables X1, X2, X3 in the model. Here, X1 = Furnace Temperature, oC, X2 =
Stirring Speed, rpm; X3 = Stirring Time, min.

From the above confirmation test results (Table 5), the findings achieved using
the mathematical model are found to be in excellent agreement with the test outcome
as the error proportion is always below 4.5%. Hence, the developed mathematical
model can be successfully utilized for predicting the parameter value in advance
for the fabrication of Mg/(8wt%SiC + 2wt%Al2O3 + 1wt%Gr)-MMC with desired
tensile strength.

Table 5 Confirmation test
results for ultimate tensile
strength (MPa)

Confirmation
test No

Experimental
value

Calculated value
Eq. (2)

% Error

1 205 210.807 2.75

2 207 216.553 4.41

3 210 214.462 2.08
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Fig. 3 Effect of furnace
temperature and stirring
speed on Ultimate Tensile
strength (MPa) of prepared
hybrid Mg-MMC
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4 Results

4.1 Interaction Effect of Stirring Speed and Furnace
Temperature

The variation of ultimate tensile strength with furnace temperature (oC) and stirring
speed (rpm) for fabricated Mg/(8wt%SiCp + 2wt%Al2O3p + 1wt%Grp)-MMC on
developed gas injection liquid stir casting set-up is shown in Fig. 3. The ultimate
tensile strength is high at moderate furnace temperature and moderate stirring speed
(rpm).

4.2 Interaction Effect of Stirring Time and Furnace
Temperature

The variation of ultimate tensile strength with furnace temperature (oC) and stirring
time (min) for fabricated Mg/(8wt%SiCp + 2wt%Al2O3p + 1wt%Grp)-MMC is
shown in Fig. 4. It is clear that the ultimate tensile strength is high at high furnace
temperature (i.e. 700–750 °C) and high stirring time (min).

4.3 Interaction Effect of Stirring Time and Stirring Speed

The variation of ultimate tensile strength with stirring speed (rpm) and stirring time
Mg/(8wt%SiCp + 2wt%Al2O3p + 1wt%Grp)–MMC is shown in Fig. 5. The ultimate
tensile strength is high at moderate stirring speed (i.e. 200 rpm) and high stirring
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Fig. 4 Effect of furnace
temperature and stirring time
on Ultimate Tensile strength
(MPa) of prepared hybrid
Mg-MMC
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Fig. 5 Effect of stirring
speed and stirring time on
Ultimate Tensile strength
(MPa) of prepared hybrid
Mg-MMC
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time (i.e. 8 min) and this interaction has the greater effect on ultimate tensile strength
of fabricated Mg/(8wt%SiC + 2wt%Al2O3 + 1wt%Gr)-MMC.

4.4 Intensive Discussion

The fabrication of hybrid magnesium metal matrix composite with hard reinforce-
ments was a tedious process, which involves a number of test trails for the achieving
desired property. Taguchi proven to be an effective technique in achieving the desired
results. An L27 (313) orthogonal array was employed, varied the parameters such as
furnace temperature, stirring speed and stirring time for achieving the desired ultimate
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tensile strength property. The furnace temperature has found to be the most signifi-
cant single parameter with 18.29% contribution while the maximum contribution of
29.31% found for the interaction of furnace temperature and stirring time parame-
ters. These parameters found to have a great influence on ultimate tensile strength
(MPa) of the fabricated MMC. The stirring speed with a contribution of 20.68%
found to be the most significant single parameter, while the maximum contribution
of 27.365% was found for the interaction of the parameter furnace temperature and
stirring speed.

5 Conclusions

• The Taguchi optimizationmethod has proven successful in carrying out the exper-
iments to achieve greater ultimate tensile strength values of hybrid Mg-MMC.

• The optimal parametric combination for ultimate tensile strength (MPa) of hybrid
Mg metal matrix composite with hard reinforcement particulates are A3B2C3, i.e.
750 °C furnace temperature, 230 rpm stirring speed and stirring time 8min. These
parameters have a significant contribution in the ultimate tensile strength of the
Mg-MMC

• From ANOVA for ultimate tensile strength (MPa) of fabricated Mg/(8wt%SiCp

+ 2wt%Al2O3p + 1wt%Grp)-MMC, it is found that the F-test value for parameter
furnace temperature is 31.2105, stirring speed is 85.18 and stirring time is 26.39.
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Microstructural Characterization
of Aluminium Alloy 6061 Powder Deposit
Made by Friction Stir Based Additive
Manufacturing

Akash Mukhopadhyay and Probir Saha

Abstract Consolidation of powder inside Additive Friction Stir (AFS) tool poses
a problem of hindering its application. Additive Friction Stir Processing (AFSP) is
a simple modification of this technique which can negate this. A slightly modified
version of this AFSP is used in the present work to successfully make a 3D deposit
structure of height 5 mm and width 64 mm. Microstructural study was done both in
longitudinal and transverse directions. Induced isotropy was predicted from similar
microstructures in these directions. No layer effect was seen in a particular deposit
layer, unlike layered Friction Stir Welding. Also, the microstructure was similar in
the deposit along the build-in direction. Reduction in the number of voids that was
observed in the deposit might help to increase its hardness and other mechanical
properties.

Keywords Additive friction stir · Additive friction stir processing · 3D structure ·
Aluminium 6061 alloy powder ·Microstructure · Isotropy

1 Introduction

Puleo et al. [1] stated that metal 3D parts fabricated by typical subtractive manufac-
turing process can lead to 90% scrap from the starting material. The optimal addi-
tive manufacturing process which can replace this subtractive manufacturing should
require less material and should have the capacity to improve the strength-to-weight
ratio. Selective laser sintering, laser beam melting, electron beam welding, layered
friction stir welding are some of the additive manufacturing processes which can be
used for metal-based 3D printing. Sing et al. [2] stated that Selective Laser Melting
is known to produce parts with some porosity. High laser powers used in laser beam
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melting may result in increased loss of metal through evaporation, excessive spatter
formation, and lower surface quality due to balling [3]. In contrast, high temperature
and gradient is generated in electron beam welding. It leads to rapid grain growth,
anisotropicmicrostructure, stress concentrations in the parts producedwhich can also
have typical cast defects [4]. Liquid–solid phase transformation associated with this
process is the reason behind these problems [5]. Friction based solid-state additive
manufacturing (SSAM) like layered friction stir welding eliminates all the aforesaid
limitations [6]. However, to make the process more successful, it requires machining
between each consecutive layer for good contact surfaces and as a result, layered
microstructures are formed [4].

Additive Friction Stir (AFS) is a new-age solid-state manufacturing technology
used for additive manufacturing. It is believed to avert most common problems faced
during solid-state additive manufacturing technologies like Friction Stir Additive
Manufacturing (FSAM), layered Friction Stir Welding, Friction Surfacing, etc. In
AFS, solid rod or powder is used as filler material which is pushed through hollow
tool onto the substrate. A solid deposit is fabricated from this filler material with the
help of the friction stirring action of the tool against the substrate. Kandasamy et al.
[7] performed AFS using AA6061-T6 aluminium alloy and AZ31B and AZ31-H24
magnesium alloy. While examining tensile strengths of deposited AA6061-T6, it has
found to be similar to AA6061-O after solutionizing. According to them, the powder
deposition rate is the controlling process parameter of AFS and it is governed by tool
geometry and tool traverse rate.WE43 alloy as solid filler rod andpowder form is used
in AFS by Calvert et al. [4] Study of the microstructure revealed good intermixing
between additive layers. Isotropic tensile properties in case of the depositedmaterials
were also observed. AFS is performed by Rivera et al. [8] who have used solid
filler rod of IN625 with the substrate of HY80. Electron Backscatter Diffraction
(EBSD) results show fine and equiaxed grains in the microstructure as a result of
grain refinement which was due to plastic deformation associated with this process.
Daye et al. [9] added transition metals like Ti, Cr, Mn, Mo, Fe, Ni, si, etc., to make
Powder Metallurgy aluminium alloys during AFS operation. The microstructure
of the deposit showed similarity to that of the hot extruded powder. Bonding of
the powder with the substrate was deemed good as fully dense microstructure was
detected.

Majority of the works on AFS was found using solid rods as the filler material.
In the meantime, works on powder-based AFS was done using only aluminium
with transition metals and magnesium alloys. Literature works prove that AFS can
be of great use to produce functionally graded structures. But, these powder-based
AFS encounters a problem like consolidation of powders inside the hollow tool. This
consolidated powder chokes the exit of the tool and hinders the process from reaching
its full potential. The productivity also gets minimized because, for the successful
implementation of the process, it requires to remove this consolidation from inside
the hole so that the powder starts flowing again. Additive Friction Stir Processing
(AFSP) is a slight modification of the process which was previously developed by
the authors to avoid the issues faced. In AFSP technique, the powder is provided
from the side of the tool instead of feeding through it. Authors were inspired by
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Friction Stir Processing (FSP) to develop the process. But, the difference being the
objective of the process is to form a 3D structure instead of surface modification
of the substrate. The AFSP process is further altered slightly in the present work to
make it more simple and convenient. The feasibility of this new AFSP process is
checked by using Al6061 alloy powder.

The objectives of the present work were (i) to implement AFSP successfully in
order to make deposit layers of Al6061 from Al6061 alloy powder onto a substrate
of Al6061-T6 plate, (ii) microstructural characterization of the additive layers by
investigating the optical microscope and scanning electron microscope images to
find out the grain size, bonding between successive deposit layers and deposit and
substrate, to check any induced superplasticity.

2 Experimental Details

2.1 Performing AFSP

The proposedAFSP process could successfully avert the problems faced duringAFS.
Sintering of powder inside the AFS tool happened due to the transfer of heat from
the work-tool interface toward the inside of the tool.

The filler material used in the present work was aluminium alloy 6061 powder of
particle size 50 µm. The chemical composition of aluminium alloy 6061 powder is
shown in Table 1.

A vertical milling machine (Make: Tengzhou Wellon Machinery Co. Model:
XL5036B) is used for the implementation of AFSP. Figure 1 shows the schematic
and actual photograph of the process along with the final product.

The substrate used here is a 10 mm × 200 mm × 200 mm Al6061-T6 plate. The
additive layers are formed onto this. Four tracks were deposited side by side each
having width of 16 mm and height of 5 mm. The experimental setup which is shown
in Fig. 1 consists of (i) a pipe which can deliver powder from the container to the
substrate (ii) an AFSP tool which rotates on the substrate to perform the friction
stirring. The probe-less cylindrical tool which consists of a concave bottom and a
chamfered corner is used in this experiment. The schematic of the AFSP tool along
with dimensions is shown in Fig. 2.

The container used in this experiment is filled with aluminium alloy Al6061
powder. The pipe which was fitted to it was used to make the powder flow toward
the working zone. This flowing action took place due to the action of gravitational
force. The Al6061-T6 substrate surface was pre-heated by the rotation of the tool for

Table 1 Chemical composition of the filler material (weight %)

Element Al Cr Cu Fe Mg Mn Si Sn Zn

Al6061 alloy powder 95.86 0.07 0.34 1.83 0.80 0.14 0.70 0.10 0.16
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Fig. 1 a The actual photograph of the AFSP experimental setup, b close-up view of the working
zone and, c deposit on the substrate

Fig. 2 Schematic of the
AFSP tool (All dimensions
are in mm)

some time before the actual operation. This powder was plasticized by the friction
stirring operation. Pre-heating of the substrate surface made the process easier. The
dispersion of the powder particles from the working zone is also minimized by this
pre-heating. The early phase of the operation shows a high tendency of the dispersion
of the powder which is due to the centrifugal force generated by the rotation of the
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tool. This is believed to be due to the smoothness of the substrate surface. Pre-heating
also helps in minimizing this dispersion during the early phase. The concave bottom
surface of the tool also helped in this regard. But, it was seen that this dispersion
got reduced as the deposit surface which was formed thereafter was textured. The
powder was held more firmly to this textured surface. Filler powder easily passed to
the working zone through the chamfered geometry at the corner of the tool.

The demonstration for the AFSP process is shown in detail in Fig. 3. The gap
between the tool and the substrate surface or the tool and the deposited layer
controlled the thickness of the layer. During the current experiment, this gap was
set at 0.2 mm. A deposit layer was formed by the plasticization due to the friction
stirring action of the AFSP tool. The friction stirring took place due to the friction
between the rotating tool and the substrate or the rotating tool and the deposit layer.
After the formation of one layer, the toolwas taken to the side of this track and another
layer was formed parallel to this. In this way, four parallel tracks were formed side
by side. After all these steps, the tool was taken above the first layer at a height of
0.2 mm from the top surface of this layer. Then, the AFSP process helped to build the
second layer above it. The powder left after the formation of one layer was used in
the following layer. This cycle was repeated 25 times and a 3D structure with height
5 mm and width 16 mm is formed which is the same as the diameter of the tool. This
structure is described here as a single track. Four such tracks were formed sidewise.
Some trial experiments were done to finalize the process parameters and they were
tool rotational speed of 1700 rpm and traverse speed of 22 mm/min.

Fig. 3 Demonstration of AFSP
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Fig. 4 Demonstration of
different microstructural
characterization samples cut
from the workpiece

2.2 Details of Microstructural Characterization
and Micro-hardness Testing

Samples needed for microstructural characterization were cut from the deposit and
substrate. These samples had the cuboid geometry having a square face with the
dimension of 5 mm and length equal to the total height of the substrate and the
deposit. These specimens are cut from the workpiece as shown in Fig. 4 where the
top view is given. The microstructures were checked in both longitudinal (1) and
transverse (2) directions (as shown in Fig. 4).

The microstructural specimens were cut from the workpiece with the help of
a wire-cut Electro Discharge Machine (EDM) of Electronica make and model of
SPRINTCUT. The microstructures were obtained with the help of an optical micro-
scope (model: STM6; make: OLYMPUS). The SEM images were taken with the
help of a Field Emission Scanning Electron Microscope (make: HITACHI; model:
S4800). Modified Poulton reagent (6 g CrO3 in 20 ml H2O; 15 ml HCl; 20 ml HNO3;
1.25 ml HF; 1.25 ml H2O) was used as the etchant and was applied for 20.

The same samples were subjected to micro-hardness testing both in longitu-
dinal and transverse directions in a Vicker’s micro-hardness testing machine (model:
ZHµ/ST2000; make: Zwick/Roell) with 500 gf vertical load.

3 Results and Discussion

3.1 Microstructural Characterization

The aluminium alloy Al6061 deposit was made successfully over a substrate of
Al6061-T6 plate having a thickness of 10 mm, length and width of 200 mm.
Aluminium alloy Al6061 powder was deposited onto a substrate of Al6061-T6 plate.
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The deposit and the substrate were subjected tomicrostructural characterization after
the completion of the AFSP process.

Figure 5(I)a–d show the different deposit layer interfaces in longitudinal direction
and Fig. 5(II)a–d show different deposit layer interfaces in transverse direction. Also,
the micrograph of the substrate in longitudinal and transverse direction could be seen
from Fig. 5(I)e and (II)e, respectively. Twenty-five layers of Al6061 powder were
deposited on the Al6061-T6 substrate surface. The layers and their interfaces show
similar microstructural properties along the deposit direction. For reference purpose,
we have taken the adjacent interfaces of 2nd, 3rd, 4th; 9th, 10th, 11th; 16th, 17th,
18th; 23rd, 24th, 25th deposit layers. No visible difference in the microstructures
could be seen from the figures showing the interfaces. At the same time, the deposit
interfaces could not be differentiated from the optical microscope images. It indi-
cated that the different layers were intermixed properly. Severe plastic deformation
happened at the stirring zone and there was intimate contact of the tool with the
powder particles and with the substrate surface during the formation of initial layers.
Also, the similarity was also there between the images of Al6061 powder deposit and
Al6061-T6 substrate. Hence, it could be predicted that the properties of the deposited
layers could be comparable to those of the substrate. Furthermore, similarity could
be seen in the micrographs in longitudinal and transverse directions. So, it can be
said that the deposited material exhibit isotropic properties. Isotropic properties in
the deposit enhance the flexibility in structural design. According to Yuqing et al.
[10], layered microstructures were present in layered friction stir welding due to
the presence of nugget zone, thermomechanically affected zone and heat-affected
zone. But, there was no prevalence of layered structure in the deposit fabricated by
AFSP. This is due to the presence of the whole width of the deposit layer just under
the surface of the tool and similar thermomechanical history experienced by them
due to friction stirring action. It was also observed, that the presence of voids got
minimized from the Al6061-T6 substrate to the Al6061 powder deposit. This could
again pertain to the thermomechanical effect of the tool on the powder deposit. As a
consequence, the mechanical strength of the deposit got increased.

3.2 Micro-hardness Testing

Vicker’s micro-hardness were measured in four spots in the deposit region both in
longitudinal and transverse directions and the average of these values were calculated
and compared to Al6061 alloy in the solutionized state. This comparison is shown
in Table 2.

The similar values of micro-hardness in longitudinal and transverse direction
prove the presence of isotropy which was predicted from the micrographs. Also, the
micro-hardness values were comparable to Al6061-O. So, the mechanical strength
was maintained.
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Fig. 5 Micrographs of a–d deposit and e substrate in (I) longitudinal and (II) transverse directions
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Table 2 Comparison of
micro-hardness of Al6061-O
as per ASTM [11] and the
deposit

Average micro-hardness (HV)

Al6061-O Deposit
(Longitudinal)

Deposit
(Transverse)

64 60.25 70.25

4 Conclusions

1. During AFS, choking of the mouth of the tool happens due to the consolidation
of powder. Thus, the full potential applicability of the AFS process is hindered
but this was successfully negated by AFSP. A slightly modified AFSP is used to
fabricate 5 mm thick deposit consisting of four parallel tracks each having width
of 16 mm from Al6061 alloy powder. A concave geometry at the bottom surface
was given to the tool and the substrate surface was pre-heated in order to reduce
the dispersion of powder from the working zone.

2. The concave geometry provided at the bottom of the tool proved to be helpful in
reducing the dispersion of powder from the working zone. Also, in order to aid
this purpose, the substrate was pre-heated.

3. No visible interfaces in the deposit were seen which proved good intermixing
and bonding between layers.

4. Uniformmicrostructures in longitudinal and transverse directions prove the pres-
ence of isotropic properties in the deposit which is supported by the similar values
of micro-hardness in longitudinal and transverse directions.

5. Presence of uniformmicrostructure in a layer proved the absence of layer-effects
like in layered friction stir welding.

6. Similar microstructure was noticed in substrate and deposit layers. Moreover,
the number of voids got reduced in the deposit from the substrate. This indicates
similar or slightly enhanced mechanical properties in the Al6061 alloy deposit.
This claim is again proved by results of micro-hardness testing.
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characterization of additive friction stirred (AFS) 3D structures made of Al6061 T6 aluminium
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Service Quality—A Case Study
on Selected Hotels in Goa

Vallabh S. Prabhu Gaunker and Rajesh S. Prabhu Gaonkar

Abstract Goa is an international tourist destination where tourism is considered to
beoneof themain sources of revenuegeneration for the state.Hotel is considered to be
a part of the hospitality sector in a service industry. Service and customer satisfaction
are the prime objectives of any service-related organization. The service offered by
every hotel is not uniform across all the hotels. Therefore, in order to standardize the
service quality and reduce the gap, it is essential to fix service quality attributes which
determine the customer satisfaction. A case study has been carried out on four hotels
of five-star category across the state of Goa. The paper aims at measuring service
quality and examining service quality attributes significant to the customer satisfac-
tion. A SERVQUALmodel was chosen for the conceptual frame work of the data. A
feedback data of 200 respondents across hotels and travel websites were analyzed by
gap, factor and themultiple regression analysis. The analysis results revealed a gap in
the service quality perceived and expected by the customers. Exploratory factor anal-
ysis extract three factors of service quality, namely service reliability, staff assurance
and physical facilities which significantly impact customer’s satisfaction measuring
51.061%of total variance. The relationship between three extracted factors of service
quality and customer satisfaction is expressed in the formofmultiple regression equa-
tion. This study will help the managers as a guide to improve service quality and
enhance the customer satisfaction across the state of Goa.
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1 Introduction

Goa is an international tourist destination where tourism is one of the fastest growing
sectors. It not only boosts state economy but also contribute to the growth of other
sectors. It is a big employment generator and has a multiple impact on the state
economy. During the year 2017, the state recorded a total of 0.85 million foreign
tourists across 141 countries as per the data available from theDepartment ofTourism,
Goa. Tourism sector alone plays a vital role in the economic growth of the state with
a net GDP of 8.78% from the year 2011 to 2017. In the poll conducted by Smart
Asia travel.com, Goa is ranked as the sixth most popular holiday destination in Asian
region among the foreign tourist travelling to India.

This paper aims at measuring the service quality and examining the impact of
service quality dimensions on customer satisfaction. A case study has been carried
out on four hotels of five-star categories located along the coastline of south. The
names of the hotels and customers are kept anonymous as per company privacy
policies. The research was conducted for three months to collect the data.

As the research has no inclination towards lifesaving neither it is related to
medical field, the ethical point of view was not taken into consideration. The Insti-
tute has noEthical committee set up. The data collected for the research is validated
and approved by guide Dr. Rajesh Prabhugaonkar Professor, Goa College of Engi-
neering andDr.Vinay Shirodkar,HODMechanicalEngineeringDepartment,Goa
College of Engineering and the data is anonymized. The dissertation based on the
research paper has undergone plagiarism check of Goa University.

A modified SERVQUAL instrument has been used to frame the questionnaire in
order to measure and examine the service quality [1, 2]. Customer feedback data
on perceived and expected service quality were recorded using a Likert scale on
1–5 score. The qualitative and quantitative analysis is performed using gap analysis,
exploratory factor analysis and multiple regression analysis for quality measure-
ment and hypothesis testing. The last section concludes recognizing the weaknesses
and suggesting improvements necessary so that service providers undertake quality
improvement measures for customer satisfaction.

2 Brief Literature Review

2.1 Service Quality

Service quality plays an important role for business performance and has beenwidely
recognized in various literatures. It is a complex and subjective concept and has some
distinct characteristics unlike product such as intangibility, heterogeneity and insep-
arability. It is defined as an assessment of how well delivered service confirm to
customer expectations [1]. The gap in the service quality is the difference between
perceived service (P) and the expected service quality (E). The gap measures how
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well the delivered service confirms to the customer expectations. The expectations
act as a benchmark to which successive experiences are compared which results
in the evaluation of satisfaction. The satisfaction depends on many factors like
tangible things, facilities offered, responsiveness, staff empathy, service reliability,
information accuracy, location, value for money, etc.

2.2 Customer Satisfaction

Customer satisfaction is considered as significant for any of service-related organi-
zation. Companies strive hard to improve their service level. A number of customer
satisfaction indicators have been developed by different countries. These indicators
are considered as a benchmark for measuring the performance. Therefore, measure-
ment of service quality and its impact on customer satisfaction has been considered
as crucial in the service-related industries including tourism industry.

It is concluded that providing good service quality helps to retain the customers,
improve corporate image, firm survival and profitability [3]. Managers would focus
on empathy, reliability, responsiveness and assurance to achieve customer satisfac-
tion [4]. The study on Thai hotel industry revealed moderately low service quality
than expectation [5]. A SERVQUAL model is implemented in four service organi-
zations and it was observed that service quality has relationship to cost, profitability,
retention and positive word of mouth [6]. SERVQUAL model used in the study
came out with the findings that competence, courtesy along with assurance are the
important attributes of perceived service quality [7]. Customer satisfaction level is
examined in five-star hotel in Sri Lanka. Customers were satisfied on the factors
like tangible, responsiveness and assurance of the service quality [8]. It is revealed
that room cleanliness and comfort, convenience of location, prompt service, safety
and employee friendliness are the important factors for customer satisfaction [9]. It
was noted that staff quality, room quality and value determine the customer satis-
faction [10]. Customer satisfaction is determined by cleanliness, security, value for
money and courtesy determine customer satisfaction [11]. The perceived service
quality of the customers is best explained by service quality dimensions like respon-
siveness, empathy, assurance and reliability [12]. This shows that the number of
factors depends on measurement constructs. The analysis result revealed conformity
of expected service with experienced service has significance influence on customer
loyalty [13]. The result illustrates modified SERVQUAL dimensions extracted four
subscales in the new model instead of eight in the initial model [14].

The SERVQUAL instrument has been used in various service industries to
measure service quality. It is based on expectation perception standards [2]. It was
originally based on ten service quality dimensions which later improved to five
dimensions namely Tangible, Reliability, Responsiveness, Assurance and Empathy.
The other scales which are developed based on SERVQUAL are SERVPERF [15],
Technical and Functional Quality Models [16], HOLSERV [17].
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3 Research Method

The research objective is to measure gaps in the service quality and to examine the
factors that significantly impact customer’s satisfaction from the selected four hotels
of the five-star categories fromGoa. The data from200 customers is gathered through
personal interviews and partially from the reviews obtained from travel sites such as
Trip advisor, makemy trip, go-ibibo using SERVQUAL questionnaire on a five-point
Likert scale. A statistical software tool of Microsoft Excel and SPSS 24 is used to
analyze the data for measuring service quality and hypothesis testing. Initially the
data is tested for sampling adequacy and scale reliability. The quantitative analysis
like gap analysis, factor analysis and multiple regression analysis is performed. The
gap analysis measure average service quality based on five SERVQUAL dimensions.
Exploratory analysis extracted three factors of service quality having significant
relationship with customer satisfaction which is expressed in the form of equation.

3.1 Gap Analysis

The concept to measure service quality is based on obtaining average gap score of
SERVQUAL dimensions for each of the item variable [2]. When perceived service
quality is high, the gap score is less and customer satisfaction level is higher.

Figure 1depictsGaps inmeasuring service quality. The service quality ismeasured
on five dimensions of SERVQUAL namely tangible, reliability, responsiveness,
assurance and empathy. The perceived values based on these dimensions are 4.58,
4.56, 4.54, 4.51 and 4.49, respectively against an expectation score of five in each
case. The average service quality perceived by the customer’s is 4.54 as compared
to their expectation level of five thus indicating less satisfaction. A negative gap of

4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
5

5.1

Expecta on

Percep on

Fig. 1 Measuring gap in service quality
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−0.46 reflect that the service quality perceived by the customer is lesser than their
expectations.

3.2 Reliability Analysis

Reliability scale analysis test the reliability and validity of SERVQUAL model by
computing the value of Cronbach’s alpha for each of the item of service quality as
depicted in Table 1.

Cronbach’s alpha value for the overall scale of 19 items is 0.899 which is more
than acceptable value of 0.7. It is observed that the itemmentioned in Sr. No 11 shows
a Cronbach’s value of 0.901 if item is deleted. As a result it is not considered for
further analysis. The content validity ensures that the measure includes an adequate
and representative set of items that tap the domain of the concept.

3.3 Factor Analysis

Factor analysis is a data reduction technique used to identify correlations or patterns
among the variables in a complex set of data. An exploratory factor analysis (EFA)
was undertaken explore factor structure using Varimax rotation (orthogonal).

Table 2 depicts KMO (Kaiser–Meyer–Olkin) and Bartlett’s test of Sphericity.
KMOmeasures sampling adequacy and Bartlett’s test gives significance of the study.
KMO of 0.897 is determined which is more than acceptable value of 0.6 according
to KMO measures. A significance p-value of 0.000 indicates that data is adequate
to perform factor analysis and dimensions of the service quality is likely going to
factor well.

After conducting EFA by principal component analysis (PCA) method, three
components are with Eigen values greater than one are retained. The eigenvalues
for the extracted factors are 6.775, 1.341 and 1.074. These three factors explain
percentage cumulative variance of 51.061%. Factor one explains relatively large
amount of total variance of 37.64% followed by other two factors as 7.452% and
5.969%, respectively as depicted in Table 3.

In multivariate statistics, screen plot is the line plot of the eigenvalues of factors.
The elbow of the graph is to be found and factors to the left of these points are to
be retained as significant factors for the analysis. Figure 2 depicts three components
of service quality that are to be retained based on the eigenvalues greater than one.
Eigen value signifies that a reasonable proportion of variance is explained by the
three extracted factors.
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Table 1 Item scale reliability

Sr. No Item statements Cronbach’s alpha for 19
items

Cronbach’s alpha if item is
deleted

1 Physical facilities of the
Hotel were visually
appealing

0.899 0.897

2 Employees appear neat and
well dressed

0.894

3 Physical environment of the
hotel was clean

0.893

4 Hotel room were with
comfort and ambience

0.890

5 Hotel food was good and
variety in beverages

0.895

6 My reservation at the front
desk handled properly

0.894

7 When employee promised
to do something, they did it

0.893

8 Hotels performed the
service right the first time

0.892

9 Hotels kept their records
and billing accurately

0.892

10 Hotel employees gave
prompt service

0.889

11 Employees were always
willing to help

0.901

12 Employees make
information easily available

0.893

13 Employees were never too
busy to respond to request

0.892

14 The behaviour of
employees-built confidence
in customers

0.892

15 Feel safe in transactions
with the employees

0.893

16 Employees were courteous
and knowledgeable to
answer inquiries

0.896

17 Employees understand
customer’s specific needs

0.897

18 Hotels gave customers
individual attention

0.892

19 Employees gave personal
service with customer’s
interest at heart

0.893
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Table 2 KMO and Bartlett’s
test of sphericity

Kaiser-Meyer-Oklin measure of sampling
adequacy

0.897

Bartlett’s test of
sphericity

Approximate Chi-Square 1322.382

Degree of freedom (df) 153

Significance (p-value) 0.000

3.3.1 Component Matrix with Varimax Rotation

Rotated component matrix is a significant part of factor analysis. Table 4 depicts
rotated component matrix with factor loading coefficients. These coefficients give
the strength of the relationship between variable and the factor. The value greater
than 0.5 reflects more measure of service quality. The variables are grouped under
three factors. Service quality factor one is titled as SERVICE RELIABILITY, having
six variables with factor loading ranging from 0.561 to 0.637. Factor two is titled as
STAFF ASSURANCE with seven variables and factor three is titled as PHYSICAL
FACILITIES as deciding factors of service quality measure.

3.4 Multiple Regression Analysis

One of the targets of conducting this study is to investigate the relationship between
service quality and customer satisfaction. Therefore, the hypothesis is proposed for
the research and multiple regression analysis is performed. The analysis predicts
relationship between the set of dependent variables with the independent vari-
ables. Customer satisfaction is taken as dependent and service quality attributes
as independent variables. The data is analyzed by calculating mean of each variable.

The hypothesis proposed for the analysis is:

Null Hypothesis (H0): The service quality dimensions have no significance on
customer satisfaction.
Alternate Hypothesis (H1): There is significant impact of service quality dimen-
sions on customer satisfaction.

Model summary of the regression analysis determines how well the data fits
in the regression model by computing values of multiple correlation coefficients
(R), coefficient of determination (R2) and standard error of the estimate (SEE). As
depicted in Table 5, the correlation coefficient (R) is 0.641. The regression results
showed that the service quality is a good significant predictor of customer satisfaction.
The three predictor variables of service quality explain 41.10% of its variance in
customer satisfaction. The adjusted R2 which is goodness of fit of regression model
is 0.402. Adjusted R2 is intended to control overestimates of populationwhich occurs
either because of a small sample, small variables or high colinearity. The standard
error of estimate is 0.514 which is actually the standard deviation of the residual.
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Fig. 2 Scree plot

As R2 increases the SEE will decrease, meaning better fit of the model with less
estimation error.

The ANOVA test is a way to find out if analysis results are significant and
whether to reject the null hypothesis by computing p-values. ANOVA compares
variances between populations. Any p-value less than alpha value of 0.05 means
the null Hypothesis is rejected as there exists a significant relationship between
dependent and independent variable. ANOVA shows that the independent measures
of service quality extracted are statistically significant with customer satisfaction.
Table 6 summarizes the multiple regression model with three predictors with R2 =
0.411 at F (3, 196)= 45.551, p < 0.05. This indicates that regression model is a good
fit of the data.

Table 7 illustrates the predictors of service reliability, staff assurance and phys-
ical facilities shows statistically significant relationship with customer satisfaction.
The beta value implies that each added point to the independent variable increases
customer satisfaction by beta value. The unstandardized beta coefficient value for
service reliability is 0.254 for staff assurance 0.439 and for physical facilities as
0.344, respectively. Multiple regression model rejects the null hypothesis (H0) with
conclusion that there exists a significant relationship between service quality and
customer satisfaction. The model is expressed in the Eq. (1).

Customer Satisfaction = − 0.194 + (0.254 × Service Reliability)

+ (0.439 × ServiceAssurance) + (0.344 × Physical Facilities) (1)
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Table 4 Rotated component matrix

Sr. No Item statements Components

Factor 1 Factor 2 Factor 3

1 The behaviour of employees-built confidence in
customers

0.637 – –

2 Employees were courteous and knowledgeable to
answer inquiries

0.627 – –

3 When employee promised to do something, they
did it

0.618 – –

4 Hotels kept their records and billing accurately 0.606 – –

5 Employees understand customer’s specific needs 0.564 – –

6 Hotel food was good and variety in beverages 0.561 – –

7 Employees gave personal service with customer’s
interest at heart

– 0.712 –

8 Hotels gave customers individual attention – 0.581 –

9 Physical facilities of the Hotel were visually
appealing

– 0.556 –

10 Employees were never too busy to respond to
request

0.460 0.555 –

11 Feel safe in transactions with the employees – 0.534 0.464

12 My reservation at the front desk handled properly – 0.533 –

13 Employees make information easily available 0.446 0.487 –

14 Hotels performed the service right the first time – – 0.767

15 Physical environment of the hotel was clean – – 0.716

16 Employees appear neat and well dressed – – 0.654

17 Hotel room were with comfort and ambience – 0.471 0.653

18 Hotel employees gave prompt service – 0.480 0.621

Table 5 Model summary

Predictor
variables

Dependent
variable

Correlation
regression
coefficient (R)

Coefficient of
determination
(R2)

Adjusted (R2) Standard error
of estimate
(SEE)

Service
reliability
staff
assurance
physical
facilities

Customer
satisfaction

0.641 0.411 0.402 0.514
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Table 6 ANOVA (Dependent variable: customer satisfaction)

Model Sum of squares Degree of freedom
(df)

Mean square F-statistics Significance

Regression 36.117 3 12.039 45.551 0.000a

Residual 51.803 196 0.264 – –

Total 87.920 199 – – –

aPredictors: constant, service reliability, staff assurance, physical facilities

Table 7 Regression coefficient (Dependent variable: customer satisfaction)

Model Unstandardized coefficients Standardized
coefficients

t
Statistics

Significance
p-value

Beta (β) Standard error Beta

Constant −0.194 0.411 – −0.473 0.637

Service
reliability

0.254 0.077 0.349 6.104 0.000

Staff
assurance

0.439 0.072 0.349 6.104 0.000

Physical
facilities

0.344 0.066 0.321 5.231 0.000

4 Results and Discussion

The study was conducted to determine gap in service quality and to examine
service quality attributes having significant relationship to customer satisfaction. The
customer expectation and perception of the service quality was examined. The study
was conducted on four hotels of five-star category taking feedback of 200 respon-
dents. The data is collected using SERVQUAL structured questionnaire. Analysis
like gap analysis, exploratory factor analysis and multiple regression analysis were
performed on the data received. The gap scores analysis results in low service quality
perceived by the customers on all dimensions of service quality. The average service
quality perceived by customer is measured 4.54 against an expectation score of 5
showing a gap of 0.46. This shows that the customers are less satisfied with the hotel
service offered.

Preliminary analysis of the data is performed to test reliability and validity of the
SERVQUAL for performing factor analysis. The model gave a satisfactory overall
reliability of 0.901. Exploratory factor analysis after performing varimax rotation
extracted three factors of service quality namely service reliability, service assurance
and physical facilities. These three dimensions of service quality were explaining
40.2% of variance in the data.

Hypothesis is proposed and multiple regression analysis is performed to express
significance relationship of extracted factors with the customer satisfaction. Multiple
regression analysis explored relationship between service quality attributes to
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customer satisfaction.Analysis showed that these three factors are having statistically
significant relationship with the customer satisfaction at 5% significance alpha level.
The three independent variables of service quality significantly predict the dependent
variable of customer satisfaction at, F (3, 196)= 45.551, p < 0.05 as shown in regres-
sion model. Therefore, the study suggests that manager of the service organization
need to focus more on service reliability, service assurance and physical facilities for
improving customer satisfaction.

5 Conclusions

Hotel managers should have knowledge of the market within which they operate to
identify the needs of their target customer’s. The hotel managers need to improve
performance on all the service quality attributes so that the gaps can be minimized
to increase customer satisfaction. Based on factor analysis, three important factors
have been extracted which are to be given prime importance. They are Service reli-
ability, staff assurance and physical facilities. Identifying these factors will help the
managers to focus on key areas of service quality. The regression analysis helps to
relate and predict the relationship between the three extracted factors called inde-
pendent variables and dependent variable is called customer satisfaction. This will
help managers to predict and alter the parameters as per the requirements. For further
research a study can be conducted with larger sample data and more hotels to assess
the service quality during peak seasons and rush hour. Also, a similar study can be
done for budgetary hotels prefered by customers of lower income group.

References

1. Parasuraman A, Berry LL, Zeithaml VA (1985) A conceptual model of service quality and its
implications for future research. J Market 49(4):41–50

2. Parasuraman A, Berry LL, Zeithaml AV (1988) SERVQUAL: a multiple item scale for
measuring consumer perception. J Retail 64(1):12–40

3. Ladhari R (2009) A review of twenty years of SERVQUAL research. Int J Qual Serv Sci
1(2):172–198

4. Minh NH et al (2015) Service quality and customer satisfaction: a case study of hotel industry
in Vietnam. Asian Soc Sci 11(10):1911–2025

5. Boon-itt S, Rompho N (2012) Measuring service quality dimensions: an empirical analysis of
Thai hotel industry. Int J Bus Admin 3(5):52–63

6. Buttle AF (1996) SERVQUAL: review, critique, research agenda. Eur J Mark 30(1):8–32
7. Akan P (1995) Dimensions of service quality: a study in Istanbul. Managing service quality

5(6):39–43
8. Karunaratne WMKK, Jayawardena LNC (2010) Assessment of customer satisfaction in a

five-star hotel-a case study. Trop Agric Res 21(3):258–265
9. Knutson B, Stevens P,Wullaert C, PattonM, Yokohama F (1990) Lodgeserve: a service quality

index for the lodging industry. Hosp Res J 14(2):227–284



Service Quality—A Case Study on Selected Hotels in Goa 159

10. Choi TY, Cho R (2001) Determination of hotel guest’s satisfaction and repeat patronage in the
Hong Kong hotel industry. Int J Hosp Manage 20(3):277–297

11. Atkinson A (1988) Answering the eternal question: what does the customer want. Cornell Hot
Restaur Admin Q 29(2):12–14

12. Tuan PN, Linh NTH (2014) Impact of service quality performance on customer satisfaction: a
case study of Vietnam’s five-star hotel. ABAC J 34(3):53–70

13. Jasinskas et al (2016) Impact of hotel service quality on the loyalty of the customers. Econ
Res-Ekonomska istrazivanjz 29(1):559–572

14. Pakurar M et al (2019) The service quality dimension that affect customer satisfaction in
Jordanian banking sector. Sustainability 11:1113

15. Cronin JJ, Taylor SA (1992) Measuring service quality: a re-examination and extension. J
Market 56:55–68

16. Gronroos C (1984) A service quality model and its marketing implications. Eur J Mark
18(4):36–44

17. MeiWOA,DeanAM,WhiteCJ (1999)Analysing service quality in hospitality industry.Manag
Serv Qual 9(2):136–143



Influence of Nozzle Distance
on Tool–Chip Interface Temperature
Using Minimum Quantity Lubrication

Gurpreet Singh, Vivek Aggarwal, Sehijpal Singh, and Ajay Kumar

Abstract InManufacturing Sciencemachining play a very important role inmaking
the finished product. There are several metal cutting operations like, turning, milling,
drilling, shaping, grinding, etc., by which the product can be machined. During
machining operation heat is produced due to rubbing of sharp edge tool and work
material. As the cutting speed increases, the amount of heat at different rubbing
sections increases. The foremost objective of coolant is to reduce the emission of
heat using different coolingmethods. Traditionally, cutting fluids and lubricants were
applied in abundance to reduce heatwith the aid of flood lubrication system.Undoubt-
fully, this approach of lubrication reduces the temperature while machining, contrary
to this, it has a negative impact on the worker, environment and most importantly
costlier in the present era ofmachining.Therefore itwas essential tofind an alternative
to stated muddle that should be safer for the worker, environmental, and economical
too. So, as to keep these facts in mind the minimum quantity lubrication was applied
in turning operation, which uses a very smaller extent of cutting fluid along with air
to contribute cooling and lubrication action. In the present investigation, minimum
quantity lubrication containing very low quantity of vegetable-based lubricant and
air pressurized stream was utilized to cater heat generation in orthogonal machining.
The outcomes of thermal reading at insert chip articulation were compared in dry
and least coolant conditions. From experimental observations, it was revealed that
MQL had significantly reduced the heat generation by 10–30% contrary to the dry
turning of EN-31 steel. The maximum cutting temperature was recorded during dry
machiningwhen the nozzlewas positioned at 55mmgap from the cutting zone. It was
evaluated that the nozzle distance of 30 mm gap was proved significant as compared
to other distance. Furthermore, it was reported that the process capability of turning
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operation was enhanced using minimum quantity lubrication due to its economical
behavior, better cooling and lubrication action and environmental friendly nature.

Keywords Nozzle distance · Heat generation · Tool–chip interface temperature ·
K-type thermocouple · Dry machining ·Minimum quantity lubrication · EN-31
steel

1 Introduction

Machining is the way toward utilizing slicing instruments to evacuate some measure
of a bit ofmaterial (metal, wood, plastics, fired, and so forth.) to correctly shape it for a
planned utilize. This utilization of the physical activity of cutting apparatuses is other-
wise called subtractive assembling. The essential machines utilized in machining are
the motor machine (metal machine), processing machine (both level and, most regu-
larly, vertical), penetrate press, and grating processors. These and different machines
can be either manual or mechanized. Most robotized machines have CNC (PC
numerical control) and are equipped for creating exceptionally perplexing, exact,
and complex parts with a high level of repeatable exactness for any number of uses.

During machining operation heat is produced as an effect of rubbing across sharp
edge cutter and solidworkmaterial. As the cutting speed increases, the amount of heat
at different contact points increases. The sole objective of cutting fluid is to reduce
the amount of heat generation which can be achieved by different methods. Tradi-
tionally cutting fluid and lubricant were applied in bulk to reduce this unwanted heat
using conventional flood lubrication. This flood lubrication reduces the temperature
during machining but on the other hand it also has a negative impact on the worker,
environment, and costlier in the present era of machining. Therefore, the other alter-
native to reduce the cutting tool temperature in different machining processes is to be
investigated, which should be safe for the worker, environmental friendly as well as
economical [1–3]. So as to keep these facts in mind the MQL was applied in turning
operation. A Report on the fabrication of automotive parts in Europe concluded that
that the cost related to cutting fluids and lubricant was stated approximately twenty
percent of the total manufacturing cost as equivalent to cutting tools (7.5%) cost. It
indicated that the lubricant cost was predominately larger than tooling cost [4, 5]. As
indicated in the Table 1 there is a huge difference in the toxicity ranges of permissible
exposure level and actual measured level of cutting fluid discharged by industries. It
was further felt a need to reduce cutting fluids consumption, so as tomake the process
cost-effective, environmental friendly, and safe for the worker. Also, it was suggested
to improve the conventional flood lubrication methodology possibly by the use of
technology that consumes fewer lubricants. U.S firm dealing with citizen healthcare
(NIOSH) evaluated that more than 10 lakhs peoples in the U.S.A are exposed to
cutting fluids. Different categories of engineers, hardware mechanics, metalworkers,
and other machine administrators and setters have the best contact with these liquids.
Specialists might be uncovered by skin contact, breathing in (taking in), or ingesting
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Table 1 Highlights of PEL level and actual level of cutting fluid [4]

S. no Agency Threshold level of toxicity in
cutting fluids (mg/m3)

Actual toxicity level
observed in industries
(mg/m3)

1 Occupational safety and
health administration
(OSHA)

5 20–90

2 National institute for
occupational safety and
health (NIOSH)

0.5

(gulping) particles, fogs, and mist concentrates. MWF fogs may likewise cause a
few respiratory sicknesses, including asthma, bronchitis, and excessive touchiness
pneumonitis. Introduction to some MWFs and additionally their added substances
may cause malignancy [4]. The well-being perils of MWFs rely on the kind of liquid
utilized, and in addition the added substances and contaminants that might be avail-
able in the liquid. The extravagant use MWF should be taken into consideration
besides the traditional ways of cooling and numerous other coolant strategies were
developed in later years to eliminate heat from the cutting zone [6].

The traditional way of using of coolants during machining promotes frequent
technological and environmental complications and avoidance of MWF can be a
better alternative.On the other side, higher depth of cut andhardermaterialmachining
cannot be performed under dry conditions because of the fact that it shortens tool
life [7].

During the situations, where complete dry machining fails to be meet production
targets at higher cutting speed and was not economical than during such conditions
the minimal cutting fluid cooling technique may be adopted. It supplies the sprayed
pattern of cutting fluid jet over the tool–workpiece interface that minimizes the heat
generation and consequently the cost of machining as well [8]. It was concluded
that proper utilization and controlling MQL parameters ensured safer machining
environment as well as improved process capability particularly in machining heat
generation, tool wear, and product quality [9]. Experimental investigation on the
existence of tool sharpness and surface quality employing various cutting inserts
during machining of Inconel-718 concluded that the high-speed MQL turning aided
with coated tool had enhanced the surface quality and life of tool as compared to
wet and dry machining [10]. While machining AISI 9310 alloy steel with uncoated
carbide insert it was stated that MQL assisted system reduced the approximate chip–
tool interaction temperature by 10% than wet machining. In addition to this quality
of work surface was also boosted as a result of less wear and vandalism to tooltip
contact [11].

The lowest range of machining variables such as cutting speed, feed rate, depth
of cut, and insert roundness evolved minimum expenditure of specific power during
machining of EN-31 steel having 50 mm diameter and 500 mm length utilizing
diamond shaped carbide insert [12]. While Turning the material AISI 304L aided
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with six different categories of cutting fluids the results concluded that 8% canola
based cutting fluid at extreme pressure overcome themachining performance of other
fluids [13]. Investigations on EN-31 turning using soybean oil and mineral oil MQL
expressed that vegetable oil performed equivalent to mineral oil during aspects of
surface finish. Also vegetable oil MQL machining had minimized the severity of
environmental degradation on the consequences of fewer fumes, mists, and oxides
as compared to mineral oil [14].

Experiment results during machining of Inconel 718 assisted with synthetic ester
cutting fluid MQL examined that the MQL machining was able to reduce the accu-
mulation of heat generation, force during cutting. In addition this length of tool–
chip interaction and quality of chip characteristics like thickness and breakage
improved compared to dry machining environment [15]. Experimental investiga-
tion on machining hardened stainless steel using coated carbide inserts confirmed
that the vegetable oil can be used as cutting fluid because of its superior lubrication
and high-pressure performance capability. It was also revealed that MQL can be a
good technique for cooling coated carbide cutting tool at various machining parame-
ters [16]. It was analyzed that while machining of TC11 titanium alloy with uncoated
carbide tool that the machining forces within MQL environment differ by a minute
margin of ten percentage as compared to dry cutting [17]. Research results during
processing of AISI 1045 steel conducted with nanofluidMQLmixed with vegetable-
based oil and ester oil as base fluids revealed that the application of graphite oil-based
nanofluid MQL lowered the cutting force and temperature significantly [18]. Study
on FEMAwhich analyzed the impact of MQL during turning of JIS S45C steel using
TiCN-coated cermet tool exhibited that model applied in the experimentation evalu-
ated the cutting forces and temperature effectively were influenced by utilizingMQL
[19]. Experimental observations on turning Ti6Al4Vmachined with tungsten coated
carbide tool revealed that lowest nose wear and Surface roughness was observed
during MQL+ PTFE and MQC+ 15% Graphite combinations. However there was
no significant difference in heat carrying capacity amongMQL,MQC+ 5%graphite,
MQC + 10%, and MQC + 15% graphite cooling strategies [20].

Experimental observation analyzed that on increasing doc the temperature
increases. The least temperature was recorded in cryogenic followed by MQL, wet
and dry environment. For selected material and machining conditions the Cryo-
genic cooling was superior to dry, wet, and MQL in terms of tool wear, surface
finish, and chip formation [21]. Results indicated that mixing MOS2 to vegetable oil
enhanced the tool life, surface quality, and cutting forces. It was observed that adhe-
sion, abrasion, and diffusionwere the significant wearmechanisms duringmachining
of Inconel 718 under different lubrication cooling conditions.Worst performancewas
examined during dry cutting of Inconel 718. The various performance characteristics
like chippings of the cutting edge and fractures were observed during experimenta-
tion [22]. The investigation results of machining medium carbon steel using carbide
tool concluded that the most significant factor for an optimum response was nozzle
diameter followed by air pressure, secondary nozzle angle, oil flow rate, and primary
nozzle angle. The reported optimum values of mentioned parameters were listed as
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1 mm, 19 bar, 15°, 80 ml/h and 20° respectively. Nozzle diameter was predominant
on the surface roughness and main cutting force during machining operation [23].

1.1 Fundamentals of MQL

The foundation of Minimum quantity lubrication (MQL) is a jet of air mixed with
lubricated oil targeted toward the cutting zone in a controlled manner. The prin-
ciple involves that the liquid droplet is fragmented and spread in an airflow streaks
through a properly designed nozzle and guided toward the machining zone of higher
cutting temperature. The compressed jet of air assisted bio-based lubricant absorbs
heat as well as provides cooling action at tool–chip interface. The cooling action is
promoted by high-velocity air jet and lubrication action is supposed to be achieved
due to viscosity of bio-based cutting oil. Further the exact mechanism of cooling
and lubrication action of MQL is yet a challenging issue for the researcher. It is of
utmost importance that the quantity of lubricating oil should be minute consisting of
bio-based oil with compressed air to protect the environment, operator, andmachined
surface from negative effects of flood lubrication. The consumptions oil using MQL
in industrial applications was reported in the range of approximately 10–100 ml per
hour [6]. Contrary to this, a huge quantity of metal cutting fluid at a larger flow rate
is utilized for machining during traditional flood lubrication system. But in MQL
system pressurized air and atomized oil droplets impinged straightly into tool–chip
junction.

Basically, there are two different types MQL supply system like external and
internal MQL System [8]. In an external system which is same as the conventional
flood lubrication system, where cutting fluid is supplied through a nozzle at a defined
pressure and flow rate at a suitable distance from tool–work interface. However in
externalMQL systems pressurized air with cutting fluid is supplied through specially
designed external nozzle system positioned at an appropriate gap from themachining
zone having very less quantity of cutting oil. But on the other hand, in internal MQL
system the cutting fluid and pressurized air is supplied through the tool itself and
there is no need of specially designed external nozzle as compared to the earlier
system. Both of the systems have their own advantages and disadvantages depending
upon machining applications. The external system is utilized in orthogonal cutting
like turning, milling, drilling, sawing and grinding, etc. Similarly internal system is
applied in drilling but these days it is also practiced during turning operation too.
The major advantage of internal system is that there is no need of specially designed
nozzle, however, this system hasmore complexity than the external system. Leakage,
rusting, accessories, fitting and design of nozzle are key functionaries of the external
system (Table 2).
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1.2 Heat Generation and Measurement

Evolution of heat while machining is phenomenal due to mechanical rubbing,
shearing, and deformation of work material caused by sharp edge cutting tool of
harder material. There is the formation of various heat zones within close proximity
of cutting tool and workpiece. The temperature during machining may be low as 100
°C and even higher up to 1000 °C. The temperature may vary in different cutting
zones like primary, secondary, and tertiary as well. The amount of heat generated is
distributed among four major components like tool, chip, workpiece, and the fourth
environment too. The mechanism of heat transfer is amalgamation on the basis of
heat transfer phenomenon consisting of conduction, convection, and radiation. The
majority of heat is passed to chips and somepart of the heat is conducted toworkpiece,
further it is radiated to the environment too. The highest temperature is recorded at
rubbing of tool–chip contact and it is the need of the hour to measure this elevated
temperature. In this connection there are several techniques by which temperature
can be measured depending upon the machining operation. The few of the methods
are listed as below.

• Infrared thermometer
• Thermocouple
• Pyrometer
• Temperature sensitive paints
• Infrared camera.

But in present investigation standard K-type chrom-alumul thermocouple was
utilized for measuring the temperature at tool–chip during various parametric levels
and nozzle distance. The hole was drilled on cutting insert with the help of EDM
drilling at a distance of 2 mm from nose radius, so as to record the cutting temper-
ature during the machining operation. The schematic diagram for temperature
measurement is shown in Fig. 1.

Fig. 1 Schematic diagram of temperature measurement
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2 Methodology of Work

According to foundation ponder, it was seen that MQL explores had been experi-
enced by changing the cutting parameters, materials, and the oils having distinctive
stream rates. The majority of the temperature-related investigations were finished
by utilizing thermo-photographic strategy, inserted thermocouple and infrared ther-
mometer. According to writing study it was seen that less research accounted for
on the impact of fluctuating the spout separate on cutting temperature has been
performed. In this way in present the examinations the impact of changing the spout
separate on temperature amid transforming task has been mulled over. The major
finding in this research was to investigate the following task.

• Investigation into the effect of process variables on tool–chip heat evolution
• Significance of changing nozzle stand-off distance on heat generation
• Comparative analysis of temperature in Dry and MQL machining.

The trial work was completed by plain turning of EN-31 Steel rod of eighty
mm diameter and one meter length on powerful machine of 10 H.P. Instrument
chip interface temperature was recorded in dry, flood, and MQL conditions utilizing
standardK-type thermocouple. The process variables of turning operation like speed,
feed rate, and profundity of slice were differentiated to confirm its influence on tool–
chip coherence heat generation. The nozzle distance was additionally been fluctuated
to check its effect on instrument chip interface temperature.

2.1 Description of Experimental Set up

The experimental setup contains the following apparatus.

(a) Lathe machine (10 H.P)
(b) Compressor
(c) Thermocouple (K-type)
(d) EN-31 Steel as work material
(e) Cutting tool insert
(f) MQL Nozzle
(g) Mixing chamber
(h) Flow regulating valve
(i) Pressure gauge
(j) Soybean oil as a Lubricant.

Table 3 indicates the chemical composition ofworkmaterial EN-31 round bar used
in an investigation. It contains alloying elements like chromium and manganese that
enhances its hardenability and corrosion resistance and further extends its application
in the fabrication of die components. The EN-31 steel has wide applications like slip
gauges, tapes, ejector pins, and roller bearings.
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Table 3 Anatomy of work material

Contents C Si Mn Cr Co S P

Wt% 0.9–1 0.10 0.30 1.2 0.025 0.040 0.04

3 Experimental Investigation

The full factorial design was used for evaluating the performance at different process
parameters. There are two feed, seven speeds, two depth of cut, and four cutting
environments. In addition to machining conditions such as dry machining and MQL
machining the nozzle distance varied at a distance of 15, 30, and 55 mm. The exper-
imentation was performed by machining of work material EN-31 steel rod having
80 mm in diameter and 1000 mm length. Prior to the final observations, the trial
tests were practiced to ensure the accuracy of the work. During experimentation the
cutting parameters like speed, feed were varied and accordingly the output parameter
like temperature and surface roughness are recorded.

The cutting temperaturewasmeasuredby chrom-alumul thermocouple at different
cutting parameters and nozzle distance. The hole was made drilled on cutting insert
with the help of EDM drilling at a distance of 2 mm from nose radius, so as to record
the cutting temperature during the machining operation. Initially it was confirmed
by the infrared thermometer to find the spot where maximum temperature exists.
Further the literature was studied in this connection to find out the exact position of
highest temperature while turning. It was found the maximum temperature incurred
at tool–chip interface due to mechanical friction. Also the temperature profiles were
studied from the past research prior drilling hole on cutting insert. The diameter of
the drilled blind hole was 1 mm and the thermocouple wires were connected to chip
welded in the blind hole to avoid burning. The Fig. 2 illustrates the photographic
view of an experimental set for research including MQL accessories and Fig. 3
shows the cutting insert with the blind hole on the rake face. Further the workpiece
was uniformly distributed among all experiment during measurement of temperature
which is clearly visible in Fig. 4. The temperature reading was recorded with the help
of digital meter as shown in Figs. 4.

4 Results and Discussions

Experimental observation obtained during turning of work material EN-31 is
discussed as per an experimental plan mentioned in Table 4. The machining temper-
ature was recorded at dissimilar extents of machining criterion and nozzle distance.
The main concern of present research was to investigate the optimum machining
parameter levels and nozzle distance from the cutting zone. The graphs were plotted
as per the observation obtained from the experimentation conducted in different
machining conditions. Furthermore the other aim of this experimentation was to
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Gear shi ing 

Work piece 

MQL Supply 
tube 

MQL flow regula ng valve 

Four jaw chuck 

Mixing chamber Head stock 

Fig. 2 Image of experimental setup

Fig. 3 Photographic view of
cutting tool Holes on the rake face of insert to install 

thermocouple wire 

examine the role of changing the nozzle gap from the tool–chip interface zone. It
was of prime importance to investigate the nozzle distance where the cutting temper-
ature was least. In this section the following results have been discussed and plotted
in the form of graphs.
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Temperature Indicator Work piece
Nozzle Targeted at rake face 

SNMG INSERT Tool Holder Thermocouple wires 

Fig. 4 Setup for temperature measurement

Table 4 Detail of process parameters

Sr. no Velocity (rpm) Feed rate
(mm/rev)

First nozzle
stand-off (mm)

Second nozzle
stand-off (mm)

Third nozzle
stand-off (mm)

1 142 0.063 15 30 55

2 200 0.063 15 30 55

3 320 0.063 15 30 55

4 500 0.063 15 30 55

5 640 0.063 15 30 55

6 800 0.063 15 30 55

7 1000 0.063 15 30 55

8 142 0.088 15 30 55

9 200 0.088 15 30 55

10 320 0.088 15 30 55

11 500 0.088 15 30 55

12 640 0.088 15 30 55

13 800 0.088 15 30 55

14 1000 0.088 15 30 55

• Impact of process parameters on thermal characteristics of machining processes.
• Comparison of machining temperature in different machining environment.
• Impact of nozzle stand-off on heat generation at distinct levels of process

parameters during MQL.
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Figure 5 indicated that as the speed increases the cutting temperature increases
rapidly due to more friction at tool–work interaction. Results revealed that maximum
temperature was recorded during dry machining environment and minimum temper-
ature was measured in MQL condition at nozzle distance of 30 mm. It can be also
concluded that cutting speed, nozzle distance, and lubrication environment influ-
enced the temperature generation. Further it was examined that nozzle distance of
30 mm gap was proved significant as compared to other distance. The maximum
and minimum temperature recorded during dry conditions at 1000 rpm was approx-
imately 288 and 126 °C at minimum rpm but on the other hand extreme and least
temperature during MQL at 30 mm nozzle distance was recorded as 230 °C at
1000 rpm and 78 °C at 142 rpm, further it was nearly equal to 276 °C during 1000 rpm
and 102 °C at 142 rpmwhile placing nozzle at the gap of 55mmdistance. Hence there
was a temperature difference of 46 °C among variation of nozzle distance and 58 °C
between dry cutting and MQL machining. In addition to this, while machining at
least rpm the temperature difference among dry and MQL at 30 mm nozzle distance
was examined as 44 and 24 °C amid dry vs. 55 mm nozzle distance.

Finally it was also observed that nozzle positioning very near and too-far from the
machining zonewould result in higher cutting temperature. Hence variation of nozzle
distance was a significant factor affecting the heat generation during the machining
operation. As shown in Figs. 5 and 6, it was evident that the cutting temperature
increases as cutting speed increases. Thiswas due to the fact that an increase in cutting
speed would lead to more friction or rubbing at tool–work interface consequently
generated more heat. The graph also indicated the effect of feed rate and depth of
cut on cutting temperature that on increasing the feed rate the temperature raises.

It is clear fromFig. 7 that the cutting temperature increases rapidly, when the depth
of cut was varied as compared to feed rate and speed. Themaximum temperature was
approximately 400 °C during dry cutting at 0.088mm/rev feed rate and 1mmdepth of
cut. Similarly it was recorded nearly 300 °C at 0.063 mm/rev feed and 0.5 mm depth
of cut. So it was concluded that there was a difference of almost 100 °C during dry
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machining environment. On the other hand maximum temperature measured during
30 mm nozzle distance was 298 °C at 0.088 mm/rev feed rate and 1 mm depth of cut
and minimum temperature recorded was 247 °C while machining at 0.063 mm/rev
feed and 0.5 mm depth of cut. Hence it can be stated that temperature difference
during dry machining was larger than MQL. Further the impact of depth of cut was
more as compared to feed rate during these machining conditions.

From experimental observations, it was also revealed that MQL significantly
reduced the heat generation by 10–30% contrary to dry turning of EN-31 steel. The
increase in cutting temperature while varying depth of cut may be due to increases in
the shear area ahead of cutting tool as a result more penetration of tool into workpiece
raises the heat generation. From Fig. 7, It was evaluated that temperature during dry
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machining was higher than other machining conditions using MQL. When placing
nozzle distance at 15 mm the recorded temperature was more than 30 mm nozzle
distance. Similarly positioning of the nozzle at 55mm resulted in temperature almost
identical to dry machining; which meant that placing nozzle at 55 mm distance was
not significant for minimizing the heat generation amid other nozzle distance. This
phenomenon may be due to splashing of MQL fluid jet targeted from far distance
toward cutting zone.

5 Conclusions

As per the experimental results the following conclusions were drawn.

(a) The maximum cutting temperature was recorded during dry machining condi-
tion but on the other hand during MQL environment at 55 mm nozzle distance
from cutting zone.

(b) Whilemachining at least rpm the temperature difference among dry andMQL at
30 mm nozzle distance was examined as 44 °C and it was 24 °C amid dry versus
MQL at 55 mm nozzle distance that indicates nozzle distance play important
role in reducing cutting temperature.

(c) There was favorable significance of varying nozzle distance on machining
temperature during MQL conditions irrespective of dry machining.

(d) MQL machining reduced the cutting temperature by 8–10% at 15 mm nozzle
distance, 10–18% during 30 mm and 6% while the nozzle was positioned at
55 mm as compared to dry machining at 0.5 doc parameter level.

(e) MQL machining enabled a reduction in the cutting temperature by 16–18%
during 15 mm nozzle distance, 23–28% during 30 mm, and 10–12% while
positioning nozzle at 55 mm away from cutting zones contrast to dry machining
executed at 1 mm depth of cut process parameter level.

(f) The experimental results exihibted the influence of depth of cut, feed rate, and
speed on cutting temperature in all machining environment.

6 Future Scope

• Experimentation can be extended further using ionic fluid (gaseous based) MQL
instead of mineral oil or vegetable-based lubricants.

• Investigation on the influence ofmixing ratio of nanofluids toMWFandvegetable-
based bio-oil can be further studied as novelty in this direction.

• Effect of mixing ratio of different cutting fluids and on surface quality, tool wear,
and environmental friendliness can be examined in other machining processes
like milling, drilling, and grinding in future.
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Investigation of Kerf Characteristics
Using Abrasive Water Jet Cutting
of Floor Tile: A Preliminary Study

Ramesh Chand, Vishal Gupta, N. K. Batra, and M. P. Garg

Abstract Abrasive water jet (AWJ) is a technology concerned with cutting of diffi-
cult materials and performs cutting without changing the mechanical and physical
properties of material. Floor tile is widely used in various commercial and industrial
filed. One of the major applications of floor tile is its use in decoration of floor.
Cutting of floor tile is very difficult by conventional machining methods. In the
present work cutting of floor tile was done by the use of advanced abrasive water
jet technology. The effects of input process parameters (water pressure (WP), nozzle
transverse speed (NTS), and abrasive flow rate (AFR)) on the output response (kerf
characteristics and surface roughness) were investigated while performing cutting of
the floor tile. It was found that top kerf width is reduced with increase in the WP,
NTS, and AFR. Further, it was observed that with the decrease in WP and NTS kerf,
taper angle is reduced significantly.

Keywords Water jet · Abrasive · Nozzle transverse speed ·Water pressure · Floor
tile

1 Introduction

Abrasive water jet machining (AWJ) is the technology concerned with cutting of
materials difficult to be machined and cutting without reducing the properties of
material [1]. The AWJM is typically used in industry to cut ceramics and hard mate-
rials [2].AWJMis used to cut anymaterialwhether it is conductive or non-conductive.
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Fig. 1 Effect of process parameters on output response

It does not require any lubrication as in the case of other machines, for example, in
lathe ormilling, for cooling, etc. It uses a high pressure water jet to cut thematerial by
means of erosion. In AWJM, a single tool is used for various processes like drilling,
cutting, contouring, etc.

Various researchers [3–5]. Across the globe have investigated the effect of AWJM
parameters on the kerf characteristics MRR and surface roughness using a brittle and
ductile material as shown in Fig. 1. AWJM is widely used for brittle materials or for
materials difficult to cut by conventional machining process.

InAWJMofmicrogroove and polishing of glass using stagnation under the nozzle,
and stagnation area (machining area) is controlled by the tapper angle of v-shaped
mask on the work surface [6]. If the abrasive particle impact angle is 90° irrespective
of the velocity, the Sphericity at the top surface is equal and the depth of crater and
erosion rate are maximum. If impact angle decreases from 90°, the sphericity, depth
of crater, and erosion rate decreases in machining of titanium alloys with AWJM [7].

Water pressure and nozzle transverse speed were the only input parameters that
were significantly affecting the surface roughness in AWJ machining of Makrana
white marble [8]. As impact angle decreases, the MRR decreases and the curvature
ofwidth of cut increases.While increase inwater flow rate did not have any significant
effect on metal removal rate. Generally the depth of cut increases with the multi-
passes cutting and increase in water pressure [9]. On increasing the abrasive flow
rate and water pressure, the depth of cut increases because kinetic energy increases,
while increasing the transverse speed and standoff distance there is a little variation
of depth of cut of borosilicate glass [10].

Water flow rate and SOD decreases the kerf width and surface roughness, and also
there is increase in transverse speed and material thickness, also the kerf width and
surface roughness decrease with AWJ machining of TRIP sheet steels [11]. During
drilling of a hole in glass plateMRR increases and taper angle decreaseswith increase
in SOD and chemical composition of polymer with slurry of AWJ. The polymer in
the slurry creates bonding strength of water molecules with abrasive particle due to
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which scattering of the jet is reduced [12]. With the increase in the transverse speed
surface roughness is increased but kerf width decreases. While increase in abrasive
flow rate, water pressure, and abrasive velocity, the material removal rate increases
machining of ceramics plates with AWJM [13].

Increase in transverse speed the MRR increases while increase in percentage
of tungsten carbide tends to decrease the MRR because at higher percentage of
WC there is increase in hardness of composites, Abrasive Water Jet Machining of
aluminum/tungsten carbide composites [14].

It was found that the water pressure and traverse speed had a more profound effect
on the depth of cut than the standoff distance and abrasive flow rate in abrasive water
jet during cutting of ceramic materials [15]. At high water pressure, low traverse
speed, and low standoff distance, kerf taper is minimum of graphite/epoxy and glass
epoxy [16]. Increase in transverse speed, standoff distance, and water pressure, the
kerf angle of granite increases. However, increase in abrasive(coarse) flow rate has
no significant effect on kerf angle, but with increase in fine abrasive flow rate the
kerf angle also increases [17].

Ceramic tiles are hard material, which is difficult to machine by conventional
machining process. Nowadays instead of marbles, ceramic tiles are commonly used
for flooring or decorative purposes because of their various advantages like less
weight, finishing is not required, easy to maintain, and require less time to arrange
on the floor. Floor tiles are machined by the conventional machining technique like
cutter, drilling, power hacksaw [18, 19]. These processes have various disadvantages
like accuracy, jamming of tool, dust, etc. To overcome the previously mentioned
problems, in this work, attempt has been made to introduce the AWJM on floor tile.
It has been found that AWJM produces a very good surface during cutting of floor
tile and a surface free from dust.

2 Materials and Methods

In this study, ceramic floor tile with dimensions 305 mm × 305 mm was used as
workpiece material. The important mechanical property and chemical composition
of the ceramic tile used in this work are shown in Table 1. The experiments were
conducted on the OMAX 5555 machine as shown in Fig. 2. Various process param-
eters that were involved in the AWJM produced the effect on the cutting results like
kerf characteristics, surface roughness, etc. [20]. In these experiments, nozzle trans-
verse speed, abrasive flow rate, and water pressure were taken as the input process
parameters. Table 2 shows the input process variable along with their levels.

Table 1 Important mechanical properties and chemical composition of ceramic floor tile

Elements Lime Silica Alumina Alkali Hardness Young modulus

Weight (%) 1 65 31 3 6–8 Mohs hardness 384 ± 2 MPa
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Fig. 2 Pictorial view of the AWJM setup

Table 2 Process parameters and their range

Process parameters Level 1 Level 2 Level 3 Level 4 Level 5

NTS (mm/min) 100 150 200 250 300

WP (MPa) 150 200 250 300 350

AFR (g/min) 80 120 160 200 240

Experiments were performed according to the run order as shown in Table 3.
Table 3 also represents the output response values w.r.t. the run order. Kerf width
wasmeasured by profile projector which is available in our laboratory and Kerf angle
was measured by the Eq. 1

θ = tan(−1)(
Wt −Wb

2t
) (1)

whereW t is the top kerf width,Wb is the bottom kerf width and “t” is the thickness
of the work piece. The machined surface produced by AWJM is shown in Fig. 3.

3 Results and Discussions

In AWJM the material is removed by the stream of abrasive which is coming from
abrasive jet nozzle. In mixing chamber, the momentum of water jet is transferred
to the abrasive which leads to an increase in the velocity of abrasive particles. So
finally, high stream of abrasive particles mixed with water strike on the workpiece
and material removal occurs.
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Fig. 3 Machined surface
produced by AWJM

Table 3 Run order to perform the experiments and kerf characteristics value

Run order WP AFR NTS Kerf Width (mm) Kerf angle

(MPa) (g/min) (mm/min) Top Bottom (Degree)

1 150 160 200 40.42897 40.6188 0.679

2 200 160 200 40.42302 40.6176 0.696

3 250 160 200 40.41707 40.6164 0.713

4 300 160 200 40.41112 40.6152 0.73

5 350 160 200 40.40517 40.614 0.747

6 250 80 200 40.41971 40.63 0.752

7 250 120 200 40.41839 40.6232 0.733

8 250 160 200 40.41707 40.6164 0.713

9 250 200 200 40.41575 40.6096 0.694

10 250 240 200 40.41443 40.6028 0.674

11 250 160 100 40.57707 40.7431 0.594

12 250 160 150 40.49707 40.67975 0.654

13 250 160 200 40.41707 40.6164 0.713

14 250 160 250 40.33707 40.55305 0.773

15 250 160 300 40.25707 40.4897 0.832

3.1 Effect of Process Parameters on Top Kerf Width

Effect of water pressure on top kerf is shown in Fig. 4. Also, Fig. 4 shows that with
increase in the water pressure top kerf width reduced significantly. It is because of the
higher water pressure, the jet kinetic energy increases which resulted in a decrease
in the top kerf width [18–20]. Figures 5 and 6 also show that kerf width is decreased
with increase in the nozzle transverse speed and abrasive flow rate. The negative
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Fig. 4 Effect of WP on top
kerf width

Fig. 5 Effect of NTS on top
kerf width

Fig. 6 Effect of AFR on top
kerf width
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Fig. 7 Effect of WP on kerf
angle

effect of traverse speed on the kerf width is due to the fact that a faster passing of
abrasive water jet allows fewer particles to strike on the target material and hence
generates a narrower slot [18–20].

3.2 Effect of Process Parameters on Top Kerf Taper Angle

Effect of water pressure on kerf taper angle is shown in Fig. 7. With increase in the
water pressure kerf angle is increased significantly. It may be due to the fact that the
outer rim of the diverged jet still has sufficient energy to cut material which may lead
to larger kerf angles obtained at higher water pressure [18–20].

It was found that with decrease in the nozzle transverse speed, kerf taper angle is
reduced as shown in Fig. 8 which is favorable in AWJM. It may be due to the fact
that at lower nozzle transverse speed the widening of jet decreases as a result lower
kerf is produced at low speed. The effect of abrasive flow on the kerf angle is shown
in Fig. 9. It has been found that with increase in the abrasive flow rate kerf taper
angle is decreased significantly.

4 Conclusion

The following conclusions have beenmade on the basis of the present research work:

1. Ceramic floor tiles can be easily machined by AWJM.
2. Top kerfwidth can be reducedwith increase in the speed of the nozzle jet, abrasive

flow rate, and water pressure.
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Fig. 8 Effect of NTS on kerf
angle

Fig. 9 Effect of AFR on
kerf angle

3. Kerf angle reduces with the decrease in the nozzle transverse speed, water
pressure, and increase in the abrasive flow rate.

4. Out of all the selected parameters, only water pressure and nozzle transverse
speed significantly affect the surface roughness in AWJ machining of Makrana
white marble.
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Effects of Process Parameters on Surface
Roughness, Dimensional Accuracy
and Printing Time in 3D Printing

Rajat Jain, Shivansh Nauriyal, Vishal Gupta, and Kanwaljit Singh Khas

Abstract In this study, the interaction of different process parameters on printing
time, surface roughness and dimensional accuracy of a 3D printed object are inves-
tigated. The impact of different parameters on the performance of the 3D printer is
also investigated and their optimal values have been identified. From the study, it
was found that layer height, infilled density and printing speed are major influential
factors affecting the surface roughness, printing time and dimensional accuracy of
the 3D printed piece.

Keywords 3D printer · Infill density · Printing speed · Layer height · Printing
time · Surface roughness

1 Introduction

Rapid Prototyping is an additive manufacturing technology which was commercial-
ized during the early 1980s. This technology is used to build a physical part directly
from a 3D CAD (Computer-Aided Design) file. The parts are built by using the layer
by layer manufacturing technology [1–3]. Application of Rapid Prototyping tech-
nology has greatly reduced product development costs. Designers use Rapid Proto-
typing technique to determine product characteristics like shape, manufacturability
and surface finish.

In order to manufacture the precise parts, it is necessary to have a good surface
finish. A good surface finish on the part helps in eliminating the post-processing costs
[4]. There are many commercial Rapid Prototyping systems available in the market
such as Stereolithography (SLA), Selective Laser Sintering (SLS), LaminatedObject
Manufacturing (LOM), Fused Deposition Modelling (FDM), Solid Ground Curing
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(SGC) and Three-Dimensional Printing (3DP), etc. Out of these, FDM accounts for
almost half of the Rapid Prototyping systems built in the market [5].

FDM is a plastic extrusion process in which the plastic filament is heated to its
melting point and it is deposited in the form of very thin layers onto a platform via
a heated nozzle. FDM process is simple, which makes it suitable for being chosen
by users. It has many advantages such as low equipment cost, inexpensive tooling,
a wide range of material availability, acceptable dimensional accuracy. However,
it has also got several disadvantages such as low mechanical strength, difficulty
in obtaining thin walls and poor surface finish. A significant amount of research is
required on surface finish and process optimization which improves the performance
of manufactured parts [6].

In the FDM process, there are many factors which influence the surface finish.
These consists of material properties (melting temperature of the material, viscosity,
density, type of material used, mechanical properties), chamber properties (pressure
and temperature inside the chamber, vibrations, position of platform, position of
extruder, system coordinates, heat evacuation), extruder properties (speed of printing,
diameter of nozzle) and deposition characteristics (building direction, wall thickness,
layer height, orientation, external geometry) [7].

Due to the high number of parameters available, factors which were more conve-
nient and economical were chosen. Earlier research was made that layer height and
part orientation were the most significant factors that affect the surface quality of the
parts [6].

In this experiment, our main emphasis is laid on parameters like extrusion temper-
ature, the diameter of the nozzle, infill density, speed of printing and melting
temperature which affects the surface finish of the parts build through the FDM
process.

In the FDM process, generally, nozzle diameters of size 0.25, 0.4, 0.6 and 0.8 mm
are available as standards. In the FDM 3D printers, the material is in the form of
wire spools which is available in different diameters (0.75–3 mm). Generally, the
nozzle temperature which is used in melting the material ranges from 210 to 260
°C. Further, the layers are laid down according to different infill patterns, as per the
CAD design and the dimensions of the part (Fig. 1).

The basic steps in the fused deposition modelling process are given below.

2 Literature Review

Pérez et al. [6] used ANOVA (Analysis of Variance) and Graphical methods to deter-
mine the critical parameters that influence surface roughness in the FDM process. In
the above research, PLA samples were used and critical parameters were determined
and validated using DOE and ANOVA techniques. From the above research, it was
also pointed out that parameters like printing speed, printing path and oven temper-
ature do not have a higher effect on the surface roughness. The conclusion made



Effects of Process Parameters on Surface Roughness … 189

through this research is that layer thickness is the most important factor influencing
the surface roughness.

Hasan et al. [8] have found that the poor quality of surface finish in the FDM
process depends upon various parametric factors such as layer ovality, improper Z-
resolution (layer height), layer filling. Optimized parameters were obtained using
the Design of Experiment (DOE) approach. Shrinkage was also determined as the
major factor in determining the surface finish as there was a temperature difference
of about 217 °C between the bed and molten material while using the PLA material.

Jayanth et al. [9] have found that layer height was the most impactful parameter
which causes a poor surface finish on the 3D printed part. The part whichwasmade of
the ABS material was immersed in a solution of Acetone (99%) and Dichloroethane
(98%). The solutions improve the surface finish by dissolving the asperities and
reducing their height hence improving the surface finish.

Huang et al. [10] studied different parameters like layer thickness, processing
quality, filling mode and processing. Optimal factors which influence the surface
roughness were proposed using the Taguchi’s design of experiments techniques. The
factors which influence the side roughness and the top roughness were obtained
during this research. Chari et al. [11] used the L9 orthogonal array to carry out the
experiments.

Nancharaiah et al. [12] investigated the other affecting parameters like raster angle,
road width and air gap on road width on surface roughness and dimensional accuracy
of the 3D printed piece. He used the ANOVA and DOE technique to determine
the factors and their interactions with one another. Through his experimentation, he
concluded that layer height and road width have a higher effect on surface roughness,
while the air gap has a larger effect on dimensional accuracy in comparison to the
surface finish.

Alafaghani et al. [13] have printed a total of 18 samples in order to determine the
effect of individual process parameter on the quality of the printed piece. It was found
that the dimensional accuracy has a higher dependence on the direction, extrusion
temperature and layer height rather than the infill pattern, printing speed and infill
percentage. In order to improve the dimensional accuracy of the critical parts, the
dimension should be parallel to the layer orientation instead of the direction.

3 Material and Methods

The material used in this FDM process is PLA (Polylactic acid). It is insoluble in
water and is biodegradable. It is also a bioactive thermoplastic. The properties of the
material are shown in Table 1 [14].

For the preparation of 3D CAD model, a well-known software SolidWorks 2013
is used and also for converting the 3D CAD into STL format. Cura 2.6.2 which is
inbuilt software of “Ultimaker” 3D Printer is used for slicing the STL file into the G
code file.
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Table 1 Properties of the
material

Property Value

Technical name Polylactic acid (PLA)

Chemical formula (C3H4O2)n

Melt temperature 158–170 °C

Typical injection moulding temperature 178–240 °C

Heat deflection temperature (HDT) 49–52 °C

Tensile strength 60–65 MPa

Flexural strength 49–111 MPa

Specific gravity 1.3

Shrink rate 0.36–0.40%

The STL file is stored in a card reader. It is inserted in the reader slot of the
3D printer. The printer has been specified with layer resolution upto 20 µ (0.001
inch) and the maximum operating temperature at the nozzle is 280 °C. The printer
is backed up by an open filament system capable of printing with any material of
2.85 mm thickness.

The three input parameters studied are:

• InfillDensity: percentage of the object’s interior volume that is filledwithmaterial.
• Layer Height: the thickness of each layer constituting the object.
• Printing Speed: The speed at which printing happens.

In order to determine the best parameters for the specimen, we printed a cube of
20 mm3 × 20 mm3 × 20 mm3 for different infill densities, layer height and printing
speed with the help of “Cura” software. The input parameters used in this work and
their levels are shown in Table 2.

Due to this vast range in parameters, our experiment had been long and time-
consuming. Due to an increase in the experimental trials, the experiment was not
even cost-effective. So to overcome this problem we have used a statistical software
named as “Minitab 18” which basically provides us with a matrix of our parameters.

Thematrix has been created by assuming the three values of parameters in between
our range and it has been created using Taguchi design of experiments (DOE).

Since there are three process parameters each with three levels in this printing,
if a full factor experimental design had been used, there would be a total of 81 runs
and it would have been too expensive [6].

Table 2 Parameters ranges Parameter Level 1 Level 2 Level 3

Layer height (mm) 0.06 0.1 0.2

Infilled density (%) 20 50 100

Printing speed (mm/s) 50 100 150
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Table 3 L9 orthogonal
arrays for the three process
parameters used in this
experiment

Run order Layer height
(mm)

Infilled density
(%)

Printing speed
(mm/s)

1 0.06 20 50

2 0.06 50 100

3 0.06 100 150

4 0.1 20 100

5 0.1 50 150

6 0.1 100 50

7 0.2 20 150

8 0.2 50 50

9 0.2 100 100

To overcome this problem, one of the strategies is Taguchi’s orthogonal scheme
[15]. An L9 orthogonal was selected for the experimentation as shown in Table 3.
The data summary for the output responses is given in Table 4. Parts fabricated by
the 3D printers are shown in Fig. 2.

After getting the adequate parameter values the following properties were
optimized one by one.

(a) Printing Time—Itwas determined by the help ofUltimaker Cura software. After
designing the 3Dmodel when the STL file was imported, the software sliced the
design and provided the actual time taken by the Ultimaker to print that model.

(b) Surface Roughness—The study of surface roughness (Ra) is measured by
Mitutoyo SJ-301 roughness tester having least count 0.01 µm is used.

(c) Dimensional Accuracy—The dimension of our model was determined by the
help of Mitutoyo PJ-A3000 Profile Projector.

Table 4 Data summary for
output parameters

Run order Printing time (min) Surface roughness Ra (µm)

Top Side

1 101 1.31 3.695

2 71 1.67 5.28

3 141 1.84 5.545

4 36 1.93 6.9

5 35 3.78 6.765

6 172 7.55 14.94

7 16 5.4 13.635

8 38 2.42 13.255

9 52 1.93 13.1
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Fig. 1 Basic steps in the FDM process [7]

4 Results and Discussions

After conducting the experiments with different settings of input parameters i.e. layer
height, infilled density and printing speed, the values of output parameter i.e. printing
time, surface roughness and dimensional accuracy were recorded and plotted as per
Taguchi design of experiments methodology.

4.1 Effect of Layer Height and Infilled Density on Surface
Roughness

Figure 3 shows that with the increase in the infilled density, the surface roughness is
also increased. For 0.06 and 0.10 mm layer height, the surface roughness increases,
but for 0.20 mm layer height the surface roughness decreases as there is an increase
in layer height and according to the requirement, there is a need for minimum surface
roughness and smooth surfaces.
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Fig. 2 Specimen samples after fabrication

4.2 Effect of Layer Height and Printing Speed on Surface
Roughness

Figure 4 shows the effect of twoparameters, printing speed and layer height on surface
roughness. It has been found that for 0.06 mm of layer height, surface roughness
increases with an increase in printing speed. Further, for the layer height i.e. 0.1 and
0.2 mm, the surface roughness is optimized.

Figure 4 also shows that the comparison plot, the pattern of the graph is not
uniform. If we compare both the plots, then the average printing speed i.e.100 mm/s
would be the best option in both the cases.
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Fig. 3 Effect of layer height and infilled density on surface roughness

Fig. 4 Effect of layer height and printing speed on surface roughness
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Fig. 5 Effect of layer height and infilled density on error in percentage

4.3 Effect of Layer Height and Infilled Density
on Dimensional Error (in Percentage)

Figure 5 represents the effect of two parameters, layer height and infilled density on
dimensional error (in percentage). For 0.10 and0.20mmlayer height, the graph shows
a clear view that with the increase of infilled density the percentage of dimensional
error also increases and in the case of 0.06 mm layer height, there is also an increase
in the error percentage at some extent but after that, on increasing the layer height
there will be a decrease in dimensional error.

4.4 Effect of Layer Height and Printing Speed
on Dimensional Error (in Percentage)

Figure 6 shows the effect of two parameters, layer height and printing speed on
dimensional error (in percentage). It has been found that there is a lot of variation
for the 0.06 mm layer height, the dimensional error increases with an increase in
printing speed. For the 0.10 mm layer height, the dimensional error decreases with
an increase in speed but if speed is increased thereafter to some extent, it then starts to
increase. For 0.20 mm layer height, the dimensional error increases with an increase
in speed but after increasing the speed to some extent, the dimensional error starts
to decrease. The need is to get less the printing time and the surface roughness and
dimensional error should be minimum [16].
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Fig. 6 Effect of layer height and printing speed on error in percentage

Table 5 Optimized value of the parameters

Parameter Value Parameter Value Parameter Value

Layer Height 0.06 mm Infilled Density 50% Printing Speed 50 mm/s

4.5 Optimization for Surface Roughness and Accuracy

The optimized parameters of the 3D printer were determined by the help of graph
and data analysis which is generated by the experimental investigation. For this
Minitab 17 was used. The optimized values of the input process variables are given in
Table 5.

5 Conclusion

The major objective of this work is to investigate the printing performance of the
Ultimaker 3D printer. All the experiment trials and planning were executed using the
Taguchi design of experiments (DOE) technique [17]. In total, 9 runswere undertaken
in this experimental investigation. The following conclusions are drawn on the basis
of the performance of machining characteristics studied in the present work namely,
printing time, surface roughness and dimensional accuracy.

When the speed is increased up to the limit of 75mm/s and layer height and infilled
density remains unchanged, and it is directly proportional to the surface roughness
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of the model. Moreover, the rapid increment in the error progressed on increasing
the layer height from 0.10 to 0.20 mm.
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Optimization of Process Parameters
on MRR During Face Milling of Rolled
Steel (AISI1040) Using Taguchi Method

Kulwinder Singh, Anoop Kumar Singh, and K. D. Chattopadhyay

Abstract Mass production at low cost in industry can be obtained by reducing
the manufacturing time. In this study, a systematic approach based on Taguchi’s
philosophy is proposed to optimize themetal removal rate (MRR) during facemilling
of rolled steel (AISI1040). Experiments are performed on vertical milling center
(HURCO-VM10) using facemilling cutter of 80mm diameter. Cutting velocity, feed
per teeth, and depth of cut are considered as quantitative parameters.Whereas rolling
direction, cutter offset, and soaking time are considered as qualitative parameters
under cutting strategy. Experiments are conducted on the basis of Taguchi’s L27

orthogonal array and MRR is calculated. Signal to noise (S/N) ratio is calculated to
evaluate the optimum levels of process parameters. Analysis of variance (ANOVA)
is conducted to identify the significant parameters, optimum settings, and percent
contribution of each process parameter. The outcomes of ANOVA reveal that feed per
teeth and cutting velocity are the main process parameters contributing to MRR. A
confirmation test is performed to compare the predicted and experimental results of
MRR. Results show that there is a significant improvement in the MRR by adopting
the proposed optimization technique.

Keywords Taguchi · Analysis of variance (ANOVA) · Signal to noise ratio (s/n
ratio) · MRR · Face milling

1 Introduction

In this modern era, customer demands high quality and low cost product along
with good service. So, it is a big challenge in manufacturing sector to fulfill all the
requirements of customer. Among all the factors, cost plays a vital role in sale and
purchase of the component. Direct and indirect costs are the two main segments
of total manufacturing cost. Under direct cost, manufacturing time contributes a lot
because of direct involvement of machines and man power. Thus, to reduce the cost
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of product, high production rate without disturbing other performance characteristics
is targeted in the industry.

Further, under various manufacturing processes, machining process has its own
significance to generate finished product with tight tolerance. Machining is a metal
removal process, used to shape the final product. Cutting tool is used to remove the
material in the forms of chips. During cutting, rotary and linear motions are given
to cutting tool and workpiece, respectively depending upon machining operation.
In vertical milling machine, rotary cutting tool fixed on vertical spindle fed against
the workpiece to remove the material. Parts of different size and shapes can be
manufactured on milling machine. Many operations can be performed on milling
machine such as face milling, end milling, slot milling, drilling and boring, etc.
[1]. Face milling operation is commonly used operation in various industrial sectors
such as automobile, aerospace, press tools, and shipbuilding, etc. To obtain high
production rate in face milling, rate of material removal should be high. The amount
of material removed by cutter per unit time is known asmaterial removal rate (MRR).
High MRR depends upon the selection of proper input parameters along with their
settings levels. On the basis of experience, it is a difficult task to set the machine at
optimum settings without disturbing other quality characteristics.

Currently, many types of optimization techniques (mathematical or statistical) are
used to optimize the process parameters. In this study, Taguchi method is used to
optimize the MRR during face milling. As per Taguchi philosophy, it is a loss if
outcomes are deviating from the target. Loss is measured in terms of signal to noise
ratio (S/N Ratio) [2–4]. Taguchi method is used worldwide for the optimization of
process parameters. First of all, input parameters along with their levels are selected
on the basis of experience and literature review. On the basis of the number of
parameters and their levels, orthogonal array is selected in design of experiments
(DOE). Taguchi proposed a partial factorial design technique to reduce the number
of experiments. Also, repetition of experiments is recommended (minimum three
times) to minimize the variability in outcomes. On the basis of outcome values,
mean of each level for a particular parameter is calculated. Further optimum level
of each parameter is selected as an optimum setting. Taguchi focuses on variation in
results. Thus, analysis of variance (ANOVA) is performed on data values. ANOVA
gives the information of significant parameters alongwith its contribution to variation
[5–9].

2 Experimental Method

2.1 Experimental Setup

In this study, rolled steel (AISI1040) is chosen as work material because of its vast
applications in the manufacturing industry. It is a medium carbon steel with the
chemical composition shown in Table 1. Specimens of size 48 × 48 × 12 mm are
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Table 1 Chemical composition

Material Chemical Composition (wt. %)

C Mn Si S P

AISI 1040 0.42 0.9 0.31 0.05 0.05

Fig. 1 Experimental setup

prepared as per L27 orthogonal array. Face milling operation is performed on vertical
milling machine (HURCO-VM10) with the help of carbide insert shown in Fig. 1.
The cutter of diameter 80 mm with equally spaced seven numbers of cutting inserts
is used for face milling. Initial and final weight of specimen is required to calculate
the MRR along with machining time. Weight is measured on digital weighing scale
shown in Fig. 2.

2.2 Selection of Process Parameters

Process parameters are selected on the basis of literature review and machining
conditions. Machining parameters such as cutting velocity, feed per teeth, and depth
of cut are the main input parameters in metal removal process.

Apart frommachining parameters other three parameters (rolling direction, cutter
offset, and soaking time in recovery) are also selected as process parameters. These
parameters have a significant role on various quality characteristics such as MRR,
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Fig. 2 Weight measurement

surface finish, and burr growth, etc. [10]. Rolled steel behaves like anisotropic mate-
rial. Strength of rolled sheets varied with respect to rolling direction (along and
across). Moreover, stresses generate in the material due to rolling process. Thus,
to relieve the stresses, recovery process (low temperature annealing) at 170 °C is
performed before machining by varying the soaking time. Soaking time depends
upon the thickness of workpiece. Generally, one hour per inch of thickness is taken
into consideration [11]. Range of soaking time is fixed based on the literature review.
Further effect of cutter path on the machinability is also studied. Cutter offset, i.e.,
distance of cutter axis w.r.t. left edge of workpiece is varied [12]. Detail of process
parameters along with levels values is shown in Table 2.

3 Experimental Results and Discussion

3.1 Evaluation of S/N Ratio

Experimentation is performed as per L27 orthogonal array shown in Table 3. Each
experiment is replicated three times. After machining, final weight of each specimen
is measured and MRR is calculated using Eq. (1).
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Table 2 Detail of face milling process parameters

Symbol Process parameter Unit Level 1 Level 2 Level 3

A Cutting velocity m/min 100 150 200

B Feed per teeth mm/teeth 0.05 0.1 0.15

C Depth of cuta mm 0.4 0.8 1.2

D Rolling direction degree 0 45 90

E Cutter offset mm 12 24 36

F Recovery-soaking time min 30 45 60

aDepth of cut is completed in multi-passes with each cut of 0.2 mm

MRR = (Initial weight−Final weight)
/
Machining Time (1)

Response is measured in the form of S/N Ratio because average value of response
does not measure the variability. Taguchi method focuses on the variability to control
the process. It considered the variability (dispersion in data) as quality loss and
proposed the S/N Ratio tomeasure it. Taguchi says that if the output value is deviating
from target, it will be considered a quality loss (QL). So variability is measured as
mean square deviation of the MRR (higher the better quality characteristic) values
in terms of QL using Eq. (2), further converted into S/N Ratio using Eq. (3). Results
of Average MRR and S/N Ratio are shown in Table 3.

QL = 1

n

n∑

k=1

1/y2 (2)

S/NRatio = −10 ∗ log(QL) (3)

where y represents the MRR value of kth replication and n represents the number of
replications.

3.2 Determination of Optimal Level

Mean value of S/N Ratio for each level of distinct process parameter is calculated to
study the effect of process parameters on MRR. Higher S/N Ratio among different
level of each parameter is considered the optimum level. Results for optimum level
are presented in Table 4. Effects of parameters on MRR are also shown in Fig. 3.
Levels of process parameters for optimum MRR are cutting velocity at level 3, feed
per teeth at level 3, depth of cut at level 2, rolling direction at level 1, cutter offset at
level 1, and soaking time at level 1. In Table 4, range denotes the difference between
maximum and minimum mean value for levels of a particular parameter. It exposes
the contribution of parameter. Further, on the basis of range value, rank is designated
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Table 3 L27 orthogonal array with results

Experiment
no.

Process parameters Response

A B C D E F Avg.
MRR
(gm/min.)

S/N
ratio
(dB)

1 1 1 1 1 1 1 3.76 11.49

2 1 1 1 2 2 2 2.97 9.46

3 1 1 1 3 3 3 3.06 9.71

4 1 2 2 1 2 3 7.81 17.85

5 1 2 2 2 3 1 7.07 16.99

6 1 2 2 3 1 2 6.94 16.82

7 1 3 3 1 3 2 10.49 20.42

8 1 3 3 2 1 3 11.54 21.24

9 1 3 3 3 2 1 11.17 20.96

10 2 1 3 3 3 2 5.52 14.84

11 2 1 3 1 1 3 5.66 15.04

12 2 1 3 2 2 1 5.73 15.16

13 2 2 1 3 1 1 11.52 21.22

14 2 2 1 1 2 2 10.24 20.20

15 2 2 1 2 3 3 9.52 19.57

16 2 3 2 3 2 3 17.04 24.63

17 2 3 2 1 3 1 16.69 24.45

18 2 3 2 2 1 2 17.19 24.70

19 3 1 2 2 2 3 9.19 19.26

20 3 1 2 3 3 1 10.23 20.19

21 3 1 2 1 1 2 9.23 19.30

22 3 2 3 2 3 2 13.14 22.37

23 3 2 3 3 1 3 15.27 23.68

24 3 2 3 1 2 1 15.07 23.56

25 3 3 1 2 1 1 21.58 26.67

26 3 3 1 3 2 2 22.04 26.86

27 3 3 1 1 3 3 22.11 26.89

to each parameter. So feed per teeth with range of 9.15 is designated with first rank
followed by cutting velocity, depth of cut, soaking time, cutter offset, and rolling
direction with range of 7.10, 1.35, 0.63, 0.53, and 0.42, respectively. The optimum
parameter/level combination is identified as A3B3C2D1E1F1. During optimization
of process parameters it is observed that to achieve maximization of MRR, higher
feed rate (level 3) and higher cutting velocity (level 3) should be applied.
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Table 4 Effects of process parameters on MRR

Main effects of process parameters on MRR

Levels A B C D E F

1 16.10 14.94 19.12 19.91 20.02 20.08

2 19.98 20.25 20.47 19.49 19.77 19.44

3 23.20 24.09 19.70 19.88 19.49 19.76

Range 7.10 9.15 1.35 0.42 0.53 0.63

Rank 2 1 3 6 5 4

Optimum level A3 B3 C2 D1 E1 F1
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Main Effect Plot for Material Removal Rate

Fig. 3 Main effect plot for MRR

3.3 Analysis of Variance (ANOVA)

ANOVA is a statistical technique to identify the significant factor and their contribu-
tion on the basis of variation. Sum of squared deviation of individual parameter (SSP)
and total sum of squared deviation (SST ) is evaluated on the basis of S/N ratio listed
in Table 3. Then, SST, F-ratio, and contribution percentage (ρ) of each parameter on
its output are calculated according to Eqs. 4, 5, and 6, respectively.

SST =
n∑

i=1

(ni − nn)
2 (4)
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where n represents the number of experiments in L27 matrix, ni denotes mean value
of response for ith experiment, nn is the total mean of S/N ratio.

F-ratio = (MSS)P

(MSS)e
(5)

where (MSS)P and (MSS)e denotes the mean sum of square of individual parameter
and error respectively.

ρ = SSP

SST
(6)

SSP represents the sum of square (variance) of individual factor whereas SST is
the total sum of square.

Significance level of an individual parameter is determined on the basis of critical
value ofF-test at 5%significance level.Critical value of F0.05,2,14 (before pooling) and
F0.05,2,20 (after pooling) is listed as 3.74 and 3.49, respectively in F-test table. Table 5
represents the ANOVA results along with contribution percentage of each parameter.
All the non-significant parameters are pooled in error to increase the effectiveness of
ANOVA. After pooling again new F-ratio, sum of square, and percent contribution
are calculated. Results reveal that among significant parameters, feed per teeth is
contributing highest with 60.53%, cutting velocity with 36.11% and depth of cut
with 1.14%. Error has negligible contribution of 2.2% thus interaction effects of
process parameters are neglected.

Table 5 Results of ANOVA

Results of ANOVA after pooling

Parameter Degree of
freedom

Sum of
square

Mean
sum of
square

F ratio
(old)

F′ ratio
(new)

New sum
of square

Percent
contribution

A 2 227.25 113.62 239.08 212.64 226.18 36.11

B 2 380.26 190.13 400.06 355.81 379.20 60.53

C 2 8.22 4.11 8.65 7.69 7.15 1.14

D 0 0.00 0.00 Pooled Pooled Pooled Pooled

E 0 0.00 0.00 Pooled Pooled Pooled Pooled

F 0 0.00 0.00 Pooled Pooled Pooled Pooled

Error 20 10.69 0.53 13.89 2.22

Total 26 626.42 24.09 626.42 100.00
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Table 6 Confirmation test results

Initial process
parameters

Optimal process parameters

Predicted Experimented

Level A1B1C1D1E1F1 A3B3C2D1E1F1 A3B3C2D1E1F1

Average MRR (gm/min.) 3.76 25.81 22.16

S/N ratio (dB) 11.49 28.23 26.89

Improvement in MRR (S/N ratio) = 15.40 dB

3.4 Confirmation Test

Finally, in parametric design of Taguchi, confirmation test is performed on the basis
of optimal settings to validate the predicted model, shown in Eq. (7).

�opt = �m +
n∑

k=1

(
�mi − �m

)
(7)

where, �opt is the predicted optimum MRR, �m is the overall mean of MRR,�mi

is the mean of optimum level and n is the number of process parameter. Results
of confirmation test are shown in Table 6. MRR is improved by 15.40 dB when
the optimum process parameters (A3B3C2D1E1F1) are used instead of initial process
parameters (A1B1C1D1E1F1). Thus confirmation test validates the success of Taguchi
method in optimization of MRR.

4 Conclusion

This study presents a systematic methodology proposed by Taguchi, to optimize
the face milling operation for metal removal rate (MRR). The results of ANOVA
indicate that cutting velocity, feed per teeth, and depth of cut are significant param-
eters. Among all process parameters, cutting velocity and feed per teeth are found
to be the main contributors in variation (36% and 60% respectively). Total depth of
cut is completed with multi-passes of 0.2 mm, therefore showing negligible effect.
Confirmation test based on optimal settings reveals the improvement of 15.40 dB as
compared to initial settings. Thus, MRR of 22.16 gm/min. can be attained by setting
the cutting velocity and feed per teeth at 200m/min. and 0.15mm/teeth, respectively.
Improvement in MRR indicates that optimization of any process can be done easily
by adopting Taguchi method.
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A New Permanent Magnet Type
Magnetorheological Finishing Tool
for External Cylindrical Surfaces Having
Different Outer Diameter

Ajay Singh Rana , Talwinder Singh Bedi , and Vishwas Grover

Abstract An improved magnetorheological finishing process has been developed
with three permanent magnets for nano finishing the external surface of cylindrical
workpieces. The cylindrical permanentmagnets used in the developed tool are placed
at an angle of 90° from each other. The three cylindrical permanent magnets are posi-
tioned in such a way that all three maintain an equal working gap with the surface
of cylindrical workpiece. Finite Element (FE) analysis of the entire setup has also
been performed in the Maxwell Ansoft V13 software to observe the dispersal of
magnetic field density in the working gap. In the current study, the preliminary exper-
imentations have been carried out to evaluate the finishing capability of the present
developed tool. Experiments have been conducted over the external cylindrical work-
piece made of copper which can be used as an electron discharge machining (EDM)
electrode. After the experimentations of 45 min over the entire cylindrical work-
piece made of copper, the average surface roughness Ra gets reduced from 224 to
67 nm with negligible surface defects which confirm the finishing performance of
the developed finishing tool.

Keywords Magnetorheological finishing · Roughness · Peaks · External
diameters · Variable · Surface
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1 Introduction

In today’s world, industrial components require very precise surface finishing [1,
2]. To attain this specified finished surface, various traditional as well as advanced
finishing processes have been developed in the last decade. Conventional finishing
processes like grinding, honing, lapping, and ball burnishing, etc., have been devel-
oped to acquire surface finishing over various internal or external surfaces. But
the traditional finishing processes have limitations that they do not have control
over finishing forces [3]. Due to the uncontrollable finishing forces, various prob-
lems like surface or subsurface defects, heat generation, etc., persist through these
processes [4–6]. To overcome these limitations and acquire good control over the
finishing forces, various advanced finishing processes have been flourished in the
last two decades [7]. These advanced finishing processes make use of magnetic
field for finishing operation. In the presence of magnetic field, abrasives perform the
finishing operation in these processes. By regulating the magnitude of magnetic field
in these advanced finishing processes, finishing forces acting by the abrasives over
the workpiece surface can easily be controlled. A lot of researchers had developed
magnetorheological (MR)-based finishing processes for various applications [8–13].
These advanced finishing processes make use of smart fluid, i.e., magnetorheolog-
ical (MR) polishing fluid to enhance for finishing the surfaces. Under the action of
magnetic field, carbonyl iron particles [CIPs] forms the chain like pattern, grip the
abrasives, and perform the finishing [14]. By regulating the magnitude of magnetic
field, strengthening of the formed CIPs chains can be controlled and in this way,
finishing forces can be controlled [13].

As the present scenario, there is a lackofMRfinishing tool for finishingof different
external diameter of cylindrical workpieces. For example, if the size of cylindrical
workpiece varies from 30 to 50 mm or even more there is no permanent magnet
tool available based upon MR polishing fluid for finishing such variable diameter
surfaces. Thus to counteract these circumstances, an improved finishing tool has been
made for finishing external cylindrical surfaces of different outer diameter.

2 Finite Element Magnetostatic Simulation

In order to clearly visualize the distribution of magnetic field between the working
gap, finite element-based simulation has been done using Maxwell Ansoft V13
software as shown in Fig. 1.

In this simulation, relative permeability of permanent magnet of 1.009, copper
workpiece of 0.999991, and MR polishing fluid of 5 were taken. The distribution of
magnetic field density in the present developed setup, obtained through finite element
(FE) analysis usingMaxwell Ansoft V13 software as shown in Fig. 1. The simulation
results determined that the magnitude of magnetic flux density was higher over the
permanent magnet surface than on the cylindrical surface of copper workpiece. This
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Working gap

Permanent magnets 1 & 2

Copper workpiece

Permanent magnet 3

MR fluid containing CIPs and
abrasives

Fig. 1 Distribution of magnetic flux density in the present developed setup

means that MR fluid gets stuck properly on the surface of permanent magnet. Due
to non-ferromagnetic nature of workpiece material, the CIPs of MR polishing fluid
does not stick on it. This is a prerequisite condition for finishing of ferromagnetic
external surfaces. In this tool design, the combined effect of three permanent magnets
would be helpful for achieving a better and uniform surface quality on the workpiece
surface.

3 Mechanism of Material Removal

One of the most important task in attaining high-quality surface finishing is to
understand the process of removal of nanomaterial during polishing. The material
gets removed due to mechanical abrasion phenomenon. The schematic of material
removal from initial surface to final finished surface during finishing with the current
developed tool is shown in Fig. 2.

Initially, the external cylindrical surface of workpiece was not having a high-
quality surface finish. This is due to the uncontrollable finishing forces acted by the
rigid abrasive stone as a result the surface roughness is not uniform. This nonuni-
formity in surface roughness was due to the formation of surface defects such as
roughness profiles, cavities, etc.

The MR polishing fluid under magnetic field effect forms a semisolid type struc-
ture. It consists of nonmagnetic abrasive particles held tightly by the CIPs chains
structure as shown in Fig. 2. When these abrasive particles continuously move over
the workpiece and finally convert the major roughness peaks into a high-quality
surface finishing is obtained as shown by different finishing stages in Fig. 2.



212 A. S. Rana et al.

Fig. 2 Different stages of
material removal mechanism
during finishing of
cylindrical copper workpiece

Permanent magnet

Cylindrical workpiece
(a)

(b)

(c)

CIPs chain

Major roughness peaks

Abrasive particle

Minor roughness peaks

High quality surface finish

Workpiece rotation 

4 Schematic of Novel Tool Design Along with Its Mountings

This novel tool design has the advantage to be flexible according to the size of the
cylindricalworkpiece. In this design, the tool is capable tofinish theworkpiece having
outer diameter ranging from 30 to 50 mm. The three permanent magnets (made of
NdFe35) are placed at an angle of 90° to each other as shown in Fig. 3. The three
permanent magnets of diameter as 25 mmwere individually mounted on the separate
cylindrical bush made of brass. The cylindrical bush was further attached to shaft by
means of a rectangular bracket. With the help of rotating wheel, the magnets can be
easily adjusted by means of metric threads. The workpiece was fixed in the rotating
chuck of a lathe machine. The rectangular bracket along the assembled magnets was
fixed on the tool post portion of lathe machine. The linear movement of magnets was
provided through lathe machine, whereas the workpiece was rotated by the rotation
of chuck of lathe machine.
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magnets

Cylindrical 
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CIPs 
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magnet 

Rotating wheel
Cylindrical 
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Fig. 3 Schematic of novel tool design along with its mountings

5 Preliminary Experimentation

To check the feasibility of the developed tool, it is important to prove it practically.
Therefore, to observe this aspect, a preliminary experimentation has been performed
with the novel developed tool. The developed tool was mounted on the tool post
of lathe machine. The cylindrical workpiece used in this study was made of copper
which can be used as an electron discharge machining (EDM) electrode for making
a cylindrical cavity in the dies. A high-quality surface is needed on this cylindrical
workpiece for getting a defect free cavity on the diematerial.During experimentation,
the cylindrical workpiece was fixed with the help of rotating chuck of lathe machine.
The actual photograph of an experimental setup during finishing of copper workpiece
is shown in Fig. 4. The experimental conditions like tool linear speed of 50 mm/min
and workpiece rotational speed of 500 rpm were used during finishing. The total
length of workpiece to be finished was 50 mm.

The composition of MR fluid for finishing of copper workpiece was taken as by
volume concentration, i.e., 23% of silicon carbide (SiC) abrasives with mesh size
800, 17% carbonyl iron particles (CIPs) with mesh size 400 and 60% base fluid
(20% grease and 80% paraffin oil). This similar composition of MR polishing fluid
was already taken [15] during finishing of flat copper workpiece. The initial surface
roughness profiles before polishing and finished surface roughness profiles after
polishing were measured by using Surftest SJ-210 (Mitutoyo). During measurement,
the cutoff length as 0.25mmand filter as Gaussianwas taken. The surface structure of
both initial and finished surface was taken by scanning electron microscopy (SEM)
images. The actual photograph of an experimental setup during finishing of copper
cylindrical workpiece is shown in Fig. 4.
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Magnet adjustment screw

Copper
cylindrical 
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Tool bracket
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MR polishing 
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Fig. 4 Actual photograph of an experimental setup during finishing of copper cylindrical workpiece

6 Result and Discussion

After experimentation, the surface roughness value changes from initial surface (Ra

= 224 nm) to final surface (Ra = 67 nm) after 45 min of finishing time with the
current developed tool is shown in Fig. 5.

Correspondingly, the surface roughness profiles and SEM images of initial and
final finished surface are shown in Fig. 6.
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Fig. 5 Change in surface roughness (Ra value) after 45 min of finishing
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Fig. 6 Surface roughness profiles of a initial surface profile and b finished surface profile, SEM
images of c initial and d finished surface after 45 min of finishing time

The copper cylindrical workpiece was initially finished by the traditional finishing
operation such as grinding. The initial surface roughness (Ra) value was 224 nm.
It consists of a major roughness peak on the circumference of copper cylindrical
workpiece as shown in Fig. 2a. During 15 min of finishing operation takes place
with the present developed MR tool, the SiC abrasives eroded the major roughness
peaks and further reduced the surface roughness value, i.e., Ra = 156 nm (it is
represented by the first finishing stage). After finishing, the roughness peaks get
reduced and converted to minor roughness peaks (Fig. 2b).

The cutting of roughness peaks is because of the continuous movement of gripped
SiC particle over the cylindrical surface of copper workpiece bymechanical abrasion
phenomenon. Further the new MR polishing fluid was applied between the working
gap for next 15 min of finishing, i.e., second finishing stage. The average surface
roughness value Ra decreased to 113 nm from 156 nm. The change in Ra value in
second finishing stage was less because the minor roughness peaks have the lesser
shearing tendency as compared tomajor roughness peaks. In the third finishing stage,
i.e., next 15min of finishing,MRpolishingfluidwas again appliedwithin theworking
gap. The average surface roughness value Ra reduced to 67 nm from 113 nm. This
results in a better surface quality as compared to the initial ground surface (Fig. 2c).
After further finishing, the surface roughness remained almost same. Hence, the
surface roughness finishing was shown after 45 min of finishing.
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7 Conclusions

The following conclusions are drawn:

• The present developed tool with three permanent magnets has the advantage to
be flexible for the cylindrical workpieces having outer diameter ranges from 30
to 50 mm.

• From the magnetostatic simulation, it is observed that the MR polishing fluid gets
retained on the surface of magnet rather than on cylindrical surface of workpiece
which is useful for high-quality surface finish.

• Shear force exerted by the abrasives on the surface of workpiece is found mathe-
matically higher than the resisting shear force generated by theworkpiecematerial
which confirms the finishing capability of the developed finishing tool for copper
workpiece.

• The surface roughness changes from initial Ra = 224 nm to final Ra = 67 nm, as
it can clearly visualized in surface roughness profiles and SEM images.

• The present developed tool (flexible type) can also be useful for finishing various
cylindrical surfaces made of aluminum, stainless steel, etc.
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Influence of Nanoparticle Addition
(TiO2) on Microstructural Evolution
and Mechanical Properties of Friction
Stir Welded AA6061-T6 Joints

Tanvir Singh, S. K. Tiwari, and D. K. Shukla

Abstract Attempts were made in the present study to evaluate the effect of titanium
oxide nanoparticles addition on microstructural evolution and mechanical properties
of friction stir welded 6061-T6 aluminum alloy joints. Optical microscopy and scan-
ning electronmicroscopywas utilized to evaluate themicrostructures of the produced
joints (nanocomposites) and to ascertain the distribution of titaniumoxide nano-range
particles in the processed zone. Results reveal that the produced nanocomposites
have a uniform distribution of titanium oxide nanoparticles across the perpendic-
ular x-section of a welded processed zone via Zener-pinning effect occurred due to
the presence of titanium oxide nanoparticles that helps to prevent the coarsening of
grains accompanied by recrystallization throughout the friction stir welding process,
resulted in significant grain size reduction. With the increase in volume percentage
of titanium oxide nanoparticles, a remarkable increase in the microhardness was
noticed. It was also noticed that the ultimate tensile strength and the resistance to
wear of produced nanocomposite can be significantly increased with the addition of
titanium oxide nanoparticles as compared to parent metal joints. The corresponding
mechanical properties’ results were correlated with microstructure and fractography.

Keywords Friction stir welding · Aluminum alloy · Nanocomposites ·
Microstructure ·Mechanical characteristics

1 Introduction

Nowadays, weight reduction and less fuel consumption are the two most impor-
tant demands in the marine, aerospace, and automobile industries. In order to
fulfill such demands, soft and light metals as aluminum-alloys are the most suit-
able [1]. Heat-treatable aluminum-alloys especially 6061-T6 aluminum alloy is most
commonly employed in marine frames, pipelines, aircraft, marine, and construction,
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etc., because of high corrosive resistance, high material specific strength, and ability
of weld [2]. Metal-matrix composites, particularly particulate metal-matrix compos-
ites that are fabricated by reinforcing reinforcement particles, either in fiber form
(glass fiber, carbon fiber, etc.) or in particle form (titanium oxide, silicon carbide,
etc.) into their material-matrix (aluminum, magnesium, copper alloys, etc.) are the
new latest formed materials [1–3]. These metal-matrix composites have exception-
ally higher conductivity to thermal resistance, high ratio of strength to weight, more
corrosive resistance,more stiffness than the base alloywhichmakes them the center of
attraction to many industries such as, automobile, aerospace, marine, nuclear, trans-
portation, and so on [3, 4]. However, uniform distribution of reinforcement particles
in the aluminum substrate and their control is complicated and difficult to achieve via
conventional methods for surface modifications [5, 6]. Previously, thermal spraying
and laser beammethodswere adopted by numerous researchers to produce nanocom-
posites which lead to reducing mechanical characteristics properties via the occur-
rence of unenviable second-phase secondary particles [6, 7]. Because these methods
were operated at very high temperatures, it is very difficult to stop the unwanted
reactions generally (chemical) occurred in-between the reinforcement second-phase
particles and base matrix that forms the detrimental secondary phases [7]. In order to
avoid these limitations, a process is required for the production of nanocomposites
which doesn’t reach their melting point of the basematerial. In correspondence to the
above problems, Friction Stir Welding is the most suitable process for the fabrication
of nanocomposite on aluminum-matrix which is patented and proven via conducting
experiments at The Welding Institute (TWI) in the UK in December 1991 [8, 9].
In this process, due to the application of mechanical force applied by the rotating
tool, the tool is plunged at the interface between the joints. Because of which large
amount of frictional heating was produced between the tool and workpiece, as a
result the material gets soft. Therefore, when the tool moves forward along the joint
line a large amount of plastically deformed material was produced which is recir-
culated and forged from front to the back of the rotating tool and in turn leads to
plastic deformation-results in joining in solid state [9, 10]. In contrast to conventional
techniques used for the fabrication of composites, friction Stir welding provides enor-
mous advantages (a) The joining in solid state via friction Stir welding results in the
absence of melting and chemical reactions occurred between reinforcement particles
and thematrix, (b) the severe plastic deformation during friction Stir welding leads to
vigorous mixing and refinement of microstructural characteristics in the parent alloy,
(c) it leads to proper dispersion of nanoparticles in the aluminum alloy matrix due
to adequate amount of localized heat produced via friction Stir welding tool stirring
action. Attempts were made in the present study to produce titanium oxide nanopar-
ticles based 6061-T6 aluminum alloy nanocomposites on-base aluminum-matrix via
friction Stir welding. The effects of percentage in volume of titanium oxide nanopar-
ticles on microstructure and characteristics (mechanical) of heat-treatable 6061-T6
aluminum-based alloy nanocomposite produced using friction stir welding was also
studied.
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2 Experimental Procedure

Thin sheets of 6061-T6 aluminum alloy of 2.5 mm thickness were employed to
conduct friction Stir welding in this study. The reinforcing particles titanium oxide
nanoparticles were used in different volume %, like 0.2, 0.3, and 0.4. Titanium oxide
nanoparticleswith 99.99%purity and>30 specific surface areawere used in the study.
The average grain size of as-received titanium oxide nanoparticles was 15 nm which
was assessed by using transmission electron micrographs (Fig. 1). The rotational
tool speed of 2000 rpm, tool traveling speed of 70 mm/min, and 0° tilt of tool
were used in friction Stir welding. The Friction Stir welding tool with the cylindrical
shoulder of 15mm diameter and cylindrical pin (with a round bottom, to reduce wear
and increase tool life) of length and diameter 2.30 and 5 mm was utilized. Friction
Stir welding was conducted on the dedicated vertical milling machine. Samples for
microstructural evolutions studywere prepared by employing the standard procedure
of metallography using etchant (Keller’s reagent) and afterward examined using an
optical and scanning electron microscope.

Testing corresponding to microhardness was carried out from the middle of the
weld nugget area of produced nanocomposites (normal to the Friction Stir welding
direction), by taking a distance of 0.5 mm down from the upper portion and applied
the load of 200 g for a 15 s.Mechanical properties’ regarding the produced nanocom-
posites were also calculated. Samples for the tensile test were cut according to
ASTM-E8M-11 and tests were done by utilizing 2 mm/min of cross-head velocity.

Fig. 1 Transmission
electron micrograph of
titanium oxide nanoparticle
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3 Results and Discussion

3.1 Microstructural Characterization

It was observed that the size of the nugget zone is analogous to the Friction Stir
welding cylindrical tool pin diameter and length of 5 mm and 2.30 mm, respectively.
The cross-sectioned nugget zone of fabricated nanocomposites perpendicular to the
Friction Stir welding direction is depicted in Fig. 2. FromFig. 2, it can be seen that the
uniform distribution of titanium oxide nanoparticles was observedwhich is attributed
to the vigorous stirring action provided by the tool, fragmentation process, and the
generation of more nucleation sites due to nanoparticles addition. Scanning electron
photomicrographs of produced aluminum-based titanium oxide nanocomposites and
as-received base parent matrix as illustrated in Fig. 3. It can be noted that the disper-
sion of titanium oxide nanoparticles in the nugget zone is more evident and uniform
during friction Stir welding. This can be attributed to the following reasons, (a) occur-
rence of severe plastic deformation and continuous dynamic recrystallization in the
weld zone [8], (b) presence of nano subsized titanium oxide particles which signifi-
cantly influenced thegrains size in the nugget zonebyprovidinghindrance to the grain
boundaries motion via Zener-pinning effect [9, 11]. However, it is clearly inferred
from Fig. 3 that titanium oxide nanoparticles are more homogeneously distributed in
the nugget zone at 0.4% in comparison to 0.2 and 0.3% of aluminum-based titanium
oxide nanocomposites fabricated via friction stir welding. Also, when the volume
percentage of titanium oxide nanoparticles was increased up to 0.4%, there was a
noticeable drop in the grain size which is generally due to large amount of heat gener-
ated and high strain rate because of which dynamic recrystallization granularly was

Fig. 2 Scanning electron
photomicrograph depicts the
dispersion of titanium oxide
nanoparticles on
aluminum-matrix
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Fig. 3 Scanning electron micrographs of produced aluminum-based titanium oxide nanocompos-
ites, a 0.2%, b 0.3%, c 0.4%, and d As-received 6061-T6 aluminum alloy

decreased with increment in strain rate and temperature during process and leads to
uniform distribution in nugget zone [10, 12].

3.2 Microhardness Measurements

The profiles regarding the microhardness distribution were obtained from the
processes area (nugget) of produced aluminum-based titaniumoxide nanocomposites
and base alloymatrix are shown in Fig. 4. It is well understood that themicrohardness
variation in the processed nugget zonemerely depends upon the existence of titanium
oxide nanoparticles and also their uniform dispersion [13, 14]. It is worth mentioning
that, due to the large volume fraction of titanium oxide nanoparticles in the nugget
zone their expansion to volume rate is quite high which leads to increase in micro-
hardness to 125 HV which is higher as compared to the as-received base material
(55 HV). This was attributed to high rotational speed (2000 rpm) of the Friction Stir
welding tool due to which shoulder produced sufficient amount of localized heat and
mechanical plunge force that was employed to cause reinforcement particles more
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Fig. 4 Microhardness variation evaluated along the transverse section of nugget zone from
centreline for aluminum-based titanium oxide nanocomposites and base material

easily encased by soft deformed plasticized material and circulates about the friction
Stir welding tool. The increase in the volume fraction of titanium oxide nanoparti-
cles causes more refinement of grains in the nugget zone and reduction in content to
possess ductile matrix which deteriorates the ductility of produced nanocomposites
[13–15]. Moreover, the microhardness values were significantly increased with the
increment in a volume percentage of titanium oxide nanoparticles.

The addition of titanium oxide nanoparticles has a remarkable effect (pinning)
on the grain boundaries movement which leads to grain refinement in the processed
zone area (nugget). It has been noted that friction Stir welding technique is more
alike to severe plastic deformation in which localized heat produced and strain rate
had a considerable impact on refining the grains. Due to these phenomenons, the
dynamic recrystallized granularly would decrease via a reduction in temperature or
enhancement in strain rate during the process [2, 3].

4 Mechanical Properties Evaluations

The mechanical properties evaluation for produced aluminum-based titanium oxide
nanocomposites along with that of base alloy matrix is graphically shown in Fig. 5. It
is worth mentioning that, the properties of nanocomposites depend on the (a) grains
size, (b) dislocation density, (c) % of agglomerated particles in the welded zone,
and (d) bonding quality [14–16]. It can be observed that the tensile properties of
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Fig. 5 Tensile properties of aluminum-based titanium oxide nanocomposites and base material

the produced aluminum-based nanocomposites were significantly increased due to
increment in maximum volume % of titanium oxide nanoparticles. This is attributed
to the presence of titanium oxide nanoparticles that pile-up the boundaries pertaining
to grains and prevent the growth of the grains resulting in smaller grains that lead to
strength and hardenability at maximum [15, 16].

It is worth mentioning that increment in volume percentage of titanium oxide
nanoparticles and decrement in matrix volume results in (a) increment in interpar-
ticle spacing area between titanium oxide nanoparticles and the aluminum-matrix
because of which large interfacial area occurred for dislocation punching to take
place and leads to increment in tensile strength [17], (b) more load transferred from
weak aluminum-matrix across the matrix/reinforcement particles interface to the
higher stiffness hard ceramic-titanium oxide nanoparticles would occur that leads to
increase in strength of the aluminum-matrix [16], (c) generation of thermal-induced
dislocation density in the aluminum-matrix [18], (d) increment in work hardening
rate which leads to increase in elastic modulus, macroscopic yielding, and tensile
strength with lower ductility which is attributed to early onset of void nucleation
with increase in volume fraction of titanium oxide nanoparticles [17, 19]. The scan-
ning electron photomicrographs for fractured portions of produced aluminum-based
titanium oxide nanocomposites and the aluminum base matrix is shown in Fig. 6.

Fracture appearance of the base matrix reveals the occurrence of deep small
dimples which indicates the mode of ductile fracture and affirms the improvement
in ductility [13, 20]. The decrease in tensile properties of 0.2 and 0.3% based tita-
nium oxide nanocomposites is attributed to the presence of large shallow dimples
with overlay and separation of reinforcement particles layer, whereas for 0.4% based
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Fig. 6 Scanning electron photomicrographs of fractured surface for aluminum-based titanium
oxide nanocomposites, a 0.2%, b 0.3%, c 0.4%, and d As-received 6061-T6 aluminum alloy

titanium oxide nanocomposite which consists of small size dimples and results in an
increase of tensile strength. These outcomes justify the variations in tensile strength
of 0.2, 0.3, 0.4% based titanium oxide nanocomposites.

5 Conclusions

With titanium oxide nanoparticles as reinforcement particles, 6061-T6 aluminum
alloy based nanocomposite using friction Stir welding was successfully produced.
The impact of titanium oxide nanoparticles on microstructural and mechanical char-
acteristics of 6061-T6/titanium oxide nanocomposite produced with the help of fric-
tion stir welding process was investigated. The summary of the major outcomes for
the current study is presented below:

1. 6061-T6 aluminumalloy based titaniumoxide nanocompositeswere successfully
produced.

2. Titaniumoxidenanoparticlesweremorehomogeneously distributed in thenugget
zone at 0.4% as compared to 0.2 and 0.3% of aluminum-based titanium oxide
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nanocomposites fabricated via friction stir welding due to high amount of heat
produced and strain rate because of which dynamic recrystallization granular
would decrease via increment in strain rate and temperature during process and
leads to uniform distribution in nugget zone.

3. Due to the large volume fraction of titanium oxide nanoparticles in the nugget
zone, their expansion to volume rate is quite high which leads to increase in
microhardness to 125 HV which is higher than as-received base material (55
HV).

4. Tensile properties of the produced 6061-T6 Al-titanium oxide aluminum-based
nanocomposites were increased with the increase in the maximum 0.4% of
titanium oxide nanoparticles.
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An Analysis on the Advanced Research
in Additive Manufacturing

Gautam Chandra Karar, Ratnesh Kumar, and Somnath Chattopadhyaya

Abstract Additive manufacturing (AM) is a process in which materials are added
to the other material in the form of layers through CAD/CAM instead of removing as
conventional production process. This design driven technology is a new approach
in the manufacturing. AM is advantageous in comparison with conventional produc-
tion by reduction of material consumption and time, controlling and optimizing the
production parameter for better performances of the products. It is also used for
coating of different materials on elements or parts to prevent corrosion and wear.
A composite layer can be formed on elements or parts. This paper represents the
research, developments, and applications of additive manufacturing process. Efforts
are made to get the knowledge about the materials selection, process parameters,
and their optimization for friction surfacing through systematic review of research
articles, technical notes, etc. The conventional techniques are less effective and large
quantity of material converted to scrap material after comparatively long production
process. AM can be used for highly complex structures as it has a high degree of
design freedom. In contrast to pure additive processes, an additive-subtractive process
called hybrid process is used commercially. The review of several research papers
provides an idea of emerging solid-state surface coating process based on friction
surfacing to improve properties and grain structure of the coating and substrate.
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1 Introduction

Manufacturing is the base for economic development of the modern progressive
world. Also it is progressed immensely with the advancement of technology. In
usual production, material removal machining or cutting reduction manufacturing
techniques are less effective and large quantity ofmaterial converted to scrapmaterial
after comparatively long production process. The drawbacks of conventional process
are eliminated by a different approach to design and manufacturing called additive
manufacturing. In the 1980’s, models and prototypes are developed for 3D object
by AM with the help of CAD [1]. Additive manufacturing first emerged in 1987.
Initially AM is concentrated on models and prototypes. With the advancement of
technology, the use of AM in production is increased. M. K. Thompson et al. explore
the possibilities, compels, and financial thought associated with design for AM [2]. It
is mainly design oriented optimized production process having opportunity for flex-
ibility of design. Additive Manufacturing can be used for highly complex structures.
Additive Manufacturing is the ideal technology for making prototypes during the
development phases of a product and thereby reducing the time required for product
development. In additivemanufacturing, elements or parts are fabricated generally by
layer wise material addition using CAD/CAM technology by applying allied energy
sources such as power beam heating, mechanical friction heating, chemical, and
electro-chemical, etc. AM is advantageous in comparison with usual production by
reduction of material consumption and time, flexible controlling and optimizing the
production parameter for better performances of the products. During the last twenty
years, additive manufacturing has been progressed rapidly due to maximum flexible
utilization of electron beam and laser beam coupled with CAD/CAM. Consequently,
parts produced using these processes exhibit cast microstructures often with serious
compositional inhomogeneities due to segregation. Also, with these processes, fabri-
cation of parts in multi-materials and compositionally graded materials is restricted
to few metallurgically compatible material combinations. Also, part fabrication with
these processes typically takes a very long timeas the deposition rates are very low [3].
But solid-state processes for material addition can be able to overcome many of the
above problems [4]. Generally, additive manufacturing is of three types. 3D printing,
a new approach of AM, is used for fabricating non-metallic part directly. The addi-
tive manufacturing is expected to change the conventional mode of production from
mass to customized product at present. TheWelding Institute, UK [5], have proposed
that additive manufacturing consists of friction welding such as rotary and stir. Addi-
tiveManufacturing can use metal (ferrous and nonferrous) alloy, composite material,
ceramic,metal powder, andpolymer for the depositionof coating [6].Hopkinson et al.
[7] proposed friction surfacing is an advanced solid-state process of the various solid-
state processeswithin additivemanufacturing for developing deposits on parts having
strong metallic bonding at the interface [4]. Friction surfacing has been successfully
used by various researchers for developing corrosion and wear resistant layer in a
wide range of materials [8–11]. The process can be utilized to recover defects due to
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use of metallic components [12]. Friction surfacing may be used for making multi-
track and multilayer deposits [4]. In contrast to the pure additive processes, there are
a few commercial processes where additive plus subtractive or hybrid processes is
used. In this process, the dimensions of material layers so formed initially is slightly
larger than the actual slice area and is then shaped to its precise slice area using CNC
machining [4]. High-power lasers in conjunction with a powder-feeding technique
have been applied to develop functionally graded materials (FGMs) by successive
deposition of different clad layers. The large differences in thermal and physical
properties between metals and ceramics cause serious problems in the fabrication
of metal/ceramic FGMs by laser cladding [13]. Since the heating and the cooling
rates are rapid during laser cladding, the cracks form more easily not only at the
interfacial regions between different constituents but also within the ceramics. The
metal matrix composites (MMCs) exhibit high wear resistance, fatigue resistance,
good creep properties, high stiffness, high dimensional stability with high strength
and high elastic modulus, high electrical, and thermal conductivity compared with
other base material or other composites. But higher manufacturing cost and difficult
to machining are the major limitations with MMCs [14, 15]. In the recent advance-
ments in manufacturing industry, friction surfacing, a solid-state method is used
to make MMCs more feasiblely to use in different field of action. Excellent bond
strength between the coating and base metal, required microstructure of different
materials can be obtained by optimizing of process parameters. There are different
types of optimisation in AM such as design optimization and topology optimisation.
The process planning optimization is applied for optimization of finishing state and
geometrical accuracy. There is a logical tool which establishes a relation between
the additive manufacturing input parameters to the output results. There is a rela-
tionship among market, making, materials, and metrology, i.e., 4Ms of AM [16].
The process of fabrication of layers to form 3-D object is different for different 3-
D printers though all follows additive manufacturing processes.3D printer’s robotic
arms is shown in Fig. 2. There are two most common 3-D printing technologies
such as (i) selective laser sintering (SLS) (ii) fused deposition modelling (FDM).
In case of SLS, a high-powered laser is used to melt small plastic particles, metal,
ceramic, or glass powders into a mass. But for FDM, thermoplastic materials are
injected through indexing nozzles onto a platform. Stereo lithography (SLA) is the
most common technology using UV laser or similar power source [17]. The outcome
of this review paper is to explore the knowledge about AM and express its challenges
in the domain of conventional production [18].

2 Additive Manufacturing

Initially amodel is fabricated using 3DCADprocess, but that can be obtained straight
way in case of additive manufacturing. The complex 3D objects are produced easily
using CAD data directly in AM technology. But other than AM process, a total study
of the part geometry is carefully needed to produce object. In case ofAM, components
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are developed by depositing materials coating having thin cross-section according to
original CAD data. The Generic AM processes involve 8 stages such as CAD, STL
convert, File transfer to machine, Machine setup, Build, Remove, Post-process, and
Application [19].

2.1 Processes

ISO/ASTM52900:2015 standard classify AM processes into seven categories: (1)
binder jetting (BJ); (2) directed energy deposition (DED); (3) material extrusion
(ME); (4) material jetting (MJ); 5) powder bed fusion (PBF); (6) sheet lamina-
tion (SL); and (7) vat photo polymerization (VP) [16]. LS, LM, and LMD are very
much flexible AM processes that can be used for a vast array of metals, alloys,
ceramics, and metal matrix composites (MMCs) [20]. From a large number of liter-
ature study, it is concluded that additive manufacturing depends on material and
process and controlled by both powder properties (i.e., composition, particle shape
and size, packing density, flow ability, etc.) and manufacturing criterion (i.e., laser
type, laser power, powder layer thickness, etc.) [21–24]. In case of product develop-
ment, rapid prototyping (RP) was widely used. But RP is unable to explain modern
technological applications efficiently. 3D printing has brought a new way to rapidly
prototype objects. Rapid prototyping is vital in concept design in order to finalize the
design of a new product. Due to this, the processes are considered as fast and effec-
tive product development method within industry. 3D printing is capable of mass
production, since it fulfills most of its characteristics. 3D printing technology only
successfully fulfilled five out of eight characteristics for mass production. Previous
researchers have studied to establish accuracy throughout the process [25]. Buswell
et al. [26] proposed, rapid production, rapid prototype fabrication, and solid-state
process, AM is of the one processing group.AM is used in non-industrial sector such
as furniture production. It is an innovative approach [6]. Micro-fabrication is a new
technology which efficiently produces functional micro-components for microelec-
tronics systems [27]. Garg et al. [28] proposed a relation between the AM processing
parameters and the output product parameters by programming genetically. The
porous structures on Titanium can be fabricated by advanced AM techniques such as
EBM, SLM, and SLS [29]. Ramiz S.M. Samarjy et al. proposed a different type of
additivemanufacturing inwhichmolten droplets ofmetal is transferred to a substrate.
Themolten droplets are produced due to the remote fusion cutting of a wastematerial
sheet by laser for recycling. The deposition of droplets is controlled by diverging
droplet jet through a small angle of 5°. It is the combining processes of laser remote
fusion cutting and additive manufacturing. The process is shown in Fig. 1 [30].
Xuewei Fang et al. proposed a Fused-coating based additive manufacturing (FCAM)
process in which 3Dmetal parts are formed by adding the material in layers by using
the CAD model. It is an effective process of making metal parts using cheap and
easily available material efficiently and having less value apparatus [31].
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Fig. 1 The main
mechanisms of the novel
technique (side view)

Fig. 2 Furoc 3D printer’s
robotic arms [6]. RFC of the
waste sheet and then AM on
the substrate by drop jet [30]

The traditional manufacturing of ceramic components is difficult due to high cost
and high energy consumption. CeramicOn-Demand Extrusion (CODE) is a freeform
AM process in which ceramic particles like zirconia powder in aqueous suspensions
are deposited in layers and then radiated by infrared radiation after each layer to
form parts having high density. Ghazanfari et al. [32] applied this process for the
production of several sample parts [33]. Laser additive manufacturing (LAM) is an
effective process for producing ceramic components with pure form and having good
mechanical properties. SLM is used to produce ceramic components from ceramic
powers(Al2O3). Compared with SLM process, laser engineered net shaping (LENS)
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manufactured ceramic components having cubic structures, Al2O3 efficiently [34].
In Friction stir processing (FSP), substrate is moving horizontally and tool is rotating
vertically on the substrate. Kumar et al. [35] and Panaskar and Sharma [36] proposed
FSP for the deposit of nano-composite. FSP is developed for the manufacture of
surface composite. R.S.Mishra et al. successfully fabricated Al/SiC surface compos-
ites [37]. The FSP also used by several researchers for manufacturing of functionally
graded composite material (FGCM) [38–40]. But FGCM manufacturing is limited
to make functional grades and composition, micro structure, and material property
are uncontrollable. Therefore controlling is needed for FGM to get useful compo-
nents. The manufacturing of aluminum and TiC functionally graded composite is
controlled by mathematical model. Bobbio et al. [41] proposed directed energy
deposition additive manufacturing process for manufacturing functionally graded
materials having changeable layerwise composition. He studied the result of experi-
ment and analytical review of FGM to analyse material from Ti-6Al-4 V to Invar to
improve design of FGM with nonlinear gradient. The microstructure, composition,
phases, and microhardness of FMG depend on position in FMG. Sharmaa et al. [42]
proposed mathematical model by which volume fraction of tailor-made FGCM is
controlled under favorable process conditions in order to gradients in mechanical
properties. Also cracks and voids formed initially are eliminated by multiple-passes.
Leitão al. [43] measured local constitutive properties by using digital image corre-
lation. They also proposed new AM method and AM integrated method in order
to meet present challenges in the manufacturing domain by research society and
industries [44–50]. Several researchers had developed compositematerials and corre-
sponding additive manufacturing processes to manufacture reinforced parts [51–54].
The composite AM are of two main categories (i) direct composite AM which can
febrticate composite parts directly (ii) indirect composite AM which is applied to
febrticate complicated composite components using core material which is soluble.
There is a scope of producing composite parts by FDM, a direct composite AM.
But there is a drawback in the production of composite parts due to the absence of
reinforced polymer filament [54]. Currently short fibers are used for reinforcement
to develop new composite materials. Hence the fabricated composite components
differ with traditional composite parts by properties. Also modern FDM machines
are generally not amicable for new materials. To overcome the problem, Y. Zhang
et al. proposed that direct compositeAMmethod is developed to newdirect composite
AM method in which lot of materials having reinforced continuous carbon fiber is
deposited. Also present orientation optimization methods can not be directly applied
to new FDM process due to its special characteristics [55].

Different additivemanufacturing processes are shown in the Fig. 3. There are some
typical AM technologies at present such that (i) Selective laser melting (SLM) (ii)
Laser Cladding (LD) (iii) Electron beam melting (EBM) (iv) Wire and arc additive
manufacturing (WAAM) formetal [56]. Themajor researches are targeted on powder
bed andpowder feedmethods due to goodgeometric accuracy is to bewellmaintained
by powder bed and feed method. The feed rate of powder for powder feed additive
manufacturing method for manufacturing large metal parts is low as compared to
wire-feed AM method due to the energy is directly concentrated at a particular
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AM process

SolidBased 

Liquid Based

Powder Based

LOM

Meltin

Polymerization

Meltin

Binding

FDM

SLA

Polyjet

SLS

EBM

LENS
3DP

Prometal

Fig. 3 Different AM processes

point [57]. A large costly complex metal part is manufactured by Wire-feed additive
manufacturing method. Arc, laser, and electron beam are used as energy sources for
metal deposition butwire is used asmaterial inwire-feedAM. In case ofwire and arc-
welding AM, electric arc is used to make components. In case of WAAM research,
surface roughness, internal stress, microstructure combining has been studied [58].
In case of Wire and laser AM, the energy source is laser while additive material is
metal wires. But the laser power control wire-feed rate. Wire cannot be fully melted
at higher wire-feed rate but will be melted partially at higher melt pool temperature.
In case of wire and electron beam AM process, an electron beam creates molten
pool in a high vacuum atmosphere [59]. In case of Wire-feed AM process, the main
industrial challenges are (i) the residual stress and distortion due to excessive heat
input, (ii) poor part accuracy, and (iii) poor surface finish [60].

There are two modes of approach of metal droplets deposition AM process such
that (i) drop on demand (DOD) and (ii) continuous jetting. Tin, lead, zinc droplets
having 0.17–0.6 mm diameter are generated in DOD approach [61, 62]. The draw-
backs observed in droplets deposition method are micro-void and cold lap. Several
researches have concentrated on reducing costs of manufacturing parts that can be
made by metal AM processes. But continuous research of modern metal AM process
is also needed for the development of few areas of production [63].

Xuewei Fang et al. proposed a novel fused-coating based AM (FCAM) in which
time, cost, and energy are saved. The metal parts are made by the deposition of selec-
tive material by layers continuously in case of FCAMprocess. The effect of pressure,
viscosity and surface tension control the flow of molten metal over the substrate [64].
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FCAM has many advantages, (i) micro-void and cold lap are eliminated by making
dense parts, (ii) Alloys such as Sn–Pb alloy, aluminum alloy, copper alloy, and even
steel can be fabricated, (iii) The scarcity of the molten metal droplet deposition can
be avoided by FCAM. In FCAM process, the molten mass flow rate is controlled by
modern pressure control unit, source of energy is induction heating and bar or wire
or block of material is used as the material. The residual stress and distortion can be
relieved due to the excessive heat input to thematerial. FCAMmethod requires mate-
rial and equipment having comparatively low cost than other methods. For FCAM
process, the solidification and spreading time are very important parameter. The
process of spreading and solidification in FCAM includes flow of fluid, change of
phase, and transfer of heat. The further study should be taken on the development
of the simulation analysis for the FCAM technology and to optimize the resolution
of the building, part accuracy, and the processing parameters. Xuewei Fang et al.
is focused on alloy having low melting point. Hence manufacturing equipment at
high temperature and upgraded software required to fabricate 3D complex and metal
parts having highmelting point [31]. Fang et al. [65] also proposed that the width and
thickness of the coating layer is dependent on processing parameters. The processing
parameters are /. It is proved by preliminary experiment that the metal parts can be
fabricated efficiently having good metallurgical bonding.

The natural resources of production, lead time during manufacturing and produc-
tion costs for the improvement of the performance and quality of the endproduct is
reducedbyLAMprocess. Thedesignofmore complexproducts depends on advanced
materials to fulfill the required need of product. But Laser additive manufacturing
(LAM) process can use advanced materials and considerable energy to meet the
industrial demands. Hence metal alloys are processed effectively by LAM processes
[66]. LAM is modified to fabricate or renovate functional metal parts commercially
but the developing LAM for metallic material is really a significant challenge. Also
LAM is applied to develop the condition of outer layer of metallic component in
order to develop wear and corrosion resistance, resistance due to oxidation and resis-
tance due to fatigue upto a certain limit [67, 68]. Moreover, LAM can be applied
to fabricate functionally graded materials (FGMs) due to its capability of handling
different materials at a time [69, 70] However, the Laser additive manufacturing
processes are applied with limitation mainly to repair a part. LAM can be enforced
for manufacturing alloys due to its better control during solidification as compared
to conventional casting [71, 72]. Fritz Klockea et al. studied the development of
hot-work tool steels. The steels are developed thermally and mechanically in order
to meet existing and new application. This development depends on steel manufac-
turing process and production route. Therefore researchers are motivated to evolve
new LAM to upgrade the performance of hot-work tool steels. Powder and wire
based DMD belongs to LAM. Also powder-based DMD is more energy efficient
than wire-based DMD [73]. SLM can be effective for prototype but DMD is effec-
tive for the production of bigger dies due to high deposition rates. SLM improved
the relationship between microstructure and mechanical properties of hot-work tool
steels (H13) effectively as compared toDMD [71, 74]. The strength of parts produced
by SLM is high in comparisonwith SLSwhich fabricate parts containing a number of
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voids [75]. The conventional manufacturing process of the ceramic parts takes place
with high energy exhaustion, more tooling cost, and a long manufacturing time.
The conventional price of ceramic part is two to five times more as compared to a
steel part. Now laser engineered net shaping (LENS) being an AM, is more advan-
tageous as compare to conventional manufacturing methods due to good cooling
effect, more efficient and more scope of component rebuilt. Also it can fabricate
highly pure ceramic parts having good mechanical performance with less time and
using less energy [34]. Silva. R. J. et al. propose a specific new method for additive
manufacturing by using plasma instead of the other processes used in the industries
for metal parts fabrication. This additive manufacturing technology is focusing on
perfection in the deposition of layers, adaptability in fabricating parts, and lesser cost
and savings due to material waste abatement [76].

Cold spraying (CS) is an AM process in which solid-state particles are deposited.
In this case the velocity of powder particles is increased to its high value by using a
high-speed gas stream and forming a dense layer on a substrate with strong metallic
bond during impact without solidification defects [77–79]. Xuemei Wanga et al.
observed that bonding strength is maximum at 45° spray angle and it is increased
as the spray angle is decreased from 90° but deposition efficiency decreases with
decreasing spray angle from 90°. A relationships between parameters regarding
bonding and operating parameters (spray angles, impact velocity, pre-heating temper-
ature) are conformed. These relationships are helpful for the concept of mechanisms
regarding bonding and strengths of deposits due to spray at different angles and an
optimized spray angle can be describe [80]. Now-a-days CS is taken as an advanced
process for AM due to low particle temperature, low oxidation, and residual stress
[81].

Generally AM processes for metal consists of two types: (i) powder bed fusion
method (ii) directed energy deposition (DED) method. In the area of precision
measurement and surface nature, the parts fabricated by powder bed fusion are
comparatively good than that of DED. But the production of large parts is not prefer-
able by powder bed fusion process due to unsatisfactory feed rate and the build
volume is not so enough [82, 83]. For comparatively higher dimensional correct-
ness, powder and laser-based DED is applied in most cases [84]. The deposition rate
of wire and arc-based DED is high as compared with the powder and laser-based
DED. It is observed that the deposition efficiency of powder and laser-based DED
is only 14% whereas deposition efficiency of wire and arc-based DED has a higher
value up to 100% [85, 86]. It is also observed that wire and arc-based DED is more
energy efficient than powder and laser-based DED and it is as high as 90% and that of
powder and laser-based DED is 30–50% [85–86]. More over powder and laser-based
DEDprocess aremore costly than that of wire and arc-basedDEDprocess. The scope
of the DED system is to carry out dissimilar metal deposition. The change of material
of a structuremade ofmore than one kind ofmaterial during fabrication locally in this
process is possible [88, 89]. But it is difficult to change the material locally in case
of powder bed fusion process. Also the cladding process in which dissimilar metals
are deposited by welding belongs to AM and different materials are deposited on the
surface of the product because of the requirement of high heat resistance, corrosion,
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Fig. 4 a Process mechanism [90], b Deposition of dissimilar metal [90], c The built object cross-
section [90], d AM system having double welding torches [90]

and abrasion resistance [90]. The process of deposition of dissimilar metals is shown
in the Fig. 4a–d.

TakeyukiAbe and HiroyukiSasah had studied the deposition of Inconel 600 and
SUS304L. The addition of Inconel 600 to SUS304L with cladding by welding is
broadly used in the fabrication of parts in which high heat and corrosion resistance
are required. Inconel 600 is superior to stainless steel, SUS304L with respect to high
heat and corrosion resistance. Also Inconel 600 is more costly than stainless steel,
SUS304. TakeyukiAbe and HiroyukiSasah were proposed the wire and arc-based
AM system with torch path planning method to carry out deposition of dissimilar
metal to manufacture functional structures. Several researchers have been attempted
the deposition of dissimilar metals using powder and laser DED process [88, 89].
Hence, the DED process using wire material is more acceptable than using powder
material for unlike metal impeachment. AMmachine is modified for using two types
of material by connecting two welding units and two welding torches to the AM
machine. The surface is made by Ni6082 of the fabricated object and YS308L made
the inner structure. Also this structure is free from heat and corrosion [90].

Titanium alloys are the most significant progressive materials having outstanding
composition and excellent behavior regarding corrosion [91–96]. The use of titanium
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alloys is controlled due to high cost. The high cost of traditional titanium part encour-
ages lots of study of various manufacturing processes having low cost including
powder metallurgy and near net shape techniques [91–95, 96–100]. It is revealed
that the AM processed product is economically superior compared to conventionally
processedmaterial [101]. Again BoYin et al. proposed the use of CaF2 on the Ti-6Al-
4 V parts fabricated byWire and arc additive manufacturing (WAAM). The presence
of CaF2 to Ti-6Al-4 V improved the ultimate tensile strength (UTS) by 12% than
the unmodified Ti-6Al-4Vat room temperature. The elongation (EL) in length and
simultaneously decrease in area of the reformed components are lesser than those of
the unreformed components because of pores and commencement of crack because
of stress concentration. Therefore some operations are to be developed to elimi-
nate pores and thereby upgrade the mechanical properties of parts during WAAM
process. Hence CaF2 offers the modification of microstructures and thereby mechan-
ical properties of parts instead of pores during WAAM process. The fabrication of
Ti components by FSW, an AM process, has showed remarkable outputs [102, 103].

Direct laser metal deposition (DLMD) is an additive manufacturing process
controlled by laser power for manufacturing metallic and functional parts in which
the metal powder is passing through a nozzle. DLMD process is applied directly for
the fabrication of near net shape parts from costly metallic powders having high
melting point [104]. DLMD is more advantageous than rapid alloy prototyping
methods. It is observed that different types of metals having high melting points
such as titanium alloys [105–108], steels [109, 110–124], nickel base super alloys
[114, 116–119], cobalt base alloys [120, 121] can be fabricated by DLMD. In case of
laser manufacturing, the simultaneous heating and rapid solidification process takes
place and thereby a fine grain structure with direction-oriented material properties
can be obtained [122–122]. From several observations on grain growth during AM
processes, it is expressed that the powders having fixed composition were used to
manufacture one kind of layer or parts. The microstructure and grain growth are
developed gradually through layer by layer deposition by DLMD and thereby the
functional properties of the graded steel changes. QiangWang et al. studied the devel-
opment of microstructure, orientation of grain growth, and grain boundary misorder
of graded steel by DLMD. It is possible to deposit three different alloy compositions
in one large sample having different grades by DLMD and a kind of stainless steel is
used as a substrate. They successfully manufactured a graded steel through 15 layers
by direct laser metal deposition. Alloy powder 1 formed the first 5 layers (firstgrade),
alloy powder 2 formed the next five layers, i.e., 6th to 10th (second grade), and alloy
powder 3 formed the layer 11 to layer 15 (third grade). The newly formed graded
steel were analysed by XRD, OM, and EBSD in order to observe the phase develop-
ment, grain structure, and grain growth, respectively. It is observed from the outcome
of the experiment that Austenite (FCC) in the first two grades improved to Ferrite
(BCC) with a little Austenite phase. The columnar dendrites are present in the first
and second grade having growth location horizontally toward the laser deposition.
The finer microstructure with equiaxed grains is observed in the third grade. Also
first two grades consist of preferredmicrostructure with small angle grain boundaries
(about 2°). There was no preferred microstructure in the third grade with large-angle
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grain boundaries from 50 to 60°. Hence microstructure and the development of grain
growth location can be obtained by DLMD in case of a graded steel [124].

Thompson et al. [126] proposed the use of x-ray computed tomography (XCT)
accompanied with additive manufacturing in various fields of engineering. In case of
advanced manufacturing and metrology, both technologies are used more and a lot
of research has been taken place with increased use of both technologies for a vast
domain of applications within areas of research. Mankovich et al. [127] fabricated a
model skull by the first jointly use ofXCT andAM in 1990 andXCThas improved far
ahead from its roots as a reverse engineering equipment. Hirsch et al. [128] proposed
the use of generic performance in case of inspection methods for additive manufac-
turing. Townsend et al. [129] proposed for an extreme appreciation of the additive
manufacturing process and the improvement of surface texture, specifications, and
standards of an AM parts. AM processes are challenging in case of the measurement
and nature of surface texture. They observed that the surfaces of metal PBF parts are
extremely irregular. Rivera et al. [130] proposed an innovative thermo-mechanically
controlled Solid State Additive Manufacturing (SSAM) process that contributes a
different way to fusion-based additive manufacturing processes for improving parts
having purified equiaxed grain morphology. Brøtana et al. [131] proposed that AM
has become an effective production process for manufacturing of molds due to flex-
ibility in mold design. In order overcome fatigue due to heat a new invented paths
are possible with AM because of the flexibility of design.

Data fusion is generally a computational process in which data from different
sensors are to be combined efficiently with precise manner and it is used essentially
for the measurement of data of multi-sensor.In there study, Rao et al. [132] assumed
that data fusion indicates the completion of all the pre-processed work. Gaussian
process (GP) residual approximation (RA) fusion (GPRA) has been explained the
fusions of heterogeneous data. There are other two improvedmodels such as b-spline
and wavelet which give adequate fusion results. They also applied weighted fusion
in most areas instate of RA fusion framework. It is demanded that weighted fusion
can be applied effectively for homogeneous data. Also weighted fusion may consist
of (i) parametric weighted fusion (ii) non-parametric weighted fusion.

2.2 Process Parameters on Coating

Coating is a layer of material on another material surface to preserve the surface
fromwear and corrosion or to repair the damaged surface owing to reduce the cost of
replacement of the product. Different types of coating can be formed by AM process.
Materials may be of two forms (i) powder (ii) wire and the heating source may be of
three forms (i) laser, (ii) electron beam, (iii) arc discharge.

The hardness and wear resistance of the H13 tool steel surface is improved by
Laser cladding ofNiTi onH13 tool steel surface [133]. It is observed that theCoCrMo
coated samples exhibit higherwear resistance than that of bareAl alloy substrates and
Ti6Al4V coated samples. But the CoCrMo and Ti6Al4V coated samples were more
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corrosive than that of the uncoated Al alloys substrates. TheCoCrMo and Ti6Al4V
coatings exhibit more anti-corrosive in comparison with the plain Al alloy substrates
in a 3.5 wt. %NaCl solution due to the reduction of corrosion densities consider-
ably for the CoCrMo and Ti6Al4V coated samples. Li et al. [134] proposed that
the surface of 2024-T351 aluminum alloy joint is coated by an aluminum coating
using cold spraying (CS) to protect the joint from corrosion as well as to improve the
tensile strength of the joint. Also the surface of magnesium alloys [78] and aluminum
alloys [79–136] are protected by using CS. The scope of hard, anti-wear coatings on
light weight alloys containing aluminum is encouraged PEO to come to the industry
[77–135]. Rech et al. [136] proposed that the plasma electrolytic oxidation (PEO)
process decreases the weight loss in comparison to the pure substrate during the
deposition of 100 μm thick mixture of α-Al2O3 and γ-Al2O3 and mullite phases on
6061 aluminum alloy. The coatings of the mixture of α-Al2O3, γ-Al2O3 and mullite
phases is comparatively hard than the aluminumsubstrate, but theremay be formation
of crack. ŁukaszKaczmarek et al.controlled the chemical constituents of deposited
low-friction anti-wear coatings in order to maximize the coefficient of friction by
changing substrate polarization with fixed deposition time and temperature below
470 K. Hence it is established that the possibility of high adhesion of the depositing
gradient coatings to the aluminum alloy substrate in one operation and thereby anti-
wear properties is modified [136]. Vaezi,M. fabricated a Ni-Gr/Al composite coating
on Al alloy and steel substrates by the mixed powder of Ni-Gr and Al [27]. The Ni-
Gr/Al composite coating can bemodified tomultiple-layers havingAl3Ni2 andAl3Ni
as inter metallic and becomes a heavy coating due to annealing at 450 °C for four
hours [138]. Gorunov and Gilmutdinov [139] studied the stainless austenitic steel
coatings developed by the supersonic laser deposition. Inaccurate laser power creates
disturbance in the stability of deposition process and hence cracking of coating. The
coatingmelts when the surface temperature is above 1300 °C due to the laser heating.
Taylor [140] produced different Ni-based super alloys coatings by changing the oper-
ation parameters such as temperature, pressure, and spraying distance with ranges
700–850 °C, 3.5–4 MPa, and 20–60 mm, respectively, having 500 mm/s as traverse
speed of gun. They studied the micro structural and hence mechanical properties of
Ni-based super alloys coatings on carbon steel substrates by cold sprayed. The cold
spray technology is applied for the repair of cracked steel sheets due to better level
of adhesion achieved by optimal operation parameters. A wide range of thickness of
the coating can be produced by CS, an AM process. As the operating temperature
is comparatively low, the cooling shrinkage is very low in this process. Chen et al.
[141] developed a coating thickness simulation model and coordinated in offline
programming software. It is proposed that the average coating thickness obtained
from numerical and experimental results changes and hence the change of deposi-
tion efficiency and material loss in the coating deposit. A numerical model based on
standard experimental results using parameters such as spray angle, traverse speed
of nozzle, and scanning step for single coating profile was developed. At present
cold spraying (CS) is also widely used to prepare particles reinforced aluminum
matrix composites (PRAMC) coatings due to its high deposition efficiency. Li et al.
proposed the limitations of size and arrangement of reinforcements in coatings in
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cold-sprayed PRAMC. Hence the scope of development of the microstructure of
PRAMC coatings is limited. Hodder et al. applied FSP to improve the as-sprayed
Al/Al2O3 coating and observed the result of refinement and rearrangement of Al2O3

grains without studying the effect of reinforcements. Ashrafizadeh et al. proposed
that the wear protection ofWC-NiMMC coating is high due to equally arrangedWC
particles. But the porosity of the deposit followed by FSP was developed because
of inadequate flow of coating material. Morisada et al. developed cemented carbide
(WC–CrC–Ni) coating by FSP. The error in the cemented carbide coating is elimi-
nated but the hardness is improved to 2000 HV. Zahmatkesh et al. applied FSP on
the Al/Al2O3 coating formed by air plasma spray to acquire an uniform arrangement
of Al2O3 particle. But the bonding between surface nano-composites and substrate
are outstanding. Hence, Huang et al. [142] concentrate on the microstructure of the
composite coating after FSP application. The tribological nature could be advanced
due to reinforcements in cold-sprayed PRAMC. Triantou et al. proposed that COF
increases when the ceramic particles Al2O3 present in the coating increases. Again
Huang et al. [142] observed that the microhardness increases from 92.5 to 185.7
HV of as-cold-sprayed SiCp/Al5056 composite coating followed by FSP because
homogenous rearrangement and refining of SiC in the FSPed coating and COF
from 0.25 to 0.39 and thereby improving the mechanical properties [143]. There
are different thermal spraying methods of coating but these coatings are competent
to intensify the corrosion resistance upto certain limit due to the strong bonding
between the coating and substrate. Micro-arc oxidation (MAO) process develops a
good metallurgical bonding of the coating with the substrate [144]. From the litera-
tures study more effecting MAO parameters were selected [145–147]. There are lots
of independent primary and secondary MAO parameters which influences the nature
of the coating of aluminium alloy. KamalJayaraj et al. [148] proposed that the MAO
parameters are optimized in order to obtain coating having minimum porosity with
maximum hardness by using response surface methodology (RSM). It is observed
that Duplex stainless steels (DSS) have outstandingmechanical properties and corro-
sion resistant [149, 150]. Cronemberger et al. [151] studied the corrosion resistance
of as-cast DSS under different rates of cooling. DSS can have excellent resistant to
dense chloride environments but expensive as compared to normal austenitic grades.
Therefore it limits the practical use ofDSS.Hence upgraded corrosion resistantmate-
rials are used on carbon steel substrate by additive manufacturing process in order to
increase its corrosion resistance and thereby saving costs. Sá Brito et al. [152] used
electric arc spraying in order to deposit a lot of metallic coatings on the carbon steel
substrates. But coatingsmade by thermal spray behaves like an outstanding corrosion
protection because of the enhance microstructure having less porosity. It is observed
that High velocity oxy-fuel (HVOF) sprayed coatings on Fe-basedmaterial can exibit
an excellent corrosion protection in the chloride solution as compared to AISI 304L
steel [153]. Liang et al. [154] explained that coatings having better chemical balance
offer good corrosion resistance to the corroding surroundings. Zhang and Liu [155]
improved anticorrosion claddings onto carbon steel substrates for protection by laser
cladding process. Pajukoski et al. [156] introduced corrosion protection layer by
laser cladding methods. Rezaeiet al. [157] proposed appropriate process parameters
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for the coating deposition in order to develop the spoil and fracture protection and
thereby the life of the coating layers is increased. The effective parameters of the
coatings formation are optimized by the improved numerical model. Holmberg et al.
[158] studied the failure of titanium nitride (TiN) coating on steel surfaces. Adem
Kurt et al. proposed that FSP decreased the grain size and thereby increased the
hardness of the material under processed. The heat input increases due to increase of
rotation speed of mechtrode and low traveling speeds of substrate and thereby affects
the coating thickness, grain size, and arrangement of the reinforcing particles.In case
of solid-state process, bonding between coating and base metal are excellent. The
micro hardness of the aluminum coating increased remarkably with increasing trav-
elling speeds [159]. Zhang et al. [160] explained the coatings of Ti-Si-Nitride on
commercially pure titanium substrate with three different ratios of Ti-Si by Laser
Engineered Net Shaping (LENS). It is observed that LENS employes resistance
to the oxidation of the material and capable of processing of complex shapes.It is
observed that hardness and wears resistance of the coating is directly affected by
the microstructural variations and phase changes. Addition of Si increases solidifi-
cation rate and affected the mechanical properties due to transformation of dendritic
microstructure of the coatings. The hardness of coating having 10% Si was higher
than that of coating having 0% Si. Also the addition of Si may take part in a tribo-
logical reaction and develop tribological film which behaves as lubricating layers to
these coatings.It is observed that both samples having 10% Si and 25% Si bears a
reduced wear rate whereas sample having 0% Si had comparatively high wear rate.
Hence the tribological properties of the coatings are improved with the addition of
Si. Chen et al. [161] developed 3D numerical model for the simulation of coating
growth process and heat convey in cold spray process. The model so developed helps
us to analyze the coating thickness as well as the distribution of temperature under the
effect of several working parameters. Du et al. [162] suggested a new highly efficient
metal deposition additive manufacturing (AM) process, called “metal fused-coating
additive manufacturing (MFCAM),” for the fabrication of metal components. The
MFCAM process is suitable to produce complex prototypes with savings of time
and processing cost. But, this new metal AM process is complicated because of the
combined effect of heat transfer, mass and momentum, and chemical reaction. The
simultaneous melting and resolidification processes can affect remarkably on the
distribution of thermal stress, dimension perfection, grain structure, and mechan-
ical properties of the end product. Yao and Wang [163] proposed coating of sand
product by AM to improve the samples surface. The surface roughness of sample is
reduced by the using of both (i) refractory coating based on alcohol (ii) refractory
coating based on the water. Arne et al. [164] suggested that SLM-densified 316 L
austenitic steel has a finegrained microstructure with elongated grains in process
direction having no preferred crystallographic orientation. Zhang et al. [165] studied
the microstructure of laser additive manufactured (LAM) Ti–5Al–2Sn–2Zr–4Mo–
4Cr alloy. The microstructure evolution is highly affected thermally by the LAM
process.
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2.3 Process Parameters and Control

The quality of product, time and cost of production, bond strength, etc., are to be
controlled by some parameters during AM process. The error is to be reduced as
far as possible in case of highly precision manufacturing processes. Hence different
process can be modified by the varying the parameters through proper study.An
innovative multisensory regulation system using numerous sensors has the ability
to minimize errors remarkably. There are three control levels of AM process. For
inside cascade1 control, the intensity sensor controls laser power. The intermediate
control cascade 2 measures the order of exposure. The top level control cascade 3
studies the topography of the surface using the IDM sensor [166]. The three control
levels of AM process is shown in Fig. 5. Z.Q. Wang et al. studied the outcome of
operating parameters on microstructure and mechanical properties of 304 L coating
made by AM [167]. In case of SLM technology, the properties of the parts rely on the
operating parameters such as laser energy, coating thickness, and scan speed. Owing
to many advantages, there are some drawbacks in the SLM technology though the
process parameters are optimized. One of the main disadvantages is the process-
oriented defects like pores and thereby the material performance is reduced under
cyclic loading conditions [168]. Gong et al. [169] observed the significant outcome
of process parameters of EBAM on the part quality of Ti-6Al-4V. Murr et al. [170]
observed that changes of parameters affect the porosity developed due to EBAM
process and also be used for the changes of microstructure in the end product. Puebla
et al. [171] andMurr et al. [170] observed that the procesing parameters effect in such
a way that the rise of the scanning speed indicates a reduction of relative density and
simultaneously reducing micro indentation hardness. Wang et al. [172] observed that

Fig. 5 Control cascades of the additive manufacturing process [178]
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the rise of the scanning speed conforms the fine grain and simultaneously decreasing
microindentation hardness and the scanning speed of actual beam is governed by
the speed function (SF). John Romano et al. studied a model using laser melting
technic and applied this thermal model to study the nature among commonly used
powder materials including Ti6Al4V, Stainless Steel 316 L, and 7075 Aluminum
powders. It was found that the requirement of beam power for steel powder beds is
higher than that of titanium powder beds to form a melt pool. But the requirement of
beam power for aluminum powder beds is higher than that of both titanium and steel
powder beds [173]. Oyelola et al. [174] advised that the machining of Ti-6Al-4V like
other titanium alloys, requires low cutting speed and high coolant pressure to acquire
excellent results due to their nature. The quantification and nature of surface texture
is demanding during AM processes. A vast range of scales are required for surface
features and the selection of instrumentation and measurement scales is challenging
[175]. Calignano et al. [176] exhibit the effects of process parameters on the surface
finish of direct metal laser sintered (DMLS) AlSi10Mg surfaces. AlSi10Mg has
better strength, good corrosion resistance, low density, and high thermal conductivity
compared with other alloys. SEM micrograph of SLM A1Si10Mg part (as build) is
shown in Fig. 6 and SEM micrographs of EBM Ti6AL4V part (as built) is shown in
Fig. 7a–d. The relationship between AM process parameters and surface texture is
complex [140, 81, 168, 177].

2.4 Hybrid Process

Hybrid Additive Manufacturing till date is known as the object-oriented combina-
tion of laser cladding and CNC operation within a single machine environment.
Hybrid additive manufacturing has been attracting a more attention during the last
half a decade or so but it is still in its infancy. It refers to a special machine that
carries an additive metal deposition nozzle having capable of the latest three dimen-
sional printing togetherwith the axis control andmetal-cutting capabilities ofmodern
machining centers. The basis of the hybrid-additive manufacturing is the combina-
tion of additive and subtractive manufacturing [179, 178]. During last few years, the
combination of LAM or electron beam and CNC milling have been proposed by
hybrid manufacturing systems [75]. These hybrid-additive manufacturing systems
are applied for the repair of tools and component part, hard facing, and other occa-
sions in hot condition and thereby reduces cost of repair [180, 181]. Chunjie Huang
et al. [182] proposed an advanced hybrid manufacturing in which Cold Spray (CS)
and Friction Stir Processing (FSP) are combined to form Cu–Zn coating having
high-strength grain. The CS coating consists of an enlarged grain with 78.42% of
low-angle grain boundaries and FSP consists of grains with 90.47% of high-angle
grain boundaries and thereby effective mechanical properties have been improved.
Liu et al. [183] observed the deposition ofAl-Si coatings onmagnesium alloyAZ31B
by LC, FSP, and hybrid technology (LC-FSP).It is observed that coatings of Al-Si
to the AZ31B magnesium alloy substrate becomes compact, uniform, crack, and
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Fig. 6 SEM micrograph of SLM A1Si10Mg part (as build) SEM micrographs of EBM Ti6AL4V
part (as built) [178]

porous free, strong metallurgical bond between the coating and substrate, excellent
corrosion resistance were fabricated by hybrid technology (LC-FSP) in comparison
with LC coatings. The pure AZ31B magnesium alloy substrate is more corrosive
than coatings having multiplicative Mg intermetallic compounds. The corrosion
potential ofAZ31B magnesium alloy increases by 30.6% due to coating of Al-Si
by LC-FSP compared with bare AZ31B specimen whereas about 14.7% compared
with LC specimen. The Al-Si coatings prepared by LC-FSP showed flat and smooth
surface in comparison with LC coatings. Therefore, the coating formed by ultra-fine
grain showed outstanding performance over the conventional coarse grain. Some
researchers have studied coating by laser cladding for surface treatment. But there
is a major problem of refinement the grain of laser clad coating from coarse grain to
the fine-grain. These disadvantages of laser cladding are removed by applying fric-
tion stir processing (FSP) after laser cladding. At present, FSP targeted soft metals
like Mg alloys and Al alloys for the microstructural refinement. Some researchers
employed FSP on high-strength materials like stainless steel and tool steel. Hence
FSP becomes an effective way for grain refinement and development of bonding
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Fig. 7 a 45–100 μm powder and 70 μm thickness, b 45–100 μm powder and 50 μm thickness,
c 25–45 μm powder and 70 μm thickness, d 25–45 μm powder and 50 μm thickness [178]

between substrate and coating. Xiong, et al. [184] developed a layer of an ultra-
fine structured Ni–Al–WC by interlocking bonding with austenitic stainless steel
using the combined application of laser clad (LC) and friction stir processing (FSP).
At the beginning, laser produced coating on the austenitic stainless steel substrate
and then FSP is applied on the coating to obtain an ultra-fine structured layer. Also
they introduced some quantity of WC particles into the layer by a WC–Co FSP
tool and hence wear resistance increases. Chew et al. [185] improved the fatigue
strength of the laser cladded samples by dry cutting as end operation. Hence the
hybrid additive-subtractive manufacturing technology would be a challenging tech-
nology for the forth coming industrial applications. Serres et al. [186] proposed
that alternative hybrid machining process chain occurs with less atmospheric effect
and reduce production time and hence to increase production efficiency. The several
researchers agreed that the machining on layered material is restricted due to opti-
mization of manufacturing. Salonitis et al. [187] proposed that machining of laser
cladded parts causes reduction in the residual stress and distortion. Wang et al. [188,
189] studied the results of cutting parameters in thermal spraying coatings. The
surface morphology of machine part determines the working nature of their surfaces.
Nieslony et al. [190, 191] observed that the surface topography depends on the nature
of cladded layers. Böß et al. [192] estimated cutting forces and the nature of surface
of the finished end component during his study of re-contouring. Peirong Zhang
et al. proposed the use of regular cutting of LC parts is relatively time consuming
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and suggested to develop the surface purity after machining [193]. Zahmatkesh et al.
[194] applied FSP on Al/Al2O3 coating formed by air plasma sprayed, for uniform
arrangement of Al2O3 particles in the coating and also the surface nano-composites
so formed revealed outstanding bonding with the substrate. Triantou et al. [195]
proposed that coating formed by as-sprayed having COF of 0.25 which is less than
FSP coating having COF 0.39 because refined SiC particles are distributed homo-
geneously in the Al matrix due to FSP after as-sprayed coating. Huang et al. [142]
suggested that the change of COF for the FSPed coating is lower than that of the
as-sprayed coating for the refinement of SiC particles and the presence of wear debris
after FSP. The microhardness increases rapidly from 92.5 to 185.7 HV due to FSP
than as-sprayed coating because of homogeneous rearrangement and change of grain
size of SiC particles in the FSPed coating.

2.5 Solid-State Process

There are various solid-state processes of additive manufacturing. Among them,
friction surfacing is an encouraging modern technology for depositing material on
another material and they are bonded metallurgically in solid-state. Advanced fric-
tion surfacing technology includes welding technology, monitoring technology, and
testing technology.In this process, a movable rod is pushed on the substrate by an
enforced vertical load. Due to frictional heat, a viscoplastic material film is devel-
oped at the face of the rod. Due to the applied axial force and temperature, a diffu-
sion of viscoplastic material occurs internally resulting in a metallurgical bonding
between the plasticized material and the substrate. Heat transfer takes place into the
substrate through this plasticized film and thereby a viscoplastic interface is devel-
opedbetween the rotating consumable rod and the depositedfilm.The thickness of the
layer increases due to continuous heat conduction. By the application of horizontal
movement of the substrate, the consumable material is deposited on the substrate
surface in the form of a layer. It is a thermo-mechanical process and the grain struc-
ture of consumable rod may be refined and thereby properties of the material may
be changed. The friction surfacing was first patented in 1941, by Klopstock et al.
[196] as a metal coating process. proposed friction surfacing (FS) being a solid-state
method is used to fabricate layers of material. Mishra et al. [175] proposed solid-
state technologies are at present in advanced stage and authentic substitute to regular
processes. Friction surfacing permits deposition of various dissimilar materials as
combinations.

2.5.1 Thermo-Mechanical Process

Friction surfacing integrated advanced science and current engineering technology
and can be applied to new fields. The feed rate and nature of surfacing can be well
controlled with this method and also reducing the equipment cost and increasing the
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commercial acceptance of friction surfacing process. A portable friction surfacing
systems can be used for repairs of worn parts without changing position like railway
track. The friction surfacing processes are pollution free as there are no harmful
fumes, spatter, and radiation during operation. In this process energy is used effi-
ciently because the heat is developed where it is actually required. Principles of fric-
tion surfacing are shown in the Fig. 8. Rafi et al. proposed that heat is passing through
the consumable rod due to the friction and thereby a temperature gradient is devel-
oped which indicates the stage of deformation [197]. Bedford et al. [198] studied the
auto hardening of high-speed steels where tempering continues after coating. Also
steadiness of autohardening is the important properties of friction surfacing. Figure 9
below shows the separation of mechtrode material frommechtrode due to rubbing to
fabricate coating or flash when substrate moves in contact with rotating mechtrode.
The coating attains the temperature of the region just below the mechtrode before
deposit to cold substrate.

Portugal scholarGandra et al. [199] proposed that FSmaterial requires pre-heating
to soften the materials due to higher melting point or thermal conductivity and hence
acquire the rate of plastic deformation. ûThe cooling technology increases the advan-
tage of friction surfacing. The rapid cooling is significant for the micro structural
transformations through dynamic recrystallization during regulation of precipitation
hardening. American scholar Mishra and Ma [200] studied the deposition of mate-
rials in underwater condition. Comparing deposition performance under atmospheric
condition, underwater depositionwas found to bemore efficient. But underwater fric-
tion surfacing has limitations as it can’t be applied horizontally. The combinations of
dissimilar metal are generally difficult due to brittleness of intermetallic compound
formation. Friction surfacing solved these problems because it is a solid-state process
and giving freedom of choosing materials combination, i.e., a lots of metallic mate-
rials can be deposited on a lots of metallic substrates. Various researchers studied
the use of FS for depositing a wide range of materials such as tool steel, inconel,

Fig. 8 Principles of friction
surfacing [199]
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Fig. 9 Thermo-mechanical events, transfer of coatingmaterial to substrate during friction surfacing
[198]

stainless steel, aluminum, etc., on mild steel to fabricate corrosion and wear resis-
tant coatings [201–203]. Friction surfacing machine is shown in Fig. 10. The FS
process can also be applied for renovate of defective or service-broken metallic parts
instead of depositing coatings [202]. Reddy et al. [204, 205] proposed that friction
surfacing is applied to produce aluminium metal matrix composites on aluminium
and titanium substrates. Chandrasekaran et al. [206] studied FS of (a) tool steel,

Fig. 10 Friction surfacing
machine [222]
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inconel, aluminum, and titanium mechtrode onto mild steel substrates and (b) stain-
less steel, mildsteel and inconel onto aluminum substrates. They observed that tool
steel and inconel were formed a strongly bonded coating with steel while aluminum
formed a coating at high contact pressures due to axial force. Titanium could not
fabricate coating under the testing conditions. It is observed that Stainless steel, mild
steel, and inconel developed required coatings onto aluminum substrates, but only
SS could not formed intermetallic compound with Al. The frictional heat generated
for melting of Al, guide the development of brittle, i.e., unexpected intermetallic
compounds between the coating and substrate. The coating of aluminum onto MS
substrate by friction surfacing required successful control of parameters to obtain
an excellent coating and adhesion between the substrate and aluminum. Hiroshi
Tokisue et al. [207] studied the monolayer and multilayer coating of dissimilar mate-
rials by friction surfacing. Here, 5052 aluminum alloy plate is used as a substrate
and 2017 aluminum alloy bar as a consumable material. The deposit has inclined
toward the retreating side because of a combined effect of the rotational direction
of consumable rod and the direction of surfacing. In case of multilayer deposit, it
is not possible to observe the difference between the first and second deposits, and
also the second deposit do no effect the first deposit. Aluminium matrix composites
were also effectively deposited on aluminium and titanium substrates during fric-
tion surfacing [208, 209]. The corrosion resistance of steel is not so very good and
also the oxide layer so formed on steel is noncompact. To overcome this problem a
thin film of aluminum is deposited on steel because it forms a compact oxide layer
when oxidized and thereby save the substrate steel from corrosion and abrasion
[210, 211]. An effective combinations of axial load and rotation speed can fabricate
a good coating (other parameters were kept constant). Here small Fe particles are
dispersed in the Al deposited on steel. Actually the deposit is a mechanical mixture
of aluminum and iron [212]. Mishra R. S. et al. proposed that FSP is very effective
solid-state method to form surface metal matrix composite with particles dispersed
in the matrix and the bonding between metal-matrix composite and metal substrate
is strong. At present, friction stir processing (FSP) has been acknowledged and used
extensively to develop surface composite film on metallic substrates [213]. FSP is
also suitable for different kinds of aluminum alloys and other metals due to absent of
interfacial reaction and phase formation. Also grains are refined in surface coating
by FSP. FSP is comparatively simple and easily controllable due to the absence of
complicated high-energy laser device or high-voltage electron accelerator. Hence it
is advantageous [214]. Friction assisted method such as friction surfacing and fric-
tion stir process are modern developed technique that can be applied to fabricate
surface MMCs of different matrix materials and reinforcement in order to meet wide
industrial application. But further development of the process is needed for the distri-
bution of the secondary phase [215]. Saravanakumar et al. [216] tried to improve the
wear resistance of copper surface by the synthesis of AlN reinforced copper matrix
composites (CMCs) on pure copper substrates through friction stir processing (FSP).
AlN particles were dispersed uniformly in the surface composite. The sliding wear
characteristic of copper is improved by coppermatrix composites (CMCs) reinforced
by different ceramic particles [217, 218]. But the ceramic particles present in copper
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matrix composites (CMCs) decrease the ductility and toughness of the material.
Therefore the surface of copper is reinforced by ceramic particles in order to trans-
form it into a surface composite layer and thereby the surface of copper developed
wear resistance and also the ductility of the inner copper matrix is retained [219,
220]. Copper has good thermal conductivity and workability but it has poor hardness
and wears resistance. Also it has poor resistance to assertive atmosphere that can
be effectively improved by the coating of ZnO. The coating of ZnO passivates the
substrate copper from further oxidation [221]

S. Godwin Barnabas et al. proposed the fabrication of coating of stainless steel on
ductile iron by FS for adverse uses. The process parameters are optimized in order
to get excellent bonding strength and good coating integrity of deposit. This process
extends their scope for other dissimilar metal combinations in order to protect the
material against wear and corrosion [223, 224]. G. Barnabas studied the deposit of
stainless steel on ductile iron by friction surfacing and it proves that the process is
superior due to the presence of dense and fine grain structure of ferrite and pearlite
on ductile iron. It is also proposed that the parameters are choosed in such a way so as
to control heat addition. Purity of the coating is outstanding having strong interfacial
bond [224]. Chandrasekaran et al. [225] proposed that stainless steel and tool steel
are deposited on mild steel with suitable combinations of parameters. Scott F. Miller
studied that the deposition of Monel 400 (Cu Ni–alloy) to the HY-80 steel surface by
friction surfacing process for corrosion resistance is successful. But that deposition
canbedoneby electroplatingor byusingbrush, first layer is formedbycopper then the
final layer by nickel and thereby a poor corrosion resistance is developed. Therefore
new friction stir process can be extended to coating and forming with a consumable
tool [226]. D. K. Sahoo and B. S.Mohanty studied the coating of copper onmild steel
formed by friction surfacingmethod. In this study, they observemass deposition rates
at intermediate layer and compare energy efficiencies of intermediate layers formed
by different method.In this process coating hardness and overall coating efficiency
increases [227]. J. J. S. Dilip proposed a multi-track multilayer deposit, as shown in
Fig. 12a–c below, applying friction surfacing. From microstructural analysis of the
multi-track multilayer deposit in mild steel; it is observed that inter-track and inter-
layer bonding is outstanding. The deposit consists of a fine grained microstructure of
ferrite and pearlite. The optimum mechtrode position for deposition may depend on
track thickness, mechtrode diameter, and mechtrode material [4]. Figure 13a, b show
the Optical and SEM microstructures of multi-track multilayered friction surfaced
mild steel deposit, respectively. Figure 13c shows the lack of bonding at a track
interface.

O. G. Riveraa et al. proposed a substitute way called Additive Friction Stir (AFS)
manufacturing to fusion-based additive manufacturing for improving themicrostruc-
ture of the material. In this case, grain refinement and densification during layer
deposition are produced by AFS in IN625 and thereby improving mechanical prop-
erties (YS, UTS, etc.) [130]. M. V. Kumar and S. V. Satish studied the Friction Stir
Surfacing on copper surface by the High Speed Steel (HSS) flat tool having 10%
Cobalt. The equiaxed grains of copper solid solution changed to very elongated
grains of copper solid solution due to heavy compressive load and hot forging action
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Fig. 11 Substrate is deformed plastically due to mechtrode materialis [228]

Fig. 12 a Material deposition for multi-track multilayer friction surfacing. b Multi-track friction
surfaced deposit. c Multi-track multilayer friction surfaced deposit [4]

on the material. There were no distorted grains in the friction stir surfaced region
of the material and also absent of cracks, voids, and scratches compared to parent
metal surface [229]. Hiroshi Tokisueet al. studied coating of 2017 BE-T4 aluminum
alloy on 5052 P-H34 aluminum alloy by friction surfacing. The friction surfacing
was occurred by contact between coating rod and plate for few seconds and then
plate moves. For multilayer friction surfacing, the surfaced material of the first layer
was cooled to a room temperature after surfacing and after that, the second layer was
formed. The surfacing efficiency of second layer of the 2017 alloy was magnificently



254 G. C. Karar et al.

Fig. 13 a Optical and b SEM microstructures of multi-track multilayered friction surfaced mild
steel deposit. c Lack of bonding at a track interface [4]

greater than that of the 5052 alloy and 2017 alloy monolayer surfaced material [207].
V. P. RAJU proposed that AISI M2 tool steel is deposited on low carbon steel which
is low cost material by friction surfacing process in order to achieve hard surface and
thereby reducing raw material cost and machining process time [230]. J. Gandraa
et al. proposed that the rates of deposition and specific energy efficiency are to be
considered for friction surfacing in order to compare coating processes.The substrate
is deformed plastically due to mechtrode material is rubbed against substrate from
the advancing to the retreating side and is shown in Fig. 11 [228]. J. Gandra et al.
also observed that the mechanical properties, i.e., tensile strength, bending strength,
and wear resistance of AA6082-T6 coatings over AA2024-T3 plates by friction
surfacing with no porosity [211]. Muhammed Danish et al. proposed the deposi-
tion of aluminum alloy6061 on mild steel by FS method in order to protect steel
from surface damage caused by corrosion, oxidation, and wear [231]. K. Prasad
Rao et al. proposed the coatings of Stellite6 on steel substrate by FS. They also
compared the friction surfaced coatings of Stellite6 with coatings formed by GTA
and PTA processes. Also Friction surfaced layer exhibit more hardness than GTA
and PTA coating and Stellite6 cast rod [132]. K. Prasad Rao et al. was analyzed the
mechanism of bonding of coating by studying thermal profile data obtained at the
coating/substrate interface by infrared thermography [214]. K. Prasad Rao et al. also
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Fig. 14 a Coating of steel over copper [215]. b Coating of steel over inconel [215]

observed the coating of different nonferrous materials by friction surfacing such as
aluminum, copper, magnesium (ZM21), Inconel 800, and titanium alloy (Ti-6Al-4V)
as the substrates and low carbon steel, aluminum alloy (AA6063), pure copper and
titanium as the consumable rods. Steel developed continuous coating over copper
and Inconel 800 as shown in Fig. 14a, b but it is difficult for aluminum, magnesium
(ZM21), and titanium alloy (Ti-6Al-4V) due to low strength at higher temperature.
The coatings may be discontinuous in case of few materials. Steel may be deposited
over aluminum substrate. Commercially pure (CP) copper andCP titaniumare unable
to deposit over any substrate material. AA6063 can be coated over CP aluminum
substrate [215]. The microstructure of steel coating on copper substrate are shown
in the Fig. 15a, b. The microstructure of steel coating on Inconel substrate are shown
in the Fig. 16a, b.

H. Khalid Rafi et al. studied thermal profiles by IR thermography for the time-
dependent heat generation in case of coating, consumable rod, substrate, and the
interface during friction surfacing. The retreating side indicates higher temperature
whereas advancing side indicates lower temperature. Figure 17a–c below indicate
the thermal profiles at different stages [232].

Margam Chandrasekaran et al. observed that tool steel and inconel developed
strong coating onmild steel surface by friction surfacing but aluminum can be coated
at high contact pressures and titanium could not be coated. Stainless steel, mild steel,
and inconel developed strong coating on aluminum but a brittle and undesirable
compounds are formed at the interface between stainless steel coating and aluminum
substrates [206]. Ramesh Puli et al. studied AISI 410 coating on mild steel substrates
by friction surfacing. The coating is very hard (average hardness of 460 HV) due to
fully martensitic microstructure. The bonding between AISI 410 coating and mild
steel substrates is outstanding.In this way mild steel is protected by the coating
from corrosion and wear [217]. Ramesh Puli and G. D. Janaki Ram compared the
coatings made by AISI 316L on mild steel by FS and MMAW processes. Friction
surfaced coatings showed good protection of corrosion in comparison with that of
MMA coatings due to the absence of δ-ferrite. Also friction surfaced coatings of
AISI 316L indicate better pitting corrosion resistance than that of AISI 316L bulk
material [218].Martensitic stainless steel, AISI 440C is an effectivematerial for wear
resistance coating. But coating is not possible with that material by conventional
processes. Ramesh Puli and G. D. Janaki Ram proposed that the layers of AISI 440C
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Fig. 15 a and b Intermixed region of steel coating on copper substrateare [215]

can be developed on low carbon steel substrates by friction surfacing. Also coatings
of AISI 440C due to friction surfacing showed lower hardness and wear resistance
but showed better corrosion resistance as compared to heat treated bulk material. The
inter-track bonding of multiple overlapping tracks is outstanding [219]. Dai Nakama
et al. observed that the hardness and wear resistance of the deposit of AZ91 was
more than that of the AZ31 magnesium alloy base metal. Hence friction surfacing
increases the wear resistance [220].

Compairing all the processes, solid-state is the effective process among them
because there is no need of external heating source. Also the microstructure and
hence mechanical properties of the coating has been modified by the frictional heat
and subsequent cooling. Generally heat treatment is not required for the improvement
of mechanical properties. Some materials can not be coated by other process except
solid-state process, i.e., friction surfacing. It is material and time saving process.
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Fig. 16 a and b Interface of steel coating on Inconel substrate [215]

2.5.2 Microstructural Evalusion of Coating

During friction surfacing consumable material is converted into a viscoplastic state
and deposited into the substrate. After deposition, heat is convected and radiated to
the surrounding environment during cooling and conducted into the substrate. During
cooling, the grain structure of consumable material changes and forms homogeneous
coating. Also chemical composition and phase transformation or modification of
second phase particle of consumable material can take place.

Steel

H. Khalid Rafi et al. observed the microstructure of the deposit of austenitic stainless
steel (AISI 310) and tool steel (H13) on mild steel by optical microscopy. At the
deposit edges, the bonding between the coating and substrate is not perfect. In case of
stainless steel coating, fine equiaxed grains are observed indicating recrystallization.
In case of tool steel deposit, fine grained ferrite matrix having uniformly arranged
carbide particles are observed. Figure 18a–c below are shown the microstructure of
the deposits of austenitic stainless steel, tool steel, and unbonded region at the edge
of the coating, respectively. The hardness varies across the interface for both the
steel. The hardness is maximum near the HAZ but decreases with the distance from
the HAZ. Same trends occur in case of mild steel substrate [233].
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Fig. 17 a The consumable rod/substrate along the rotating consumable rod (AISI 304) [232],
b surface temperature distribution, during the retreating, center, and advancing side [232]. c Thermal
profile on interfacing the interface during the heating phase [232]

H. Khalid Rafi et al. also observed the microstructure of the deposit of tool steel
(H13) on low carbon steel by OM. A large quantity of heat so produced during fric-
tion surfacing is dissipated so quickly through mechtrode and substrate that heat can
not pass into the area outside the contact zone and hence enormous heating near
the contact zone. There will be carburized layer or present of oxide in the interface
region. The coating consists of fine equiaxed austenite grains having size between
2 and 10 μm obtained from annealed tool steel (H13) rod having size between 50
and 60 μm. Carbide particles M23C6 and M7C3 orginally present in the matrix of
mechtrode are absent in the coating due to the higher temperature (>1100 °C). The
cooling rates during FS are sufficient to prevent conversion from austenite to marten-
site. The coating has higher hardness (around 58 HRC) than tool steel rod having
hardness of 20 HRC [213]. Stellite6 is very much useful cobalt-based alloy having
unique wear resistance due to the presence of hard carbide phase in a CoCr alloy
matrix. K. Prasad Rao et al. observed the coating of Stellite6 on steel (0.12%C)
substrate by friction surfacing. Friction surfaced coating showed chemical composi-
tional homogeneity, uniformly distributed more fine carbide particles and more Co
throughout the matrix than gas tungsten arc (GTA) and PTA coatings and cast rod.
The hardness of friction surfaced coating of Stellite6 ismore thanGTA and PTA coat-
ings and cast rod. In FS coating, FCC Co phase is not transformed to HCP Co phase
due to the process temperature 417 °C [282]. D2 steel, rich in carbon and chromium,
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Fig. 18 aMicrostructure of stainless steel deposit [222], bUnbonded region at the edge of deposit
[222], c Microstructure of tool steel the coating [222]

is widely used to develop the properties and the formation of coating on low carbon
steel can extend its life. R. Sekharbabu et al. observed that there is no any decarbur-
ized layer or oxide insertion at the interface between the FSed coating of D2 steel
and low carbon steel and thereby avoiding chances of cracks formation and porosity
development. FSed D2 steel coating consists of refined martensitic microstructure
transformed from austenite of D2 steel during friction surfacing process. Also the
larger carbides of D2 steel are fragmented to finer carbides having size from 0.1 to
1μm, in the coating during friction surfacing process. Due to the presence of refined
martensitic microstructure and carbides, hardness and wear resistance of coating
increases. The coating showed micro-hardness (700 Hv) while that of D2 steel is
less [234]. H. Khalid Rafi et al. observed that the coating/substrate interface between
AISI 304 and low carbon steel substrate exhibit very good interfacial bonding and
free from cracks and porosity. The coating due to friction surfacing showed refined
equiaxed grains having an average size of 5μm obtained from consumable AISI 304
having grain size of 40 μm due to discontinuous dynamic recrystallization as severe
plastic deformation takes place during friction surfacing process. The material prop-
erties will remain the same as there are no carbides in the fine grained microstructure
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[235]. Ramesh Puli et al. studied the coating of AISI 410 over mild steel substrates by
friction surfacing in presence of effective inert gas atmosphere to prevent the coating
surface from oxidation.It is revealed frommicrostructural study that there is excellent
bonding at the interface through out width of the coating excluding at the boundary
which is common in friction surfaced coatings. The coating consists of martensitic
microstructure in as-deposited state having no M23C6 carbides which was present in
consumable rod (AISI 410). From XRD study, it is observed that the carbide peak
intensity in the coating is very very less as compared to consumable rod. The hard-
ness of coating (460 HV) is very much higher than that of consumable rod (AISI
410) whose average hardness is 260 HV. Also shear strength of the friction surfaced
coating is 380 MPa which is more than minimum specified strength (140 MPa) for
clad plates in ASTMA263 [217]. Ramesh Puli et al. also compared coatings of AISI
410 over low carbon steelplates by FS and MMAW. The coatings of AISI 410 by
FS is fully martensitic microstructure having some undissolved M23C6. The ferrite
in the consumable rod is transformed to martensite in FS coating through austenite.
The δ-ferrite is absent in FS coatings. The MMAW consists of untempered marten-
site microstructure and good quantity of δ-ferrite. Hence FS is better for coating
[236]. Ramesh Puli et al. also studied austenitic stainless steel (AISI 316L) coat-
ings over mild steel substrate. The consumable rods of AISI 316L were taken as hot
rolled and annealed condition. Friction surfaced AISI 316L coating exhibits contin-
uous and strongly bonded coating/substrate interface. The FS coatings exhibit fine
wrought microstructure of average grain size 9 ± 3 μm which is less than consum-
able rod (60± 10μm) due to friction surfacing and no elongated sulfides inclusions,
no δ-ferrite but high dislocation density.In comparison, MMAW coatings showed
austenite microstructure with skeletalδ-ferrite [218]. Ramesh Puli et al. observed the
friction surfaced coating of martensitic stainless steel over a low carbon steel plate.
The interface between coating and substrate was not uniform,a little wavy and phys-
ically continuous. The FS coating exhibits martensite, retained austenite and M23C6

phases which is obtained from consumable rods of AISI 440C consisting of ferrite
and a more number of coarse and fine M23C6 carbides. The carbide particles are
fewer and smaller in FS coating. The peak temperature attained at 1150 °C during
friction surfacing. FS coating exhibits the uniform chromium levels are present over
the coating thickness and thereby preventing coating material from mixing with the
base material. The hardness of the AISI 440C coating (590 ± 10 HV) is more than
that of AISI 410 (460 HV) and showed good corrosion resistance due to higher
amount of retained austenite [219]. V. Pitchi Rajuet al. studied the FSed coating
of tool steel M2 onto low carbon steel. In this coating, some quantity of tool steel
M2 is mixed with low carbon steel, close to interface and thereby ensuring strong
metallurgical bonding at the interface. Also there is unbounded region at the edges.
The microstructure of coating showed fine carbides in tempered martensite and the
microstructure of the layer below the interface of the low carbon steel showed fine
pearlite and ferrite in the matrix. The coating is free from porosity, cracks, and voids.
Themicrohardness of the coating showed about 750 HVwhich is little more thanM2
tool steel material (748HV) due to martensite and carbides and also greater than the
coating of martensitic stainless steel AISI 440C on a low carbon steel plate (590 ±
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10 HV) [237]. V. Pitchi Raju et al. also observed the friction surfaced coating of tool
steelM2 ontomild steel. The coating showed excellent hardness (821HV in average)
and 391 HV in average at the interface and hence heat treatment is not required after
deposition to enhance hardness [238]. J. J. S. Dilip et al. studied the microstructure
of multi-track multilayer deposit and multi-material deposit by friction surfacing.
A multi-material deposition mild steel using single-track with alternating layers of
austenitic stainless steel AISI 316 and AISI 410 by friction surfacing is analysed.
The deposit exhibits a mixture of ferrite and pearlite due to dynamic recrystallization
during friction surfacing. It is observed that outstanding bonding exists between indi-
vidual layers. The microstructure of the top layer of a single-track multilayer deposit
exibit fully martensitic with no distinguishable carbide particles. The microhardness
gradually drops from the top-most layer (420 HV) to the bottom-most layer (260
HV) due to over-tempering of the martensite [4].

Aluminiumalloy, Copper, and Steel

J. Gandra et al. studied the microstructure of the coating of aluminium alloy on
aluminium plates by FS. The coating exhibits equiaxial homogeneousmicrostructure
with grain refinement (4.2± 1.8μm) as compared to consumable rod microstructure
(6.7 ± 3.3 μm). The interface is strongly bonded with free from porosity and inter-
metallic compounds. The edges of the deposits are not properly bonded. The hardness
of the coating near the surface is maximum (91 HV0.2) [210]. Muhammed Danish
et al. observed the coating of aluminium alloy 6061 on mild steel plates by friction
surfacing. The hardness value of coating is small near to the interface and large far
from the interface due to recrystallization of the grains [211]. Hidekazu Sakihama
et al. studied the coating of 5052 BDS-Faluminum alloy on 5052 P-H34 aluminum
alloy plate. The both edges of the deposits are incomplete. The grain of the coating
was finer as compared to the consumable rod and substrate. The substrate near the
deposit exhibits fine structure while slightly coarser structure in peripheral areas due
to heat than substrate [239]. Hiroshi Tokisue et al. observed the layer of 017BE-T4
aluminum alloy over 5052 P-34 aluminum alloy plate. In this case, 2017 aluminum
alloy is used instead of 5052 aluminum alloy as coating alloy due to higher strength
at higher temperature. For both the monolayer and multilayer surfaced materials, a
fine lamellar structure was observed in the deposit than both the coating material and
substrate [207]. Tarunkumar jujare et al. observed the coating of copper onmild steel.
The compounds FeCu4 and Fe17 Cu3 are present in the interface. The microstruc-
tures of the deposit are refined at interface from consumable rod which has equiaxed
course grained structure. K. Prasad Rao et al. observed the coating of low carbon
steel over copper substrate by friction surfacing. The coating/substrate interface is
continuous and free from defect. The coating hardness at the interface increases in
comparison to the original base material because of grain refinement. The interfacial
bond strength is found to be 105 MPa [215]. The Change of microhardness across
the interface is shown in the Fig. 19.
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Fig. 19 Change of microhardness across the interface [215]

Fig. 20 Microstructures of deposit [220]

Magnesium Alloy

Nakama et al. [220] usded AZ91 magnesium alloy as coating materials and AZ31
magnesium alloy plate as substrate in case of friction surfacing. Grain structures of
base metals, deposit, and interface are shown in Fig. 20.

The deposit exhibits finer structure than base metals. Also base metal of consum-
able rod showed cast solidified structure but deposit is not. In this case, it is observed
that deposit material is not penetrated into the substrate. Also mechanically mixed
layer which is observed for aluminum alloy is absent at the interface. The maximum
temperature of surfacing in case of magnesium alloy is lower than that of aluminum
alloy due to the difference of melting point.

Inconel 800 and Titanium Alloys

Chandrasekaran et al. [239] studied viability of deposit of Inconel 800. K. Prasad
Rao et al. observed the deposition of low carbon steel over Inconel 800. The interface
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exhibits strong bonding having strength 144 MPa. Also there is no intermixing at
the interface. Beyer et al. showed coating of Titanium 6.4alloy. The deposited layer
indicating hardness of about 400 HV0.2. Also some defects are observed at the
interface. Hence there is a possibility of brittle fracture of the coating [240].

2.5.3 Influence of Process Parameters

The measurement of coatings basically depends on thickness, width, bond strength,
and process parameters (i.e., friction pressure, consumable rod rotational speed,
and mechtrodetraverse speed). Also, the thermo-mechanical system is controlled
by (i)substrate thickness, (ii) rod diameter (iii) material properties. The generation
of heat due to friction and simultaneous cooling due to heat dissipation affects the
friction surfaced coatings. The parameters regarding process, such as traverse speed,
axial force and rotational speed controls the characteristics of the coatings developed
by friction surfacing [241].

Generally vertical milling machine is used for friction surfacing. The force or
pressure control with fixed axial load during deposition can be achieved by CNC
machine equipped with proper instrument. Instead of using load control, traditional
CNC machine can be used to set the rod feed rate [242].

The levels of process parameter selection depend on intermetallic compounds
formation and physical properties like diameter, thermal conductivity and density
and specific heat. The surface roughness depends on the selection of the levels of
process parameters. It is observed that surface roughness is inversely proportional
to frictional pressure, directly proportional to welding speed, combined effect of (i)
frictional pressure and rotational speed and, (ii) inversely proportional to rotational
speed and welding speed. The estimation of roughness or smoothness of coating
surface depends upon the rate of material transfer in layers. Friction surfacing is
controlled automatically by CNC machine and the process is reliable and repeatable
[230–245]. Vitanov et al. [202, 246, 247] developed a model in order to make quick
choice of process parameters. There is a limitation in increasing the rotational speed
of mechtrode and friction pressure as the starting torque of the operation is more
[248, 249]. The thickness of deposit is more conscious to substrate traverse speed
than mechtrode rotational speed [250, 231]. The rotating speed of mechatrode is
directly proportional to the time taken for deposition of metals. Also the traverse
speed of substrate in mm/sec is inversely proportional to the thickness of deposi-
tion [209]. Vitanov [251] proposed for a constant rotational speed, a specific ratio
between feed and traverse rates is to be maintained in order to get good bond. V.
Pitchi Raju et al. proposed the width of the deposit is directly proportional to friction
pressure and inversely proportional to rotational speed, combined effect of (i) friction
pressure and rotational speed, (ii) friction pressure and welding speed, (iii) pressure,
rotational speed, and welding speed [243]. The diffusivity of zinc atoms in copper is
good. Friction surfacing can deposit a wide range of specification of materials, with
a metallurgical bond, onto a variety of metal substrates. The process includes a hot
forging action, and therebymicrostructure of the depositionmaterial refines. Friction
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stir surfacing was carried out using HSS flat tool instead of mechatrode to generate
friction surfacing. Friction stir surfacing is a novel method to increase hardness and
wear properties of a material without using any extra coating material. Friction stir
surfacing process parameters can be optimized under different loads and speed. It
was observed that zinc would be a useful material for protective coating on copper
plate. A thick coating having range of thickness from 0.01 to 0.1 mm was deposited
on a substrate [252, 221]. The input parameters take part a major role in coating and
strength of bonding. It was observed that thinner coatings of stainless steel AISI 310
having high bonding strength is related with higher traverse speed. The relationship
between input and output parameters are optimized by response surface method-
ology. The process parameters are studied by using newly developed theoretical
regression model [253–255]. Sugandhi et al. [256] developed the empirical relations
in order to predict coating thickness and coating width incorporating FS operating
parameters. Scott F. Miller [237] deposited monel onto the steel in his experiment.
The change in traverse speed can affect the thickness of the coating significantly.
The thinnest coating (1.2 mm) can be obtained by highest traverse speed. However
a regular coating was not found beyond the traverse speed of 5.6 mm/s, due to the
discontinuity of dispersal of plasticized metal. But the coating thickness was found
to be 3 mm for a lower traverse speed of 1.2 mm/s. The consequence of traverse
speed on coating width was negligible in comparison to coating thickness [227].
Vitanov and Voutchkov [233] studied the flexibility for rapid changes of process
parameters regarding numerous coating materials and geometries of substrate in a
cost effective and reliable manner. They develop appropriate mathematical models
for optimization techniques in order to achieve effective feedback due to flexible
control.

3 Use of Additive Material in Medical Applications

Additive manufacturing technologies can be applied in the large area of the medical
field. They transform medicine to rapid prototypes. They manufacture models of
injured bone. AM printing methods allow scanning and developing a physical model
of defective bones and thereby doctors are getting knowledge of bone and planning
is made for saving cost and time [257].

The dentists can develop a plaster model of a patient’s mouth or replace the teeth
by additive manufacturing process like stereo lithography, SLS, and EBM [258,
259]. This technology will help patients suffering from loss of tissue in accidents,
to recover quickly with better results. Also 3D cell printing technologies can be
applied for printing artificial blood vessels which may be used in the bypass surgery
or cardiovascular defects [260, 261].

Budzik et al. [262] proposed that the crown and roots of a tooth can be fabricated
using the 3DP and FDM technologies. The results of checking fabricated models
were compared with their CAD models and hence their accuracy is the result of
errors of scanning, manufacturing, and the algorithm. AM is being used to produce a
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wide variety of personalized products including hearing aids, dental crowns, biomed-
ical implantation for hard and soft tissues; customized casts, splints, orthotics, and
prostheses (laser additive manufactured) in the medical and dental domain.

Atzeni and Salmi [131] analyzed two approaches for the production of dental
restoration based on time compression techniques (i) the wax patterns for the
investment casting of cobalt–chromium (CoCr) alloy (ii) the direct fabrication
of metal restorations by means of selective laser sintering additive technique.
After fabrication, the restoration surfaces were inspected by coordinate measuring
machine (CMM). Commercially pure (CP) Titanium and the Ti-6Al-4V alloys
are commonly used for orthopedic implants. Titanium implants acquire greater
mechanical properties and stiffness in comparison to natural bone [29].

4 Conclusions

This study reviewed the recent research trend of the additive manufacturing from the
research publication (2000–2017) and books. The regressive literature survey has
been explored under the area of additive manufacturing process, coatings and the
outcome of parameter on the coatings, effects of process parameters in production,
hybrid additive manufacturing method, effect of microstructure of the additive mate-
rials in mechanical properties, friction surfacing as advanced additive manufacturing
process, use of additivematerial inmedical applications, and additive element having
different combinations. The conclusions drawn from the vast literature survey are
given below:

• Different AM processes are strongly dependent on the materials and process
parameter. The process is controlled bymaterial characteristic and process param-
eters. Large numbers of studies are made on different types of energy sources
and characteristic of material powders. Laser is used as energy sources for most
of the cases. The new technology 3D printing is developed by the researchers.
Many researchers developed a dissimilar metal deposition system using wire
and arc-based AM and powder and laser DED process. Also the combined use
of x-ray computed tomography (XCT) and AM, developed by the researchers,
become increasingly important in various fields of engineering. The thermo-
mechanical Solid State Additive Manufacturing (SSAM) process provides a new
and alternative path to AM.

• The researchers developed different types of coatingmaterials and coating process
for different applications. They developed the superficial properties of the coating
and the bonding between the coating and the substrate material. They also devel-
oped composite coating materials. The researchers can control the thickness of
the coating by optimizing or simulating the process parameter and also studied
the post operation heat treatment.

• The production process, quality of product, time of production, cost of produc-
tion, etc., are the production parameters. In case of high-precision manufacturing
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processes the minimization of error is important. Different multilevel control
concept and several sensors have the potential to reduce errors significantly.

• AM process may be modified to hybrid AM process which is an additive-
subtractive process by the researchers to meet the need of advanced technology.
During the last few years, a hybrid AM systems have been developed with the
combination of LAM and CNC milling or multi-wire heads or different energy
sources such as laser and electron beam by the reseaechers. Also Cold Spray
(CS) and Friction Stir Processing (FSP) are the innovative hybrid process. Fric-
tion surfacing is a promising new technology in solid-state. Friction surfacing
improves wear and corrosion resistance of the elements by coating deposition.
Instead of depositing coatings, the process can be utilized for repair of defective
or damaged metallic components during operation.

• AMprinting technologies have been applied in the vast medical domain. Additive
manufacturing is a very effective tool for dentists. It is used for the printing of
artificial bloodvessels 263, 264, 265, 266, 267, 268, 269, 263, 270, 270.
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Fabrication and Characterisation
of Aluminium Matrix Composite (Al
2024) Reinforced with Zircon Sand
and Flyash

Laxmikant Swain, Rabinarayan Sethi, A. K. Chaubey, and Silani Sahoo

Abstract Composites are becoming popular in advance engineering. Monolithic
metals are replaced by metal matrix composites due to its low cost and improved
properties like better strength, good wear resistance, hardness, etc. AluminumMetal
Matrix Composites (AMMCs) are used widely in aerospace, automobile, and marine
industries. Among theAluminumAlloys, Al-2024 as a copper-based aluminum alloy
shows poor strength as well as poor wear resistance. In the present investigation, Al-
2024 is reinforced with Zircon Sand and Fly Ash fabricated with the Liquid metal-
lurgy route. Al-2024 is reinforced with reinforcements in different weight fractions
like 0.25, 0.50, and 1 wt.%. The microstructural analysis is carried out with the help
of FESEM. XRD analysis investigates the phase and structure of both matrix and
dispersive phases. Wear test is conducted on Multiple Tribotester. It is found that
with the increase in weight fraction of Ceramic Reinforcement, there is an increase
in wear resistance. Reinforced AMMCs with 1 wt.% of Zircon Sand and Fly Ash in
equal proportion have shown better results.

Keywords Al-2024 · Zircon sand · Fly ash ·Micro hardness ·Wear · Coefficient
of friction

1 Introduction

Metal Matrix Composites (MMCs) are composed of two or more materials. MMCs
are the multi-phase system that consists of a dispersive phase embedded in the matrix
phase. These dispersive phases can help the matrix phase in improving its prop-
erties. Aluminum Metal Matrix Composites (AMMCs) are commonly available in
Automotive,Marine, Aerospace, electronic packaging applications [1]. Aluminum is

L. Swain (B) · R. Sethi
Department of Mechanical Engineering, I G I T, Sarang, Odisha 759146, India
e-mail: laxmikantswain93@gmail.com

A. K. Chaubey · S. Sahoo
CSIR-Institute of Minerals and Materials Technology, Bhubaneswar, Odisha 751013, India

© Springer Nature Singapore Pte Ltd. 2021
P. M. Pandey et al. (eds.), Advances in Production and Industrial Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-5519-0_20

279

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5519-0_20&domain=pdf
mailto:laxmikantswain93@gmail.com
https://doi.org/10.1007/978-981-15-5519-0_20


280 L. Swain et al.

commonly preferredwith cost-effective reinforcement compensates the overallmate-
rial cost in technological advancement [2]. Ceramic hard particles added to aluminum
matrix composites have a lowcoefficient of thermal expansion (CTE) thanAluminum
alloys [3]. Aluminum Alloys are lightweight and show better strength and stiffness
[4]. But in the case of wear resistance, Aluminum alloys show very poor results. The
addition of Ceramic Reinforcement increases the wear resistance as well as different
mechanical properties like fatigue resistance, hardness, etc. This increases the effi-
ciency of the material supplemented with reduced maintenance costs in Industrial
applications. Composites reinforced with ceramic particles are more superior than
unreinforced aluminum alloy in automotive, aerospace, andmarine applications with
improved mechanical and physical properties. These reinforced composites are also
good in tribological properties [5].

Al 2 series are copper (3.8–4.9wt.%) based alloyingmetals used in aircraft fittings,
couplings, shaft, and gear materials [6]. Al-2024 is used in aeronautical sectors
due to its high strength and light weight [7]. Al-2024 is having its disadvantages
in cracking growth as well as defects like porosity and undercut [8, 9]. AMMCs
are reinforced with various particulates like SiC, boron, TiC, SiC3N4, silica sand,
MgO, mica, glass beads, and B4N and Al2O3. Limited work has been investigated
on Zircon Sand reinforced aluminum composites [10]. Zircon sand is preferred as
a reinforcement because of its high hardness and high modulus of elasticity [11].
Zircon sand is also known as Zirconium silicate (ZrSiO4). Zircon Sand is known for
its high refractoriness and chemical inertness.

The density of the Ceramic reinforcement is very high that leads to an increase in
the weight of the composites. The cost of the ceramic reinforcement is also very high
that has become a problem in developing countries. The problem can be solved by
multiple reinforcements in the aluminum matrix phase. The hybrid composites with
improved mechanical properties can be manufactured with low cost and density than
aluminum alloy. In recent work, Fly Ash as a secondary reinforcement is gaining
more demand in the industrial application. Fly Ash is an Industrial waste product
replaced by part of aluminum and magnesium which helps in energy savings [12].
Fly Ash is a byproduct of power plants. Fly Ash creates health hazards with air
pollution and only 6% is utilized in India [13]. Fly Ash decreases the cost and
density of the composite. The ceramic reinforcement is quite hard and brittle. The
brittleness of the composites causes a threat to the machining of the composites. The
addition of secondary reinforcement increases ductility [14]. AMMCs with small
size reinforcements are generally preferred for low-speed applications [15].

In light of the above, the present work is to compare the study of unreinforced
Al-2024 with up to 1 wt.% Zircon Sand and Fly Ash based Al-2024. The Wear
properties are investigated and FESEM analysis is studied on worn surfaces of the
specimen.
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2 Materials

2.1 Matrix Material

In this study Al2024 with a theoretical density of 2770 kg/m3 is taken as matrix
material. It has better strength but low wear and corrosion resistance. The chemical
composition of Al2024 is shown in Table 1.

In this present work, Zircon Sand and FlyAsh are used as reinforcementmaterials.
Zircon Sand particle size is in a range of about 100 to 250 microns. The Zircon Sand
is collected fromKonark, Ramachandi, Odisha. The chemical composition of Zircon
Sand is shown in Table 2.

The Particle size of Fly Ash as a secondary reinforcement ranges between 0.5
and 100-micron size. The Fly Ash is collected from NTPC, Talcher, Odisha. The
Material composition of Fly Ash is shown in Table 3.

3 Hybrid Composite Sample Preparation

HybridComposite is fabricated through a liquidmetallurgy route. Figure 1. shows the
experimental setup of Vertical Chamber Pit Furnace with an automated stirrer. The
Hybrid Composites samples are prepared at a different weight fraction of Ceramic
reinforcement. Al-2024 blocks are kept inside Cast Iron crucibles which are aligned
inside the furnace chamber with mold cavity. The whole metal flows through the
mold cavity with the help of the ejector pin. Aluminum alloys are melted up to
750 °C. The molten metal is degassed by Hexachloroethane Tablet and preheated
reinforcement kept at 200 °C is added to it. The stirring time is fixed at 8 min. and
stirring speed is at 300 rpm. Four Casting Samples (Pure Al-2024, 0.25 wt.% ZrSiO4

Table 1 Chemical composition of Al alloy used as matrix material in wt.%

Cu Mg Mn Fe Si Zn Ti Cr Others Al

3.8–4.9 1.2–1.8 0.3–0.9 0.5 0.5 0.25 0.15 0.1 0.15 Bal

Table 2 Chemical composition of Zircon Sand (in wt. %)

ZrO2 SiO2 HfO2 Al2O3 TiO2 Fe2O3 FeO P2O5

63.33 31.3 1.2 2.46 0.25 0.72 0.14 0.14

Table 3 Chemical composition of Fly Ash (in wt. %)

SiO2 Al2O3 Fe2O3 Ca0 MgO Na2O K2O

63.9 29.8 3.9 1.01 0.12 0.07 0.05



282 L. Swain et al.

Fig. 1 Stir casting set up

+ 0.25 wt.% Fly Ash, 0.5 wt.% ZrSiO4 + 0.5 wt.% Fly Ash and 1wt.% ZrSiO4 +
1wt.% Fly Ash) are prepared and pouring Temperature to the mold cavity is at 675
°C. The samples are machined with the EDM Wire machine.

Fig. 2 Machined wear
samples
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3.1 Microstructural Sample Preparation

FESEM analysis is carried out in ZEISS Microscopy. The samples are polished with
180, 220, 400, 600, 800, 1200, 1600, 2000 emery paper. The samples are polished
again with diamond polish to get a better reflective surface. XRD analysis is observed
in Rigaku Japan X-Ray Diffractometer. The dimension of the sample is 3 mm thick
small block.

3.2 Micro Hardness Sample Preparation

The samples are resin-molded. These samples are polishedwithSiCpaper inMETCO
Polishing machine. Polishing is done in a forward and backward direction to get a
better reflective surface. As per ASTM E92, four samples are taken with 100 gf load
in 10–15 s duration. The impression diameter is 0.404 mm.

3.3 Wear Sample Preparation

The Wear test is conducted on Multiple Tribotester TR-25. According to the ASTM
G99 standard, the wear sample dimension is taken as 6.5*6.5*9 mm.

4 Results and Discussion

4.1 Microstructural Analysis

FESEM images reveal the presence of elements like oxygen, Zircon, Aluminum,
Manganese, Magnesium, and Copper in 1 wt.% sample each of Fly Ash and
Zircon Sand as shown in Fig. 3. The white dendritic structure shows the presence
of Aluminum 2024 alloy constituents like Copper, Magnesium, Manganese, and
Aluminum. The red circle marked near the dendritic structure shows the presence
of a white globular structure of zirconium sourced from zircon sand. The presence
of Oxygen indicates the presence of Alumina which is a major constituent of Fly
Ash. The FESEM images give a view that the reinforcement is in less content but
entrapped in the white dendritic structure of Al-2024.The less content of reinforce-
ment may be due to less use of that reinforcement and depends upon the sensitivity
of the sample.

XRDPhases of 1 wt. % each of Fly Ash and Zircon Sand Reinforced Composite is
depicted in Fig. 4. It can be observed from the figure, the dominating peak represents
the Al Matrix. Peaks corresponding to Zirconium Oxide and Silicon Oxide were
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Fig. 3 FESEM analysis of 1 wt.% sample each of Fly Ash and Zircon Sand

not detected clearly due to the use of low content of that reinforcement. However,
Small peaks correspond to Zirconium Oxide and Silicon Oxide are also detectable
in the Fig. 4. The Al-matrix major peak is visualized at 2� value equal to 38.43,
44.83, and 78.31. The zirconium oxide and silicon oxide peak value visualized at
2� value equal to 38.90 and 47.38, respectively. The Crystal system of Zirconium
Oxide shows the cubic structure and Silicon Oxide shows the tetragonal structure.

4.2 Micro Hardness Test

Five indentations are taken and mean value with standard deviation are reported
in Table 4. The graph analysis of the Hardness value of different weight fraction
samples shown in Fig. 5.

The results show thatwith the increase in sample concentration, there is an increase
in hardness value. The increase in hardness value may be due to the presence of
hard ceramic particles. The error is less in the case of 1 wt.% sample that exhibits
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Fig. 4 XRD Analysis of 1 wt.% sample each of Fly Ash and Zircon Sand

Table 4 Micro vickers
hardness test for all samples

Sample name Mean hardness value with
standard deviation (in HV)

Unreinforced Al-2024 102 ± 1.41

Al-2024 with 0.25 wt.% Fly
Ash and Zircon Sand

105.5 ± 2.12

Al-2024 with 0.50 wt.% Fly
Ash and Zircon Sand

114.5 ± 3.53

Al-2024 with 1 wt.% Fly Ash
and Zircon Sand

116.5 ± 0.70

102
105.5

111.5
116.5

90

95

100

105

110

115

120

Unreinforced Al-
2024

 0.25 wt.% Fly Ash
and Zircon Sand

0.5 wt.% Fly Ash
and Zircon Sand

 1 wt.% Fly Ash
and Zircon Sand

HARDNESS VALUE (IN HV)

Fig. 5 MicroVicker hardness test for all samples
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better hardness value than other samples and also indicates the good concentration
of reinforcement. The better hardness value indicates the good interfacial bonding
between reinforcement and base alloy and minimizes the porosity [4]. The presence
of small concentration of silicon oxide and zirconium oxide is depicted from XRD
analysis in Fig. 4may be the cause of improvement in hardness property of reinforced
aluminum 2024.

4.3 Wear Test

The input parameters necessary for wear test are load, sliding speed, and time. The
time is fixed at 30 min. The combination of load and sliding speed is taken as
20 N–300 rpm.

The results of wear and coefficient of friction against variation of time are shown
in Figs. 6 and 7.
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The results show that there is an increase in wear resistance with the increase in
reinforcement. The increase in wear resistance may be due to the presence of hard
ceramic reinforcement. The wear resistance of 1 wt.% sample each of Fly Ash and
Zircon Sand has increased may be due to the increase in overall hardness of the
composite material as evident from Fig. 5. The samples with 0,0.25 and 0.5 wt.%
have shown more wear than 1.0 wt. % samples. The base Al-2024 alloy has shown
higher wear and 1.0 wt.% of sample shown lower wear. In the early stages of wear
process, the addition of reinforcement acts as a load carrying agent and inhibits
plastic deformation. In the later stages of wear process, these reinforcement forms
wear debris along with base matrix material and worn particles. These wear debris
fulfill the craters formed during the wear process and acts as a load bearing agent.

The Coefficient of Friction versus Time graph suggests that a decrease in coeffi-
cient of Friction with the increase in reinforcement. The average value of the coeffi-
cient of friction for base Al-2024 alloy is 0.35 but for 1 wt.% Sample each of Fly Ash
and Zircon Sand is 0.22. The decrease in coefficient of friction of 1 wt.% samples
of Fly Ash and Zircon Sand may be due to the presence of a higher percentage of
hard Fly Ash and Zircon Sand particles that result in point contact between roller
and Block.

5 Conclusion

Al-2024 is reinforced with Fly Ash and Zircon Sand through the stir casting method.
FESEM images reveal the presence of aluminum, zircon, magnesium, manganese,
copper, and oxygen which clears the presence of zirconium oxide. XRD analysis
shows the lower content of zirconium oxide and silicon oxide in the aluminum
matrix. The hardness value is maximum for 1 wt.% sample each of Fly Ash and
Zircon Sand. The wear test reveals that 1 wt.% Sample each of Fly Ash and Zircon
Sand having better wear resistant than base alloyAl-2024. This concludes that 1wt.%
sample has improved properties than base Al-2024 with better hardness property as
well as tribological properties.
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Novel Technology on Recovery
of Ceramic Materials from Partially
Lateritised Khondalite Rocks-A Bauxite
Mining Waste

Ranjita Swain, Sunita Routray, and R. Bhima Rao

Abstract Partially Lateritised Khondalite (PLK) rocks are found at the mine site
of bauxite mining area. These materials cannot be processed for the production of
alumina as these contain high reactive silica. But, the materials can be a raw material
for other industrial application after processing. In view of this, a research work
has been worked out on this problem. The main aim of the present investigation
is to see the effect of calcinations of non-mag products for iron removal and to
observe the improvement in brightness of the product. In view of this PLK rocks
are calcined at 1473°K temperature in a kiln and subjected to Dry High Intensity
Magnetic Separator (DHIMS) after crushing to below one mm size. It is observed
that a product obtained from calcined non-magnetic product from kiln contains 70%
brightness value which is a material for filler industries like paint, pigment, ceramic,
pesticides, paper coatings, textile, etc.

Keywords PLK rocks · Calcination · Dry high intensity magnetic separator · Iron
oxide · Filler/ceramic industries · Brightness

1 Introduction

The largest bauxite mining area is situated on Panchpatmali hills of Koraput district
in Odisha [1, 2]. Partially Lateritised Khondalite (PLK) rocks are one of the mining
wastes generated while mining the bauxite at Damanjodi. Whenever bauxite is being
mined for alumina extraction, at the same time partially weathered khondalite rocks
are also mined and dumped at mining area as a waste. It is also recorded that the
present capacity for mining of bauxite is about 6.825 million tons per annum, from
which 2.3 million tons per annum alumina is being produced. It is also observed
that the same amount of partially weathered khondalite and lateritic rocks are being
mined and kept at the site as it cannot be processed due to contain reactive silica. This
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miningwastemostly contains on an average of 30–56%ofAl2O3, 0.1–35%of Fe2O3,
0.1–3% of TiO2, 19–35% of SiO2 and 16–31% of loss of ignition (LOI). As these
rocks contain high alumina percentage still these are not suitable for metallurgical
industry in extracting alumina due to presence of reactive silica or clay. But, these
rocks can be used as a potential resource for different industrial applications such
as ceramic, filler, paint, pigment, cosmetics and paper industries after removal of
colouring impurities like iron using suitable mineral processing techniques. Demand
for brighter and submicron particle size materials is increasing day by day due to
higher demand for the same in filler, ceramic and refractory industries. As a result,
natural reserves of such materials are depleting very fast due to increase in demand
and hence it is necessary to explore the alternate resources especially from themining
and metallurgical wastes for industrial applications. Kaolin clay is one of the raw
materials suitable for filler, ceramic and refractory industries. It occurs in patches
throughout India. The total demand for kaolin is around one million tons per annum
which are presently being met from indigenous sources for filler industries alone.
Indian ceramic and filler industries also depend on other natural raw materials like
pyrophillite, talc, calcite powder, etc., and also from derived products such as calcite
precipitate, titanium dioxide, etc. In view of this, the PLK rocks can be a probable
reserve to substitute kaolin clay, proper for ceramic and filler-grade resources after
deletion of iron content by appropriate mineral dressing techniques. Several authors
have investigated for removal of iron on calcined products and found that the reaction
is faster using acids.

INDAL [3] is producing white, fine grained, high brightness and high purity
kaolin clay from bauxite mines. The beneficiation process for recovery of white clay
involves classification using hydrocyclone, centrifuging, high gravity mineral sepa-
ration, bleaching, filtration, thickening into slurry, drying and calcinations methods
to produce the desired product. Waite and Torikov [4] discussed the suspension of
lepidocrocite (γ-FeOOH) and hematite (α-Fe2O3) from bauxite and also measured
the apparent activation energy which is low for the dissolution of hematite than lepi-
docrocite. Gulfen et al. [5] have reported the optimum calcination conditions for
bauxite as one hour at 1173°K followed by leaching with 8 M hydrochloric acid.
It is also observed that dissolution of iron follows first-order reaction kinetics in
shrinking core model with apparent activation energy of 41.38 kJ/mol. Goodarzi
et al. [6] calcined the bauxite samples at temperatures between 873 and 1373°K and
then leached with hydrochloric acid. Detailed leaching studies on sample calcined
at 1173oK showed that leaching temperature is the most important parameter for
iron dissolution. The optimum leaching time for iron removal was determined to
be 120 min. Kinetics of iron removal from boehmitic and diasporic bauxite with
acid followed first-order and shrinking core model reaction mechanism, respectively
[7, 8]. The activation energy varied from 80 to 106 kJ/mol. It is also seen from the
literature that the apparent activation energy varies from 19 to 80 kJ/mol [6–12].

Kaolin clay can be used as a value-added material after physical beneficiation
study but some industries need very high quality and specialized kaolin clay.

Gajam and Raghavan [13] investigated the effect of calcination and the kinetics of
dissolution of kaolinite clay in hydrochloric acid. The rate of dissolution of iron has
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been increased with calcination temperature, calcination time and leaching temper-
ature. A first-order kinetic model is reported for the dissolution process. It is also
reported that the acid leaching process removed the iron oxides associated with the
clay [14].

Some of thework has been carried out by Swain et al. [15–17] on PLK rocks gener-
ated at bauxite mining place. Leaching experiments were carried out on different
process parameters. This process and parameters are also optimized by using RSM
application. After leachingwith hydrochloric acid it can be used as a ceramicmaterial
for industrial application.

An attempt has been made that this work is to investigate the prospect of iron
elimination from calcined sample of PLK rocks by usingmagnetic separation process
and extend the new application of the sample in filler/ceramic industries.

2 Materials and Methods

2.1 Materials

Partially Lateritised Khondalite rock samples were collected during bauxite mining.
These rock samples were calcined in an industrial kiln at 1473°K temperature for
2 h time, which shown in Fig. 1. The calcined rock was stage crushed to below

Fig. 1 a Natural and
b calcined PLK rocks
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Fig. 2 Schematically presentation of raw materials and experimental conditions

1 mm size. The different coloured sample subjected to Dry High Intensity Magnetic
Separator (DHIMS) at 0.6 Tmodel no. ELB-YANTV, Ore Sorter Pty. Ltd., Australia.
Details of the sample preparation for leaching studies are given below and also
shown schematically in Fig. 2. The details of the raw materials and experimental
conditions are also explained. The rawmaterials are calcinedPLKrocks andmagnetic
separations are carried out at different conditions.

2.2 Characterization and Evaluation

Thephase identification andquantification ofmineralogyof crystalline compounds in
rocks, solids and particulates using PANalytical X-Pert X-ray powder diffractometer

with Mo-Kα radiation (λ = 0.709 Ǻ) from 275 to 373°K scanning angle range
resolution at a scanning rate of 273.02°K/s.
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3 Results and Discussion

3.1 Characterization

The physical properties and chemical analysis of PLK rock is shown in Table 1.
The data specify about the natural PLK rocks; contain 1.3 gm/cm3 bulk density,
2.7 gm/cm3 true density and angle of repose 35.9°. The data indicate that the rock
contains 4.3% of Fe2O3 and 1.66% of TiO2. Individual calcined rocks are also picked
up and analysed.

The iron oxide analysis with respect to different sizes for calcined PLK rock
samples is shown in Table 2. The data shown in Table 2 indicate that calcined
kaolinized rocks contain less than 2% of Fe2O3 from 600 to 90 μm size whereas
below 90 μm size Fe2O3% is increased. Hence, above 90 μm size sample fractions
can be used directly as a refractory purpose. The sample fraction below 90 μm is
subjected for grinding and leaching with organic or inorganic acid for filler industrial
application.

XRDof PLK rock sample ismade known in Fig. 3a indicates that the rock contains
kaolinite, goethite, hematite, orthoclase, gibbsite, magnetite and quartz. The PLK
rock shows a highly crystalline kaolinite phase along with other phases of gibb-
site, goethite and quartz. The highest peak indicates that the high percentage of

Table 1 Chemical
characterization of PLK rocks
and calcined PLK rocks

Physical properties Chemical properties

Bulk density, g/cm3 1.3 Al2O3, % 37.24

True density, g/cm3 2.7 SiO2, % 40.64

Porosity, % 51.9 Fe2O3, % 4.30

Angle of repose, ° 35.9 TiO2, % 1.66

LOI, % 16.26

Table 2 Size and chemical
analysis of calcined PLK
rocks (White coloured
sample)

Size, μm wt, % Fe2O3, %

+600 35.9 0.84

+420 13.3 0.84

+300 5.7 0.84

+210 15.0 0.84

+150 10.3 1.26

+90 6.4 1.39

+75 3.4 2.51

+45 1.8 2.65

−45 8.3 2.65

Total 100.0 1.15
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kaolinite is present in the PLK rocks. XRD of calcined PLK rock sample (Fig. 3b)
contains corundum, kaolinite, orthoclase, gibbsite, goethite and hematite. The major
crystalline phase is corundum due to the presence of Al2O3 in hexagonal system.
Kaolinite shows its presence with a high peak. The iron content is present in the
form of hematite and goethite. Some parts of hematite become magnetite also. In
Fig. 4, the major phases are kaolinite, gibbsite, orthoclase and corundum. Some of
the hematite phases is also present in the XRD figure.

3.2 Effect Magnetic Separation on Reduction of Iron Content

The individual size fractions of white coloured calcined PLK rock is subjected to
DHIMS for reduction of iron content from the sample. The size and chemical analysis
of themagnetic and non-magnetic fractions are tabulated in Table 3. The data indicate



Novel Technology on Recovery of Ceramic Materials … 295

Table 3 Size and chemical
analysis of the samples after
using DHIMS

Size, μm Details Wt., % Fe2O3, %

+ 600 Mag 6.2 8.1

Nonmag 93.8 0.6

Total 100.0 1.06

+ 420 Mag 6.3 2.9

Nonmag 93.7 0.2

Total 100.0 1.07

+ 300 Mag 13.3 3.8

Nonmag 86.7 0.3

Total 100.0 1.37

+ 210 Mag 5.9 3.9

Nonmag 94.1 0.25

Total 100.0 0.99

+ 150 Mag 4.8 12.9

Nonmag 95.2 0.4

Total 100.0 1.0

+ 90 Mag 16.7 3.45

Nonmag 83.3 0.56

Total 100.0 1.0

+ 75 Mag 22.2 2.2

Nonmag 77.8 0.84

Total 100.0 1.15

+ 45 Mag 40 3.02

Nonmag 60 0.9

Total 100.0 1.74

+ 45 Mag 11.1 5.8

Nonmag 88.9 1.2

Total 100.0 1.71

that the non-magnetic fraction of the sizes from 600 to 90 μm contains less than
0.7% of Fe2O3. These samples can be suitable for ceramic industries as per ceramic
standard for Fe2O3. But below 90 μm size fraction the samples contain more than
1% of Fe2O3.

3.3 Characterization of the Product

Chemical analysis of the product is given in Table 4 which indicates that the Fe2O3%
is 0.7%and the brightness value is above70%.Theproduct is suitable infiller/ceramic
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Table 4 Chemical characterization of calcined non-mag product

Sample Al2O3, % SiO2, % Fe2O3, % TiO2, % LOI, %

Calcined non-mag product 43.67 46.34 0.7 0.78 9.01

Fig. 5 Photograph of calcined non-magnetic product for filler/ceramic purpose

industry. The product for filler/ceramicmaterial is shown in Fig. 5. The non-magnetic
product, the block made for firing and drying, plasticity test and the pellet for
brightness testing are shown from left to right, respectively.

3.4 Evaluation of Product

The product is being validated with the standard ceramic property. The detail prop-
erties are tabulated in Table 5 which indicates that the product obtained from PLK

Table 5 Validation of
material for ceramic property

Details Product (calcined
non-mag product)

Standard ceramic
property*

Water plasticity 41.36% 32% (min.)

Shrinkage after
drying

0.31% 7% (max.)

Shrinkage after
firing

12.01% 14% (max.)

Colour after firing Perfectly white Perfectly white

Grit Nil 2% (max.)

Fe2O3 0.70% 1% (max.)

*Standard ceramic property by Bureau of Indian Standard
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rocks comparatively showing the best properties for ceramic industrial applications.
The plasticity is more than desired and the shrinkage after firing and drying is in
the range. Iron content is also less than 1%, no grit is found in the material too. The
colour of the sample is also white after firing.

4 Conclusions

The PLK rock is a bauxite miningwaste which is generated duringmining of bauxite.
The rock is calcined in an industrial kiln at 1473°K temperature for two hours.
These rocks crushed and separated by using magnetic separator (DHIMS). There
is two products are obtained such as magnetic fraction and non-magnetic fraction.
The non-magnetic fractions are tested further for its suitability in ceramic industry.
The product obtained from calcined non-magnetic product has 70% brightness. This
product has low percentage of Fe2O3 that is 0.7%. The sample was also characterized
and compared with BIS standard property of ceramics. The data obtained from the
experiments are in the range and also found as a suitable material for filler/ceramic
industries.
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A Study on Heavy Mineral Distribution
Pattern Along Brahmagiri Coast
of Odisha, India and Its Beneficiation
to Recover Industrial Minerals

Sunita Routray, Ranjita Swain, and R. Bhima Rao

Abstract In this research paper, it is attempted to study the grain size distribution of
heavy minerals and their distribution pattern along with chemical characteristics of
four samples collected fromBhrahmagiri coast of Odisha. The grain size distribution
of as it is samples and heavy minerals are carried out. Size frequency mode of 300
and 212µm are more significant for as it is samples. Whereas, size analysis of heavy
minerals show size frequency mode of 212 µm. All the four samples are found to
contain higher percentage of magnetic heavies.

Keywords Beach sand · Heavy minerals · Fluvial sand · Back dune · Frontal dune

1 Introduction

The country India has a coastline of around 6000 km, which hosts some of the largest
and richest beach sand placer deposits. The beach and dune sands of this country
contain heavy minerals like ilmenite, rutile, garnet, zircon, monazite and sillimanite.
The total heavy mineral deposit of the World is about 2500 million tons (Mt), out
of which India has about 270 Mt. In India, the resource contains about 463 Mt of
ilmenite, 150 Mt of garnet, 29 Mt of zircon, 10 Mt of monazite and 190 Mt of
sillimanite. The Indian resources of heavy mineral are: Indian resources constitute
about 35% of world resource of ilmenite, 10% of rutile, 14% zircon and 71.4%
of monazite [1]. Beach- dune sand deposits have some special features. These are
environmentally favourable for mining and recovery of individual heavyminerals for
industrial applications. The heavyminerals present in beach anddune sandhavemuch
industrial value and are used for different applications. Zircon finds its application
in ceramics, refractory industries, foundry, TV glass, zirconia chemicals and other
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applications [2]. Ilmenite is mainly used for manufacture of titanium dioxide (a white
pigment) which is used in paints, paper, rubber, textile industries, etc. Garnet mineral
is used in the manufacture of abrasives, grinding wheels for polishing glass/TV
tubes, as sand blasting media, in water filtration, water jet cutting and in anti-skid
surfaces. Sillimanite used as a rawmaterial for high alumina refractory and insulators.
Monazite is used as a source of thorium and rare earth compounds used in various
chemical and electronic industries.

Hence, known resources are always explored for recovery of heavy minerals. The
state Odisha has many resources of beach sand heavy minerals [3, 4]. In the present
paper the study area chosen is Brahmagiri coast of state Odisha, which contains
good source of heavy minerals as reported by AMD [5–8]. In this paper, an attempt
ismade to assess the occurrence of placer heavyminerals, their distribution, physical,
chemical characteristics and recovery of heavy minerals by mineral separator. The
mineral separator is widely recognized as a valuable tool of gravity concentration
for quick and efficient separation of mineral grains of close specific density [9–11].

2 Study Area

In the present study area, i.e. Brahmagiri coast located in Puri district of the state
Odisha, the district covers an area of 3050.8 km2 and bounded by latitude 19°25′–
20°25′N and longitudes 85°00′–86°20′E. The district is surrounded by Jagatsinghpur
district in east, Ganjam district in west, Khurda district in north and Bay of Bengal in
south. The district is drained bydifferent rivers such asKushabhadra,Daya,Bhargabi,
Prachi, etc. Geologically, a small part in the extreme north of the area is represented
by Khondalite gneiss and the remaining part is covered by a thick pile of Quaternary
sediments. Department of Atomic Energy confirms the presence of heavy minerals
along the Brahmagiri coast. Figure 1 shows the geographical location of the present
study area.

Fig. 1 Location map of
Brahmagiri coast [12]
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Fig. 2 Concentration of heavy minerals along the coast of Brahmagiri

3 Materials and Methods

Figure 2 shows the concentration of heavy minerals along the coast of Brahma-
giri. Samples were collected from different locations along the coast. Represen-
tative samples of fluvial sand, beach sand, frontal dune sand and back dune sand
samples were physically characterized after washing. Physical characterization such
as angle of repose, bulk density, true density, sink-float analysis and size analysis
using standard sieves were carried out. The sink portions obtained from sink-float
analysis using bromoform was subjected to magnetic separation to get the magnetic
and non magnetic heavy minerals. The non magnetic heavies are again subjected to
diidomethane to separate non magnetic very heavy and light heavy minerals. Then
all samples were sent for chemical analysis to know the elements present in it. Again,
a composite sample was prepared from the samples collected. Gravity concentrator
such as mineral separator was used to access the response of heavy minerals to
recovery process.

4 Results and Discussion

4.1 Textural and Grain Size Distribution

The size frequencymodes offluvial sand, beach sand, frontal dune sand andbackdune
samples are presented in Fig. 3. It can be noted from the figure that size frequency
mode of 300 and 212 µm are more significant for all samples. The bulk density, true
density, angle of repose, d80 passing size and THM content of all the four samples
is presented in Table 1.

The size analysis of the Total Heavy Minerals (THMs) obtained from the above
samples through sink–float method is presented in Fig. 4. All samples show the
106 µm peak is significantly followed by either 150 or 212 µm peak.
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Fig. 3 Size frequency
model of samples

Table 1 Physical characterization of all samples

Samples Bulk density
(g/cm3)

True density
(g/cm3)

Angle of
repose (°)

d80 passing
size (µm)

THM (%)

Beach sand 1.625 2.7 34.41 415 9.75

Fluvial sand 1.78 2.85 30.56 395 10.4

Frontal dune
sand

1.725 2.73 30.62 400 13.88

Back dune sand 1.74 2.73 31.26 390 10.6

Fig. 4 Size analysis
histogram of THMs
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Fig. 5 Magnetic and non
magnetic fraction in different
samples

The THMs contain magnetic and non magnetic heavy minerals shown in Fig. 5.
It can be seen from the figure that the percentage of magnetic minerals is much more
than the non magnetic fraction. The frontal dune sand contains highest percentage
of magnetic heavies among all samples. Figure 6 shows the fraction of heavy and
light minerals in different samples. It can be concluded that more percentage of light
minerals present in higher size fraction, whereas higher percentage of heavyminerals
present in lower size fraction. It is quite obvious, because light minerals are coarser
and heavy minerals are finer in size.

Table 2 presents the typical chemical analysis of sequential sink-float products
of different samples. It can be observed from the table the TiO2 (%) is much higher
in magnetic heavy minerals and non magnetic very heavy minerals. It is due to the
presence of ilmenite and rutile in the heavies, respectively. Ilmenite is magnetic and
having specific gravity of 4.79 gm/cc. Rutile is non magnetic with specific gravity of
4.2 gm/cc. Fe2O3 (%) is also higher in all Magnetic heavy minerals due to presence
of ilmenite. Al2O3 (%) is found to be higher in non magnetic light heavy minerals of
all samples, which is due to the presence of sillimanite. Sillimanite is non magnetic
and having specific gravity of 3.3 gm/cc is considered as a light heavy mineral. ZrO2

(%) is found to be higher in non magnetic very heavy minerals as zircon is present
in that. Zircon is non magnetic and also having high specific gravity (4.7 gm/cc). In
all samples, presence of HfO2 is very less.

X-ray diffraction data of total heavyminerals, magnetic heavies and nonmagnetic
heavies are given in Fig. 7. The data indicate that the total heavy minerals contain
mostly ilmenite followed by minor amounts of sillimanite, zircon, rutile, etc. The
magnetic heavies significantly exhibit the presence of ilmenite intensity peak,
whereas the non magnetic heavies significantly exhibit the presence of multiple
mineral peak intensities such as sillimanite, zircon, rutile and quartz, etc.
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Fig. 6 Heavy and light mineral content in different samples

The composite bulk sample with 12.0% THM is subjected to mineral separator
and the complete flowsheet with material balance is presented in Fig. 8. This study
is carried out to observe the response of sand samples to gravity separation process.
After five stages of operation, the final concentrate obtained shows a yield of 8.6%
with grade and recovery of 67.4% and 48.3%, respectively.

The tailings obtained in all stages can be mixed and sent for further processing
as it contains total heavy minerals of about 6.2%. Observing the results, it can be
concluded that heavy minerals can be recovered from this deposit and scale up study
can be done by using spiral concentrator.

5 Conclusions

The experimental results show that, for collected samples, size frequency mode is
significant at 300 and 212 µm. Whereas, size analysis of heavy minerals show size
frequencymodeof 212µm. It is also observed that, all the four samples contain higher
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Table 2 Typical chemical analysis of sequential sink-float products of different samples *

Samples Heavies TiO2 (%) Fe2O3 (%) Al2O3 (%) SiO2 (%) ZrO2(%) HfO2

Beach
sand

MHM 38.3 38.4 5.2 10.8 1.3 658.6 ppm

NMVH 50.6 5.4 4.2 11.3 22.1 0.654%

NMLH 1.2 1.3 51.9 39.9 0.6 136.8 ppm

Frontal
dune sand

MHM 35.3 36.8 5.6 14.7 0.7 434 ppm

NMVH 47.8 4.2 3.1 11.9 24.7 0.715%

NMLH 0.9 1.3 51.0 40.6 0.6 137.9 ppm

Back dune
sand

MHM 31.9 37.1 7.1 17.2 0.8 403.2 ppm

NMVH 26.7 3.4 1.5 5.5 10 0.3%

NMLH 1.4 1.5 50.5 40.1 0.5 117.3 ppm

Fluvial
sand

MHM 39.3 37.4 4.0 12.4 0.85 511.2 ppm

NMVH 45.1 11.1 4.1 10.0 22.2 0.678%

NMLH 1.2 1.5 50.5 40.2 0.645 138.5 ppm

*MHM: Magnetic heavy minerals, NMVH: Non magnetic very heavy mineral, NMLH: Non
magnetic light heavy

Fig. 7 X-ray diffraction data
on feed heavies, magnetic
heavies and non magnetic
heavies

percentage of magnetic heavies. Chemical analysis of heavies shows that the heavy
minerals are of suitable grade for industrial applications. Themineral separator study
shows the samples collected from this coast are responding to the gravity separation
process.
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Fig. 8 Flowsheet for recovery of total heavy minerals
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Webometric Study of Lean
Manufacturing

Kritika Karwasra, Devesh Kumar, Gunjan Soni, and Surya Prakash

Abstract This paper contains info metric study of lean manufacturing. With the
objective of reducing the cost TPS (Toyota Production System) came with the new
practice called Lean Manufacturing. The goal of lean manufacturing is to eliminate
the non-value added activities by reducing seven types of waste i.e. Overproduc-
tion, Over-processing, Rework, Inventory, Wait, Transportation, and Motion. In this
paper summarization is done on the statistical data collected. The data has been
collected over the years.and classified into various categories on the basis of their
source of origin. The various sources of origin of the publications related to Lean
Manufacturing are papers by various authors, publications through various inter-
national journals, publications among various fields of research and engineering,
publications from various countries, and publications from various conferences. By
using this data, webometric has been used to explore the impact of the field of Lean
Manufacturing, the impact of set of researchers that has been publishing over the
years.
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1 Introduction

Lean manufacturing is a combination of the craft production system, in which highly
skilled manufacturers manufacture a product according to specifications given by
the customer and mass production system, in which a large number of products
are manufactured on an assembly line [1]. The goal of lean manufacturing is to
reduce theMuda (waste) in labor effort, inventory, time to market and manufacturing
space to become highly responsive to customer demand while producing world-class
quality products in the most efficient and economical manner. Lean manufacturing
is not a set of a processor to follow; it is continuous improvement to reduce waste
[2]. Lean focuses on eliminating non-value added activities and waste (muda) in
industry. The seven wastes are: motion, overproduction, overprocessing, lead time,
rework, inventory, and defects. In addition, two more types of waste have appeared
in literature that is underutilization of people’s creativity and environmental waste.
The major tools used earlier for lean manufacturing was (i) Value Stream Mapping
[3], (ii) Kanban [4], (iii) Just in time [5], (iv) Kaizen [6], (v) Cellular manufacturing
[7], (vi) Single Minute Exchange Die [8], (vii) 5S [9], etc.

With time it was observed, lean still contains some challenges such as fundamental
shift required in an organization’s culture. Therefore the concept ofmerging leanwith
six sigma arrived. Six Sigma is a methodology that improves business processes by
using statistical analysis. It is a data-driven and highly disciplined approach that elim-
inates the number of defects in an organization by using DMAIC (Define, Measure,
Analyze, Improve, and Control) approach. So, integration of these two approaches
gives the organization more efficiency and affectivity and helps to achieve superior
performance faster than the implementation of each approach in isolation [10].

Lean Six Sigma is defined as a business strategy and methodology that boosts
process performance, and develops customer satisfaction, leadership, and bottom
line results by improving quality, speed, and costs [11].

Now, with the rise of environment and social consciousness, the definition of lean
has been expanded to incorporate concepts of economic, social, and environmental
sustainability. The USA’s Environmental protection Agency defined aims of lean
as: Develop the quality products, at the lowest cost with the shortest lead times by
systematically and continuously eliminating waste, while respecting people and the
environment. In order to respond to the growth of customer demands for products and
services that are environmentally sustainable and comply with governmental envi-
ronmental regulations, companies have now been forced to rethink these objectives
and hence how they manage their operations and processes.

The green paradigm is operationalized through green initiatives [12], supported
bymethods and tools that include environmental operationsmanagement also known
as green operations [13], green manufacturing, green supply chains, reverse logis-
tics, eco-design, design for environment or green building, sustainable value stream
mapping, and life cycle assessment.

In general the enterprises, nowadays, are driven by market demand. The presence
of fierce competition, ever-expanding business with rapid pace and time schedules



Webometric Study of Lean Manufacturing 311

that are supposed to be kept up to the mark and compressed are the factors by which
market demand is characterized these days. On the other hand, the production cycles
in manufacturing are being shortened with reduction batch size with depending on
the need of the hour. The dynamic nature of product demand and its customization
is also inevitable and experienced frequently by the organizations. This also poses a
challenge for leading organizations in industrial sector which in turn creates a need to
improve optimization and process efficiency. Hence in order tomaintain and improve
competitive advantages, the possible initiative which should be undertaken by the
companies is Lean Manufacturing. The term lean manufacturing was introduced by
Womack to address the working methodology implemented by Japanese compa-
nies, particularly Toyota. This methodology relies on the elimination of wastes and
nonproductive processes, in order to focus on value-added operations and produce
high-quality products, at the customers demand pace, with ideally no waste [14].
Manufacturers around the world have always been inclined toward enhancing their
competitiveness. The idea and the concept behind lean manufacturing is the best
way to achieve their aspirations. With the methodology behind lean manufacturing,
it would not be wrong to believe that this process will also result in waste control
and regulation of essential processes related to production [15].

Lean manufacturing brought an industrial revolution in world that’s why; a statis-
tical analysis is done to understand it more intricately. This paper presents a biblio-
metric analysis of leanmanufacturing. Historical data over the years is collected from
Scopus and has been classified into various categories on the basis of their various
authors, various international journals, fields of research, and countries.

2 Statistical Analysis

2.1 Statistics by year

With the keyword of “Lean Manufacturing” 3950 research publications were found
fromScopus database (accessed onMay 6, 2019). The general direction inwhich lean
manufacturing is developing is shown in Fig. 1. As can be seen from Fig. 1, the first
research article was published in 1991 as the concept of lean manufacturing came in
the late 1980s. The number of research papers increase from 1995 to 19 then falls to
10 in 1996, then tremendous increase in publications was observed from 42 in 2001
to 227 in 2005. After this, the number of publications was decreased and remained
to an average of 197 till 2012. Then there was a sudden rise of 255 publications in
the year 2013 and kept increasing till the year 2018 with the maximum publication
of 378. Then there was a huge fall down in the year 2019, in which 86 publications
happened. The trend in Fig. 1 shows that the number of publications will decrease
to 1 in 2020, as other manufacturing practices are arising like genetic algorithm, etc.
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Fig. 1 Number of publications by year

2.2 Statistics by Field

Publications discussed in the previous section aremajorly from“Engineering,” “Busi-
ness, management and accounting, and Computer Science.” Total 2694 documents
are in Engineering field, 1257 in Business, management and accounting, and 767 in
Computer science, as seen from Fig. 2. Sum of these publications exceeds the total
number of publications in previous section as one publication can be designated in
more than one field.All three fields havemaximumnumber of publications in the year
2018, i.e., 254 in Engineering field, 171 in Business, management and accounting,

Fig. 2 Number of paper in top three field
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and 119 in Computer science. As seen from Figs. 3, 4, and 5 the fashion of publica-
tion is the same in all three fields. The first publication under Engineering field and

Fig. 3 Distribution of publications by year of engineering field

Fig. 4 Distribution of publications by year of business, management and accounting field

Fig. 5 Distribution of publications by year of computer science field
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Fig. 6 Number of publications in different document type in lean manufacturing

Business, management and accounting field was in 1991 and the first publication
under Computer science field was in 1994.

2.3 Statistics by Document Type

Majority of publications of Lean manufacturing are articles, conference papers, and
review papers with 1947 publications are articles, 1304 are conference papers, and
328 are research papers. Figure 6 shows the distribution of different papers in each
category. Another category consists of all other document types, i.e., book, book
chapter, note, report. As shown in Fig. 6 around 91%papers are of articles, conference
papers, and review type and rest 9% belongs to the other category.

2.4 Statistics by Country

Top three countries with the highest number of publications are the United States,
India, and the United Kingdom with 1109, 401, and 233 publications, respectively.
Figure 7 shows the year-wise distribution of publications in each country. The first
paper was published in 1991 in the United Kingdom, while it was published in
United States in 1993 and in India in 2004, still the United Kingdom has less number
of publications as compared to India and United States. Around 44% of all papers
are published by these countries. Trend of each country is seen in Figs. 8, 9, and
10, United States has maximum number of publications in 2006, i.e., 90 India and
United Kingdom has maximum number of publications in the year 2018 that are
82 and 24, respectively. The number of publications continuously increased from
1991 to 2006 and then there were on average 73 papers per year till 2012 but then
decreased continuously from 2013 to 2019 in the United States. In India, trend was
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Fig. 7 Number of publications in top three country in lean manufacturing

Fig. 8 Distribution of publication in United States by year

Fig. 9 Distribution of publication in India by year
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Fig. 10 Distribution of publication in United Kingdom by year

different it continuously increased from 2004 to 2012 then remained around 40 per
year till 2017 then it increased to 82 in 2018 and decreased to 18 in 2019. The United
Kingdom has a very less number of publications, it has on average 3 publications
per year from 1991 to 2004, and then this number increased to 12 publications per
year from 2005 to 2015, then increased to 24 in 2018 and decreased to 5 in 2019.

It has been observed that India does less work in Lean or India lack in Lean prac-
tices. Individual barriers of Lean Manufacturing implementation has been identified
as lack of management focus, lack of urge to create sense of urgency, lack of manage-
ment support, lack of long-term vision, lack of labor resources, lack of capital fund,
lack of communication, lack of idea innovation, mediocre consultants, lack of time,
lack of training, lack of understanding aboutLean, lack of implementation know-how,
conflicts with other Initiatives like TQP, TPM, JIT, disparate manufacturing environ-
ments, demand volatility, conflicts with ERP Implementations, company culture,
employee’s resistant to change, middle management resistance, no direct financial
advantage, not recognizing financial benefits, no financial targets, past experience of
failure and sliding back to previous state in the absence of staying power [16].

2.5 Statistics by Journal

Top 3 journals with the highest number of papers are International Journal of Six
Sigma Lean, International journal of Production Research, and International Journal
of Advanced Manufacturing Technology with 48, 85, and 39 publications, respec-
tively as shown in Fig. 11. International journals have been a solid medium to
convey research to the community of scientists, researchers, and learned people.
Thus medium has also proved its importance to the lean manufacturing. Past years
data show that Lean Manufacturing’s first-ever paper in International Journal of Six
Sigma Lean was published in 2010. Since 2010, every year International Journal of
Six Sigma Lean have been publishing in this topic with an increase of 7 in 2016
from just 1 in 2010. The year 2018 experienced the highest number of research



Webometric Study of Lean Manufacturing 317

Fig. 11 Number of publications in top three journal in lean manufacturing

papers published which is 16 as shown in Fig. 12. In case of International Journal of
Production Research, it has been a warm topic of interest for researchers as the publi-
cations are being published since 1991. The number has also increased in subsequent
years with highest number of publications in 2017, i.e., 10. From 2001 to 2007, the
average number of publications of international journals production research was 3.
In the following years from 2007, trends show that the average increased from 3 to
7 as shown in Fig. 13. In case of International Journal of Advanced Manufacturing,
the first publication was published in 2006 which was only 1 publication that year.
According to past data, only 1 journal every year was published till 2008. There has
been increased number of publications since 2008 as shown in Fig. 14. In the present
year of 2019 there has been only 1 publication in Advance Manufacturing while

Fig. 12 Distribution of publications in international journal of lean six sigma by year
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Fig. 13 Distribution of publications in international journal of production research by year

Fig. 14 Distribution of publications in international journal of advancedmanufacturing technology

in Lean Six Sigma and Production Research there have been 6 and 3 publications,
respectively.

2.6 Statistics on the Basis of Various Publications
from Different Authors

Statistics from the past shows that three authors who have been forefathers of major
publications from time to time are A. Weber, R. Kodali, and Vinod S as shown in
Fig. 15. As shown from Fig. 17 it is observed that, the first-ever publication from
Vinod S came out in 2008 while R. Kodali wrote his first publication in 2007. Out of
these three, the first-ever publication was written by A. Weber in 2003. Data shows
that hewrote 2 other publications aswell in that same year. From that year all the three
authors have been frequently active in publishing their works from time to time every
year. The maximum publications by anyone of these authors in a particular year are
8 which are published by S. Vinod in 2008. In year 2013 there was no publication by
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Fig. 15 Number of
publications by top three
author in lean manufacturing

R. Kodali. Similarly, after publishing 5 publications in year 2005, author A. Weber
came out with his next publication in 2013. He has been continuously active in
qualifications since then. In the present year, i.e., 2019, the only publication till now
is 1 which is the work of author Vinod S.

3 Results and Discussion

Lean manufacturing is an organized approach introduced by Japanese after World
War II to reduce waste in Industries. The first research document was published
in 1991 as seen in Fig. 1, a total of 3950 papers are published till May 6, 2019.
Most of the publications are in “Engineering” field and in “Business management
and accounting” field, as seen from Fig. 2. In addition, majority of publications are
of article type and conference paper type as can be seen from Fig. 6. The United
States has published maximum number of documents in this field, i.e., 1109 since
1991. India and the United Kingdom are the other two countries with top number of
publications, as seen from Fig. 7, and also the first document was published in the
United Kingdom as seen from Fig. 16. The trend shows that there were less than 100
papers from 1991 to 2002, after this year number of documents was increased to an
average of 200 papers per year till 2017 as seen from Fig. 1.

Journal with highest number of publications are International Journal of Six
Sigma Lean (48), International Journal of Production Research (85), and Interna-
tional Journal of Advanced Manufacturing Technology (39) as seen from Fig. 11. In
the end, top discussion is done between the top 3 authors, as shown in Fig. 17. Author
Vinodh S. publishes his first research work in 2008 and from then he publishes his
work every year in this field. Author Kodali R. published his first document in 2007
and published continuously every year till 2016, after 2016 there is no publication by
him. Instead author Weber A. published his first publication in 2003 and published
every year till 2005, after 2005 he publishes his next document in the year 2013.

Statistical analysis by document type is discussed in which top 3 document types
are article, reviewpaper, and conference paper. Year-wise distribution of all three data
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Fig. 16 Number of publications of lean manufacturing by top three countries

Fig. 17 Number of publications of lean manufacturing by top authors

types is shown in Fig. 18. The first publication of article was in 1991, of conference
paper was in 1993, and of review paper was in 1997. As seen from Fig. 18 article
has the highest rate of publishing as compared to review and conference paper.
Article and conference paper have the same trend but conference paper has different
pattern as seen from Fig. 18. The number of article publications and conference
paper publications was increased from 1993 to 2018, but review paper publications
had different trend it had maximum papers in 2005 and after that there was only an
average of 7 papers per year. No document type has more than 200 papers.
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Fig. 18 Number of publications of lean manufacturing in top three document type

4 Conclusion

This paper informetric study of lean manufacturing. Historical data over the years is
collected from Scopus and has been classified into various categories on the basis of
their various authors, various international journals, and fields of research and engi-
neering, countries, and from various conferences. There are a total of 3950 papers
from year 1980 to 2019. We figure out that the maximum number of publications
was in 2018, i.e., 378, but it dropped down to 86 in 2019 till May. The top three
authors with maximum number of publications are Vinodh S., Kodali R., and Weber
A. with 40, 23, and 22 number of publications simultaneously. Engineering field has
the highest number of publications, i.e., 2694 and the other top two fields Business
Management and Accounting has 1257 and Computer Science has 767 publications.
Major publications of lean manufacturing are of article type, around 49.3% of publi-
cations are of article type, 33% are conference paper, and 8.3% of them are of review
paper type. Article and Conference paper has themajority of publications in 2018 but
then review paper has the highest publication in 2005, in addition there is no more
than 80 review paper in any year, instead article and conference paper has some
years with more than 100 publications. The United States has the highest number
of research document till May 2019. Fraction of publication of top 3 countries is,
28.1% from the United States, 10.2 % from India, and 5.9 % of documents from
the United Kingdom. The United States publishes on an average of 74 documents
from 2004 to 2013 per year, but India and the United Kingdom have the majority
of documents published in 2018. The first document in India was published in 2004
however United kingdom had its first publication in 1991 and the United States had
in 1993. The First document was published in the International Journal of Production
Research in 1991 and this journal published maximum number of documents, i.e.,
85. In 2006 International Journal of AdvancedManufacturing Technology published
its first certificate and has 39 publications. The International Journal of Lean Six
Sigma published its first publication in 2010 and has 48 documents.
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In future more expanded study should be done on the basis of different tools used
in lean manufacturing.
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Leakage of a Magnetizer Assembly
of a MFL Tool for Oil and Gas Pipelines
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Abstract Almost all pipelines need constant monitoring and frequent inspections.
This paper presents the design of a magnetizer assembly and experimental simu-
lation investigation of flux leakage. The simulations carried out in a well known
multiphysics software to get insights for the designed magnetizer assembly based
MFL tool. Defects of different size and depth are modeled and simulated so that a
better design aspect of the magnetizer assembly can be conceived. Several simula-
tions were carried out, and magnetic field density plots of the pipe cross-section were
obtained. It was observed that as the thickness of the pipe is decreasing the magnetic
flux density in that region increases. The center of the pipe, where the metal erosion
is maximum, the flux density was also found to be increased and gradually decreases
as we move toward the edges of the metal erosion. These findings helped in selecting
the second chamber of the tool consisting of a magnetic section and optimal magnets
arrangement for a given material of pipeline. The findings will help in selecting the
chamber of the tool consisting of amagnetic section havingmagnets that are arranged
in a crisscross pattern to provide stability to the tool.
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1 Introduction

Pipelines are one of the key infrastructures of any nation as they are themost econom-
ical and useful mode of transporting oil, gas, and other petrochemical products. The
hydrocarbon products that are transported in pipelines are vital for running everyday
life and industries. Any unwanted event or accident in these infrastructuresmay cause
great damages to life and assets. The buried pipes can pass through anywhere such as
crowded city, desert, or even a water body. They are cost-effective, convenient, and
are environmental friendly. Pipelines have a lot more advantages than other means,
but at the same time, it needs huge capital investment and regular maintenance,
monitoring, and inspection to prevent the risk. These risks involve degradation or
crack which may cause hazardous damage, accident, or danger to life and environ-
ment. Hence, pipelines need constant monitoring, frequent inspections, and regular
adherence to the norms.

There are numerousmethods available formonitoring and inspections of pipelines
such as nondestructive testing, e.g., X-rays, magnetic particle test, eddy current test,
magnetic flux leakage (MFL) [1] method and ultrasonic. In this paper, the design of a
magnetizer assembly of an MFL geometry inspection (GI) tool for in-line inspection
of oil and gas pipelines is presented and flux leakage behavior is analyzed.

The magnetizer assembly is a vital component of an MFL tool and we have
designed a kit for experimenting the behavior of flux leakage under certain conditions.
The scope of the paper is limited to design a magnetizer assembly and test the
experimental abilities through simulation of flux leaks. The simulations carried out in
COMSOLmultiphysics software to get insights for its proposedmagnetizer assembly
of the MFL tool. Defects of different size and depth are modeled and simulated so
that a better design aspect of the magnetizer assembly can be conceived.

2 Literature Review

Broadly, the pipeline integrity management deals with the concept of failure preven-
tion, inspection, and care [2]. Kishawy and Gabbar have [2] reviewed the pipeline
integrity management practices in general. In their study, the authors have given
significant attention to designing phase of inspection, maintenance, and monitoring.
Some other excellent review studies are [2–4] which provide in-depth information
about research on intelligent pipelineMFLdetection.Corrosion is also amajor defect.
Tawancy et al. [5] provided the analysis of corroded segments of pipes. Feng et al.
[3] provide excellent theory and application summary of in-line inspection methods
for oil and gas pipelines. Onemore study by Usarek andWarnke [6] did some experi-
mental study on inspection of gas pipelines using MFLmethod. It was also observed
that debris also affect the defect detection. The debris in pipeline may have detri-
mental effect on MFL data which was studied by Yang et al. [7]. To improve the
capabilities of MFL tools, the effects of apparatus parameters, like magnet height,
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concentrator, backing iron, etc., are chosen through OED method was there in the
study of Song [8]. A very interesting study by Narang et al. [9] presented the simu-
lation of defects and analyzed the quantification of the dimension of defect. It seems
that there is a rich literature related to MFL investigation in oil and gas pipeline
sector. However, there is a need to investigate the multiphysics aspects of various
pipeline materials. In the present study, the simulations are carried out in COMSOL
multiphysics software to get insights for its proposed magnetizer assembly of the
MFL tool. Defects of different size and depth are modeled and simulated so that a
better design aspect of the magnetizer assembly can be conceived. The next section
provides the theory of the pipelines andmajor concepts required forMFLapplications
in tool design or criticality related to magnetizer assembly.

2.1 Pipeline Integrity Design

In general, the design of pipes is mostly done based on utility. The pipe systems
can be broadly classified into two following categories: high-pressure pipes that are
used for transporting fiery fluids like oil/gases. The precise estimate of the failure in
such pipelines is still a key issue [10]. There are many issues such as, the effect of
temperature change, thermal expansion/contraction, mechanical forces, etc. which
make pipes prone to failure. On the other side, the low-pressure pipes focus on the
rigidity of pipe, soil type, and pipe’s interaction with soil if they are underneath. In
these aspects, the designing ismore intensive on external load rather than the internal,
and the weight of the earth becomes the most critical design factor in such condition.

Material Selection: The pipe material is selected based on utility and type of fluid
which they carry. The common standards are laid down by American Petroleum
Inst. (API), American Soc. for Testing and Materials (ASTM), ASME, and ANSI.
For example, B16.5 steel pipe flanges have seven pressure classes as per the ANSI
standard [11]. It is advised that the user should follow these standards. Proper care
should be taken while designing for allowable stress, hoop stress, axial stress calcu-
lation. These parameters affect the pipeline inspection before the operation or during
maintenance.

2.2 Principle of Flux Leakage and Detection

Some examples of the inspection tools are geometry inspection tools (multichannel),
leakage detection, magnetic flux leakage (MFL), ultrasonic tools, EMAT, etc. The
MFL tool deals with the inspection of pipeline defects and works on the principle
of magnetic flux leakage [12]. On the areas where there are corrosion, metal loss,
dent, porosity, pinhole, and cracks, there can be a variation in magnetic field lines
under a given magnetic field that causes the leakage of flux. In a typical MFL tool,
a magnetic detector is placed between the poles of the magnet to detect the leaked
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Fig. 1 Principle of flux leakage and detection through magnets

field, which is undoubtedly a kind of nondestructive testing. MFL tools are used to
spot if a corrosion anomaly is interior or exterior in the wall of pipeline and also
determine the location of the region of metal loss anomaly [13]. Figure 1 shows
the principle of flux leakage and detection through magnets. The magnitude of the
defects is measured by estimating the flux density leaked from the external of the
ferromagnetic material. If there is a defect on the pipes, some of the flux lines will
break the exterior of the components. Hall sensor or mobile induced coils could
detect the leaked part of the flux [4, 14]. The magnets produce a strong magnetic
field in the steel pipe, and sensors present in the tool record the disturbance in the
magnetic field pattern. The recorded magnetic flux data gives us an indication of
where the magnetic field is deflected, providing all related conditions of the pipeline.
The magnetizer section is the assembly of these magnets in a particular manner so
that all points on the circumference of the pipe can be covered. The details of this
part are presented in the next section for context making.

2.3 Magnetic Flux Leakage (MFL) Tool

In a pipeline, the areas where there are corrosion, metal loss, dent, porosity, cracks
MFL detects the leakage or variation in magnetic field lines [12]. Our study first
presents a CAD model of MFL tool and provides specific attention to magnetizer
assembly. The tool is designed for ferromagneticmaterial as theMFL toolmagnetizes
the pipeline so that the field lines can pass through them. A typical MFL tool incor-
porates several arrangements: drive system, magnetic system, sensor system, data
conditioning and recording system, and power system [4]. Figure 2 shows the general
design of an instrumented pipeline inspection gauge (MFL based). The magnetizer
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Fig. 2 Design of an instrumented pipeline inspection gauge (MFL based) (Note 1—Nose Ccone,
2—Pu cups, 3—Drive section, 4—Magnetic section, 5—CPU section, 6—Bettery section, 7—
Transmitter section, 8—Odometer)

assembly is a vital component of an MFL tool, and we aim to design it for exper-
imenting the behavior of flux under certain conditions so that flux leakage can be
detected and approximated for a pipeline abnormality. The tool captures the data of
the pipeline structural features and links it up with the real-time clock data/GPS.
Specialized software is used for analyzing the data obtained from the tool after
running in pipelines. The software predicts the correct location of each dent and
corrosion. The magnetic section also contains some flappers which are small PCB
sections which consist mainly of sensors for the tool such as the proximity sensor and
the hall sensor. The hall sensor is used to detect the presence of the magnetic field in
the environment, and the proximity sensor provides the distance between the flapper
and the inner surface of the metal pipeline. The proximity sensor is primarily used
to detect whether a defect detected by the tool is internal or external, i.e., whether
a dent or pipeline lies on the inner surface or the outer surface of the pipeline thus
working as an ID-OD (internal defect and outer defect indicator). The hall sensor as
mentioned previously can detect the presence of a magnetic field in the environment.
The data of the hall sensor is recorded, and then it is calibrated using it in such a way
that it considers the data as a reference point and any deviations from it observed
by the tool is considered as a defect by the software. Machine learning as a new
approach that can be used to avert false data and thus make the final report more
reliable. The inertial measurement unit can be used to detect the orientation of the
tool and hall sensor number and pipe position.

The magnetizer section has the following parts, magnet bar, anchor block front,
anchor block rear, end shaft, linkage arm, and mag shaft, wear plate front, and wear
plate rear. In the designed tool, we are using a strong magnet, Neodymium N52
having Remanence of 1.437 T and 14.35 kGs. The magnetizer section has six bars
and each bar has four magnets. In between the four magnets, four flappers (assembly
of hall sensors and proximity sensors in PCB) are used. The magnetized field is
formed, and sensors are installed between the magnetized fields so that when the
drive section pulls the inspection tool, a continuous flowofmagnetic field established.
When there is a defect at any point of the inspection tool, this magnetic field gets
deflected. For this deflection of the magnetic field, the installed sensors will collect
the field deflection data and store. In the present design, the sensors used for data
storage are mainly of two types, hall sensors, and customized proximity sensors. Hall
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sensors detect the severity and type of defect in the tool and proximity sensors detect
whether the defect is inside or outside the pipeline. Figure 3a shows the magnetizer
section and exploded view ofmagnetizer subassembly. Figure 3b shows the proposed
arrangement of magnet, sensor, and flapper in magnetizer section for experiment.

Fig. 3 a Magnetizer section and exploded view of magnetizer sub-assembly. b Arrangement of
magnet, sensor, and flapper in magnetizer section for experiment
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2.4 Parts and Functioning of Magnetizer:

• Magnetiser bar—They used to hold all the parts of the magnetizer, which mainly
includes magnets and sensors.

• Sensors—They will be mounted on PU strips.
• Linkage arm—Used to connect the mag arm and center shaft (mag shaft).
• Spring on linkage arm—Used to make the constant surface contact of the

magnetizer to the surface of the pipeline.
• Anchor Block Front and Rear—They provide support to the magnets and will be

connected to mag shaft via a linkage arm.
• Wear Plate Front and Rear—Reduces the wear out of material at contact points.
• Magnetizer Nominal Diameter for 8′ = 210 mm, length of MFL = 2300 mm and

weight = 85 kg.

3 Simulation and Method

As stated earlier, the scope of the paper is limited to design a magnetizer assembly
and test the experimental abilities through simulation of flux leaks. The simulations
carried out inCOMSOLmultiphysics software to get insights for its proposedmagne-
tizer assembly of the MFL tool. Defects of different size and depth are modeled and
simulated so that a better design aspect of the magnetizer assembly can be conceived.
After collecting the information fromdesign, the focuswas shifted to creating a simu-
lationmodel forCOMSOL. In the initial study, a small portion of the pipe is taken. For
primary analysis on material, the flat surface is selected. The design of the tool-pipe
assembly was made in NX 10 (Fig. 4 of the CAD model of Pipe-tool assembly) and
CAD file was transferred to COMSOL 5.0 Multiphysics on magneto-static studies.
Further, the FEM analysis was carried out as per [12]. It is worth noting that we
are here presenting a very fundamental simulation study apart from design. There
are different modules present in the software for different studies, the magnetic field
study which was present in the AC/DC module, and the study was done assuming
the system to be stationary. Different materials were assigned to their respective part
according to the data given which can be a good indicator [15]. The following details
were useful for simulation; pipe material—low carbon steel 1010; tool material—
aluminum 6061 t6; magnet material—neodymium iron boron; brushes—soft iron;
medium was air. The following additional assumptions are made while simulating
the behavior of magnetic flux leakage.

• The system was assumed stationary.
• We did not consider any losses like friction loss, hydraulic loss, and viscous force.
• We assumed temperature 293.15 K and pressure to be assumed 1 atm.
• We considered some magnetic vector potential.
• Brushes are considered as solid.
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Fig. 4 CAD model of pipe-tool assembly

To start with, a rectangular cross-section of pipe is made of dimension 200 mm *
400 mm. A 40 mm * 40 mm was made on both interior and exterior of the pipe with
depth 4 mm and 3 mm, respectively. Several other offsets were made on the interior
sectionwith varying depths. Beneath the pipe, there is the tool assembly consisting of
magnets, brushes (to hold the magnets), and a backplate to assemble all components.
Figure 5 shows the mesh generation for pipe-tool assembly. A magnetic field was

Fig. 5 Mesh generation on pipe-tool assembly
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generated throughneodymium iron boronmagnetswhich produced amagnetic vector
potential of 1000 wb/m.

In the simulations, Neodymium Iron Boron (NdFeB) magnets were taken to
perform the FEM analysis, which has a coercivity of 827,600 A/m. Two mediums
were defined on the interior and exterior of the pipe. Materials were assigned to
different components, as discussed above. The governing equations for the analysis
are � × H = Je and B = � × A Where, “A” is vector potential, “B” is Magnetic
flux density, and “J” is current density.

3.1 Results and Findings

A number of simulations were carried out, and magnetic field density plots of the
pipe cross-section were obtained. It was observed that as the thickness of the pipe
is decreasing the magnetic flux density in that region increases. High magnetic field
densities were observedwhere the pipe thickness is reduced. At the center of the pipe,
where the metal erosion is maximum the flux density is also higher and gradually
decreases as we move towards the edges as the metal erosion while offset decreases
as shown in Figs. 6 and 7.

The placement of the sensor was done, and simulations were carried out. The
critical aspects identified are: sensor safety is the topmost priority, because of the
hydrocarbon environment if placed on the proximity of surface plates. Placement
of the proximity sensor is critical because it will affect the accuracy of the defect

Fig. 6 Magnetic flux density



332 S. Prakash et al.

Fig. 7 Magnetic contours
on the defect region

detected. The use of proper steel is recommended, such as SS 304 because of its
nonmagnetic, noncorrosive behavior in trials. In actual practice, sufficient data rate
is achieved for storing the information of the sensors, thus making it possible for the
tool to be moved at a higher velocity and make the scanning process quicker.

4 Conclusion

The paper presents the design of a magnetizer assembly and experimental abilities
through simulation of flux leaks. The simulations carried out in COMSOL multi-
physics software to get insights for its proposed magnetizer assembly of the MFL
tool. Defects of different size and depth are modeled and simulated so that a better
design aspect of themagnetizer assembly can be conceived. Several simulationswere
carried out, and magnetic field density plots of the pipe cross-section were obtained.
It was observed that as the thickness of the pipe is decreasing the magnetic flux
density in that region increases. High magnetic field densities were observed where
the pipe thickness is reduced. At the center of the pipe, where the metal erosion is
maximum, the flux density is also greater and gradually decreases as wemove toward
the edges as themetal erosion. These findings helped in selecting the second chamber
of the tool consists of a magnetic section which may consist of a large number of
NeodymiumN52 grademagnets, and themagnets are arranged in a crisscross pattern
to provide stability to the tool.
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DIC Correlation with Analysis Under
Impact of Fiber Metal Laminates

S. K. Abhishek, G. Sunil Kumar, and R. Ramesh Kumar

Abstract Impact analyses are performed on fiber metal laminates (FMLs) by free
fall of a mass at low to medium velocities and time-out of plane displacement
responses are compared with following Digital Image Correlation (DIC) test proce-
dure involving random pattern image projection on the specimen and high-speed
camera. CARALL 1 consists of five aluminium layers which are reinforced with
twelve embedded quasi-isotropic carbon fibre laminates and CARALL 2 involves
three layers of aluminium reinforced with two embedded carbon fibre laminates. The
thin plate undergoes predominant elastic deformation and explicit dynamic analysis
shows good agreement with experimental results than CARALL 1 that undergoes
both elastic and plastic deformation. Both test and analyses show good agreement on
the assessment of response time of the FML laminates. The behaviour of deflection
under impact loading up to low velocity is found to be linear and beyond which, a
non-linear behaviour is observed.

Keywords Fiber metal laminates · Digital image correlation · Carbon fibre
reinforced aluminium laminate

1 Introduction

One of the critical issues in the design of composite structures in the aerospace
industry against impact is to enable the structure to absorb more impact energy.
Impact loading occurs mainly under high velocity or low velocity. High velocity
impact loading induces a localised form of damage that may not affect the structural
integrity unlike in the case low velocity impact [1]. Hence most of the studies are
confined to low velocity impact, say up to 15 m/s. The impact resistance of the CFRP
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can be improved by embedding metal constituents in between the CFRP laminates
[2]. These are called fibermetal laminates (FML), which have improved impact resis-
tance and damage tolerance thanmetal plates and plain composites. FML is generally
based on either GLARE, that stands for glass laminate reinforced aluminium epoxy
or ARALL and CARALL represented by Aramid and Carbon reinforced aluminium
laminates, respectively [3]. Study on aluminium/carbon-epoxy fiber metal laminates
on the inter-relation between the damage zone area, maximum depth of the deforma-
tion, the layup configurations and energy levels were reported and it was observed
that Al/CFRP laminates have high impact damage resistance for low velocity [4].
The FML with (0/90) ply sequence in the carbon fibre was observed to exhibit
the best behaviour. Mishra and Nayak simulated non-linearity due to contact and
observed that contact force variation increased with impact velocity [5]. In most of
the experimental investigations on the low velocity impact on composite plate was
performed by falling weight, in which mass of indenter was kept high [6]. A compar-
isonwith experimental studieswas based on the observation of damage zone sizewith
respect to indenter diameter with finite element analysis. Carrillo performed a low
velocity impact on aramid-reinforced polypropylene and obtained force–time vari-
ation and absorbed energy for different impact velocities. Results showed that FML
configuration is based on 3 Aluminium and 4 composite layers, exhibited highest
specific absorbed energy for first damage and perforation threshold when compared
to other laminates [7]. The impact angle played a significant influence on the dynamic
response of the GLARE. The impact process became slow as the impact angle which
in turn reduced the plastic deformation, maximum impact contact force and energy
absorption. So 90° impact is found as the most dangerous condition. Compared with
the matrix failure and delamination of composite layers, the plastic deformation and
fracture of aluminium layers were the two effective energy-absorbing modes which
slowed down the failure progress of composite layers [8].

In this work, CARALL plate consisting of the aluminium layer with quasi-
isotropic carbon laminates are considered for the impact analysis following material
non-linearity for aluminium layer and digital correlation experimental investigation
is performed using random pattern projection to capture out of plane displacements.
Comparison of time displacement–response of CARALL is made to verify finite
element model for the design of FML under impact velocities. Moreover study is
focused to understand any failure of embedded composite layers.

2 Experimental Investigation Using DIC

The experimental study is carried out to generate test data on displacement–time
response of the CARALL 1 and CARALL 2 specimens of 250 × 250 mm size
with two different thickness of 4.34 and 1.22 mm to compare with explicit dynamic
analyses considering material non-linearity.
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Table 1 Details on FML

Nomenclature Stacking sequence

CARAL 1 Al/0°/60°/−60°/Al/−60°/60°/0°/Al/0°/−60°/60°/Al/60°/−60°/0°/Al
17 layers each with 0.18 mm thickness

CARALL 2 Al/0°/Al/90°/Al
5 layers each with 0.18 mm thickness

Fig. 1 Location of strain gauges

2.1 Geometry of Target Plate

The size of the CARALL specimen is 250 x 250 mm with thickness of 0.18 mm
for both aluminium and CFRP layers. The layup sequence and orientation of the
specimens are given in Table 1.

2.2 Strain Gauge Location

In order to measure the strain of the specimen strain gauge is bonded at the bottom of
the specimen. Strain gauge parallel in numbers with gauge factor 2.065 are bonded
as shown in Fig. 1.

Five gauges are bonded in X direction to measure strain in Y direction and six
gauges are placed in Y direction to capture strain in X direction. The numbering of
gauges is done to identify the position of each gauge.

2.3 Indenter Geometry and Mass and Velocity

The impactor is modelled as an available spherical ball of mass 66.6 g. The diameter
of the spherical ball is 25.3mm and is modelled as a rigid body. The impact velocities
are 11.29, 13.65 and 16.86 m/s and its associated heights are 6.5, 9.5 and 14.25 m.
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Table 2 Material properties of Aluminium AA-2024-T3

Material Density Young’s modulus Poisons ratio Yield stress Tangent modulus

AA 2024-T3 2700 kg/m3 70 GPa 0.3 300 MPa 1.3 MPa

Table 3 Overall orthotropic properties of CFRP

Material E1 E2 E3 G12 G23 G13 µ12 µ23 µ13

CFRP 112 GPa 112 GPa 112 GPa 15.49 GPa 4 GPa 15.49 GPa 0.32 0.3 0.32

2.4 Material Properties

Bilinear kinematic model is used for aluminium. The material properties of
aluminium alloy Al-2024-T3 are shown in Table 2.

Linear orthotropic material model is applied as a material model for CFRP. The
overall orthotropicmaterial properties of theCFRP laminates are presented inTable 3.

3 Method of Approach

3.1 Numerical Simulation of CARALL

ANSYS LS-DYNA is used for the numerical simulation of CARALL as shown in
Fig. 2.

Eight noded solid elements are used to model the FML. The element is applicable
for bilinear kinematic and plastic kinematic models. The specimen is modelled as per
the layup sequence given in Table 1. Each layer is modelled as solid with thickness
of 0.18 mm and the impactor is modelled as per the geometry mentioned in Sect. 2.2.
Hexahedral element of size 12.5× 12.5 mm each in the X–Y plane is used. Now two

Fig. 2 Geometry of CARALL
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components are created for defining the contact between impactor and specimen.
The interaction between spherical ball and top layer is defined by automatic surface-
to-surface contact. All the nodes in the periphery of the CARALL are constrained for
all degree of freedom. The spherical ball is restricted from rotation in all directions
and is allowed to move only in Z direction (out of plane direction of plates). The
ball is given an impact velocity as planned (11.29, 13.65 and 16.86 m/s) in the
thickness direction. The above problem is analysed and time response variation of
the CARALL is obtained.

3.2 Experimental Investigation

All the low velocity impact tests are conducted using the free-fall drop test setup.
A schematic sketch of the impact test setup is shown in Fig. 3. The specimen is
placed on the fixture and clamped from all edges and the fixture is held rigidly
on a supporting frame to avoid shocks after impact. Out of plane displacement of
the specimens is captured using a combination of two-dimensional digital image
correlation and pattern projection. This method employs a high-speed camera, which
is aligned perpendicular to the specimen surface. The high-speed camera is capable
of capturing 10,000 frames per second.

(a) Configuration of test setup

(c) Random patterns(b) Strain gauge (d) Test components

Fig. 3 Experimental setup
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Table 4 Test plan

Test series Specimen Height of drop (m) Touch down velocity of ball (m/s)

1.a CARALL 1 6.5 11.29

1.b CARALL 2 6.5 11.29

2.a CARALL 1 9.5 13.65

2.b CARALL 2 9.5 13.65

3.a CARALL 1 14.5 16.86

3.b CARALL 2 14.5 16.86

In this technique, the surface of the specimen is coated with a white paint and
random patterns are projected on to the surface using a pattern projector. The high-
speed camera captures the speckle patterns during the impact and calculates the
deflection based on the changes in position of the speckles. The images of the speckles
before undergoing deformation and after deformation are captured. Now computer
algorithms are used to calculate the out of plane displacements. The impact test on
the specimens is carried out by dropping a spherical ball of mass 66.6 g on to it.
There will be three test series as shown in Table 4. First test series is performed at
a height of 6.5 m, the height from which the first drop is to be performed is marked
and the setup for tieing the ball is fixed at that point. Now the position on the FML,
where the ball is to be dropped is determined by using a plumb bob, the ball is tied
accordingly, and the remaining tests are performed as per the test plan.

For measuring the displacement, DIC test setup is used. This consists of placing a
high-speed camera at two metres above the specimen as discussed and a pattern
projector is placed in position to project the random patterns for displacement
measurement. The focus of the camera is adjusted and the position where the ball
will impact is located. Finally, the ball is released from the desired height using a
ball detachment mechanism. Now the impact occurs and the deflection and strains
are captured. After the impact, the specimen is removed and the next specimen is
placed. Test is repeated on the second specimen and observations are noted. Now
the height of drop is changed and impact is performed as per the test plan to obtain
deflection and strains for each test.

4 Results and Discussion

Post-test observation of the test specimens is made.
Displacement–time response of CARALL 1 specimen
(Al/0°/60°/−60°/Al/−60°/60°/0°/Al/0°/−60°/60°/Al/60°/−60°/0°/Al) following
the explicit dynamic analyses and test data for an impact velocity of 11.29 m/s
is given in Fig. 4. Similar studies on comparison for different impact velocities
of 13.6 and 16.86 m/s are presented in Figs. 5 and 6. In the case of CARALL 2
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(Al/0°/Al/90°/Al) that has low overall thickness of 0.9 mm, the dynamic displace-
ment–time response are given for the three impact velocities and given in Figs. 7, 8
and 9. Tables 5 and 6 compare the peak response time and associated deflections
from both the approaches. The influence of the impact velocities on the behaviour
of peak response deformation is given in Fig. 10.



342 S. K. Abhishek et al.

4.1 Post-test Observations

1. It has been found that the strain gauges are damaged after the first test.
2. Coin tapping NDT is done on both the specimens. The dent or deformation of

the specimen where the impact occurred is examined. It is found that in the case
of CARALL 1, local dent at the impact point has been seen and the dent size
increases with increase in impact velocities. Besides a damage zone of one-inch
diameter around the centre of plate, the plate has been bend permanently about
an axis parallel to zero degree fibre direction over the full length of 250 mm.

3. In the case of CARALL 2 only very minor localised damage at the impact points
may be seen.

4.2 CARALL 1

For theCARALL1 specimen, impacted at a point that happened to be in the periphery
of a circle of 10.1mmradius from the centre of the specimen, themaximumdeflection
obtained from analysis is 2.42 mm at 0.76 ms whereas the DIC value of deflection
is 1.35 mm at 0.8 ms, beyond which the impact response reduces to zero at 15 ms
(Fig. 4.). The post-test observation has shown an overall permanent bend of the
specimenwith local dent at the point of impact. It may be noted that the test values are
found lower than analysis. Such trends are observed even for higher velocities (Figs. 5
and 6). In other words, there is a considerable deviation between the prediction and
the test for the deformations but for the response time. One of the reasons for the
deviation may be due to the difference in the thickness considered in the analysis
(3.06 mm) when compared to actual thickness that has been enhanced by more
adhesive layers during curing (4.34 mm).

4.3 CARALL 2

It is observed from Fig. 7 that the FML specimen for an impact velocity of 11.29 m/s
shows a maximum deflection of 3.65 mm at 1.58 ms from the analysis while from
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experimental results the values are in close agreement with 4.3 mm at 1.7 ms, respec-
tively. As the impact velocity increases, the gap between the two approaches narrows
down (Figs. 8 and 9).

From Figs. 7, 8 and 9, it is obvious that both response time and deformations are in
good agreement for the case CARALL 2 under three impact velocities. The post-test
observation did not indicate either any local dent causing plastic deformation or any
overall permanent bend. Therefore, it is concluded that CARALL 2 has predominant
elastic deformation.

It is interesting to note that in the case of CARALL 1 (Al/0°/60°/−60°/Al/…) the
DIC pattern is in a circular form while in the case of CARALL 2, it is elongated in
one direction (transverse to zero degree fibre direction). This is because the former
has a quasi-isotropic layup sequence and latter is orthotropic (Al/0°/Al/90°/Al).

4.4 Comparison of FML Under Low and Medium Velocities

From Fig. 10, a linear variation is observed up to 15 m/s, beyond which a non-linear
trend is seen for the medium velocity.
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Table 5 Comparison of response time and deflection for CARALL 1

Impact velocity (m/s) Response time Deflection

FEM (ms) Test (ms) FEM (mm) Test (mm)

11.29 0.76 0.8 2.42 1.35

13.65 0.64 0.7 2.82 1.76

16.86 0.59 0.6 3.18 2.16

Table 6 Comparison of response time and deflection for CARALL 2

Impact velocity (m/s) Response time Deflection

FEM (ms) Test (ms) FEM (mm) Test (mm)

11.29 1.58 1.7 3.65 4.3

13.65 1.61 1.6 4.13 4.77

16.86 1.41 1.4 5.56 5.22
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Fig. 10 Variation of peak displacement with impact velocity

Stiffness variation of FML plates between the test and analysis and post-test NDT
has given in Sec. 4 clearly shows that composite layers have not undergone failure
(but for close to the impact point) as the test results are in a lower bound even though
aluminium layers have undergone overall plastic deformation for the CARALL 1.

5 Conclusions

Experimental investigation under impact loading has been performed on fiber metal
laminates by free fall of a mass of 66.6 g at three different velocities of 11.29,
13.65 and 16.86 m/s. Explicit dynamic analysis results have shown good agreement



DIC Correlation with Analysis Under Impact … 345

on response time-deflection variation for thin FML that has undergone predomi-
nant elastic deflection with little plastic deformation. Out of plane displacement and
response time due to impact have been captured with very good accuracy following
present experimental study using DIC technique. In the case of CARALL 1, post-
test observation clearly indicated an overall permanent bend that assisted much
absorptivity besides local plastic deformations. The present study has also shown
a non-linear behaviour of dynamic response under medium impact velocity when
compared to linear variation for the case of low velocity. It is concluded based
on stiffness variation of FML plates between the two approaches that composite
laminates have not undergone failure even though the FML has undergone overall
permanent deformation over whole width.
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Evaluation of Tensile Strength Behaviour
of Friction Stir Welding Joints
of Aluminium Alloy with Interlayer

Avtar Singh, Vinod Kumar, and Neel Kanth Grover

Abstract In the present study, the influence of interlayer is evaluated on friction
stir welding of AA6082 aluminium alloy. Zn and Cu alloying elements in proportion
mixed with adhesive are used as an interlayer. Interlayer is preplaced in a gap of
0.2 mm between the abutting plates. Friction stir welding is carried out at various
rotational and welding speeds. Thereafter joints are evaluated for tensile properties.
It is found that FSW joints prepared with interlayer possess higher tensile strength
than joints produced without interlayer.

Keywords Friction stir welding ·Mechanical properties · Interlayer · Gap · Defect

1 Introduction

Friction stir welding is solid state process in nature [1]. In this process material does
not melt completely but softens due to heat generated by friction between rotating
tool and workpiece [2]. Rotating tool consists of a shoulder and a pin profile. Tool
pin plunge into workpiece to generate required heat and mixing of soften material.
The tool shoulder generates the additional heat and also prevents escaping of soften
material outside [3]. It is evident that workpiece material is under the influence of
high heat and plastic deformation. Subsequently material gets soften due to recrys-
tallization and dissolution of strengthening precipitates in similar material welding
[4]. Similarly, brittle intermetallic compounds are formed in dissimilar materials.
The softening of material and brittle intermetallic compound significantly decreases
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the mechanical properties of the joints [5]. These problems can be mitigated to some
extent by adding the alloying elements interlayer at the interface of abutting plates
during welding. Interlayer elements prevent the softening of material by formation
of new solid solution/high strength intermetallic compounds [4]. During friction stir
welding of aluminium alloys, nugget zone experienced softening due to high heat
and dissolution of strengthening precipitates. It is attributed that joints under tensile
loading are failed from the softened zone [6]. Therefore, in this experiment study an
attempt has been made to strengthen the FSW joint nugget zone using interlayer of
alloying elements.

Various researches have been conducted recently on similar and dissimilar mate-
rials to study the impact of interlayer on mechanical properties of FSW joints. Cam
et al. [7] studied the used of high strength interlayer on friction stir welding of
AA6061-T6 aluminium alloy. A slice of AA7075-T6 aluminium alloy was inserted
at the interface of abutting plates followed by friction stir welding. Thereafter
FSW joints were characterised for microstructural and mechanical analysis. The
microstructural analysis revealed that joints’ chemistry alter due to insertion of inter-
layer. It was also found that interlayer significantly enhanced the hardness of the
nugget zone. But no considerable effect showed on improvement of tensile proper-
ties. Mokabberi et al. [4] conducted an investigation to evaluate the effect of Zn, Cu
and brass interlayer on FSW joint integrity. It was found from the results that Zn
and Cu interlayer showed no significant improvement in joint efficiency. Whereas
joint preparedwith brass interlayer showed approximately 30% improvement in joint
efficiency. The microstructural observations indicated that interlayer particles were
shuttered and distributed into the nugget zone of fiction stir welding joint. It was also
observed that Zn and Cu formed solid solution with aluminium that significantly
reduced the grain size for 20–10 µm. Similarly various investigations were carried
out with interlayer such as brass [4], aluminium oxide [8], Silicon carbide [9], Tita-
nium carbide [10], Cu [11–13] and Zn [14–16] demonstrated the improvements in
joint efficiency.

In the present experimental investigation, the influence of Zn and Cumixture with
adhesive is used as interlayer; and tensile behaviour of FSW joint is evaluated.

2 Experimental Procedure

In this study AA 6082-T6 aluminium alloy plates of size of 200 × 75 × 6 mm
were selected. The composition of material used for welding is given in Table 1.
Edge preparation was carried out using shaping machine and dirt was removed using

Table 1 Composition of welded material

Major element Si Mg Fe Al

%age 1.215 1.175 0.259 Rest
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acetone solution. To perform friction stir welding, the plates were firmly clamped
into special fixture by maintaining a 0.2 mm gap between abutting plates as shown
in Fig. 1. Pure Zn and Cu particles in the ratio of 30:70 are mixed with adhesive that
is used as interlayer. Interlayer was preplaced into a gap of abutting plates. Vertical
milling machine of 3 HP, owing rotational speed in the range of 600–4600 rpm was
used to carry out friction stir welding. Taper cylindrical tool of shoulder, pin diameter
and pin depth of 18 mm, 6 mm and 5.7 mm, respectively, was used for FSWwelding
as shown in Fig. 2. The diameter of pin was 1 mm tapering towards bottom side
of pin. Rotational speed and welding speed were varied keeping tool tilt angle and
plunge depth constant to 2° and 0.2 mm, respectively, as listed in Table 2.

Fig. 1 Schematic of FSW

Inter layer

AA6080-T6

FSW Fixture

Fig. 2 FSW Tool used

18 mm

5.7mm

6 mm

Shank
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Table 2 Process parameters of FSW

S. No. Rotational speed
(RPM)

Welding speed
(mm/min)

Tool tilt angle
(degree)

Plunge depth (mm)

1 1200 30 2 0.2

2 1540 50 2 0.2

Three tensile strength specimens were extracted from each FSW joint as per
ASTM E-8 using wire cut electrical discharge machine. Further tensile strength of
the joints was evaluated using a tensile testing machine of Tinius Olsen make: Model
H50KS at strain rate of 1 mm/min. SEM of make Jeol 6510 was used to reveal the
fracture behaviour of tensile specimens.

3 Results and Discussion

It is evident that upper surface of FSW joints without interlayeris free from anymajor
defect. Figure 3 shows that there is no flash; only smooth joint line with concentric
circle is visible.

Figure 4 shows FSW joints with interlayer, rough surface with concentric circles
on the top surface [17]. Flash is also present on the surface of FSW joints. It is
due to improper consolidation of material on the top surface of the joints. It seems
that interlayer particles in loose condition at the interface of abutting plates interfere
in proper consolidation of material. Figure 4b illustrates that concentric circles’
intensity enhances with increase of rotational and welding speed [18]. It is attributed
that high heat input reduces flow stresses in plasticized material, therefore tool loses
control over soften material resulting in higher intensity of concentric circles.

Fig. 3 Top surface of FSW
without Interlayer at
rotational and welding
speeds

a

b

1200/30

1540/50
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Fig. 4 Top surface of FSW
with Interlayer at different
rotational and welding
speeds

a

b Concentric circles

Flash 1200/30

1540/50

The visual inspection revealed no defect in cross section of FSW joints with and
without interlayer as shown in Figs. 5 and 6. It is confirmed that sufficient heat
input experiences by material and proper consolidation succeed in the nugget zone.
Figure 6 also demonstrates interlayer particles in the nugget zone. But joint thinning
is observed in FSW joints with interlayer. It is because of the material used to fill the
gap between abutting plates.

Fig. 5 Cross section of FSW
joints without interlayer at
various rotational and
welding speeds

a

b
1540/50

1200/50

Fig. 6 Cross section of
FSW joints with interlayer at
various rotational and
welding speeds

a
1200/50

b
1540/50
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3.1 Tensile Strength

Tensile stength results of joint with and without interlayer are shown in Table 3. It is
observed that FSW joints with interlayer owing high tensile strength in comparison
to the joint without interlayer as shown in Fig. 7. The joints with interlayer have 20%
more efficiency than joint without interlayer. But increase in rotational speed and
welding speed reduces the tensile strength in both the cases. It has happened due to
high heat input which is responsible for lower tensile strength.

Elongation experiences inverted effect of interlayer. FSW joint with interlayer
owns lower elongation than joints without interlayer as shown in Fig. 8. It is also
confirmed that increase in rotational and welding speed reduced elongation of the
friction stir welding joints. The high localised deformation has significant effect
on elongation of the joints. It is concluded that interlayer has negative effect on
elongation of the joints.

Table 3 Tensile strength of FSW joints with and without interlayer at different process parameters

S. No. Rotational
Speed (rpm)

Welding
Speed
(mm/min)

Average
Ultimate
Tensile
Strength
(MPa)

Elongation
(%age)

Average
Ultimate
Tensile
Strength
(MPa)

Elongation
(%age)

Without Interlayer With Interlayer

1 1200 30 147.23 8.60 176.12 6.91

2 1540 50 139.58 4.91 163.54 4.21

Fig. 7 Comparison of Tensile Strength of FSW joints with and without interlayer at various
rotational and welding speeds
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1200/30 1540/50
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Elongation vs Pocess Parameters

Without Interlayer

With Interlayer

Fig. 8 Comparison of elongation of FSW joints with and without interlayer at various rotational
and welding speeds

3.2 Fracture Behaviour

It is depicted from Figs. 9 and 10 that under tensile loading, the joints get fractured
at or near the interface of nugget zone and towards retreating side in both the cases.
The failure in all the joints occurred nearly vertical to tensile loading [19]. The
micrograph shown in Fig. 11a of the fracture surface reveals numerous and deep
dimples. But shallow dimples are noticed in the fracture surface of the joint produced
at higher rotational speed as shown inFig. 11b. It indicates that joint produced at lower
rotational speed receives appropriate heat input resulting in proper consolidation of
material that lead to good ductile behaviour. Voids and shallow dimples are reported

Fig. 9 Fractured Tensile
specimens with interlayer a

b
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Fig. 10 Fractured Tensile
specimens without interlayer a

b

Fig. 11 Fracture surface of
joints without interlayer a

b
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Fig. 12 Fracture surface of
joints with interlayer a

b

on fractured surfaces of FSW joint with interlayer as shown in Fig. 12a. It is observed
that deep and larger size dimples are the evidences of ductile behaviour in the joints
with interlayer from Fig. 12b.
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4 Conclusion

On the basis of experimental research carried out in the present study on welded
joints of AA6082 aluminium alloy, realized according to FSW process at various
rotational and welding speeds, the following conclusions can be reached:

• Tensile strength of the joints with interlayer increased about 20% in comparison
to FSW joint without interlayer.

• Tensile strength decreased with increase of rotational and welding speed. With
increase of rotational speed, heat input enhanced resulting in dissolution of
strengthening precipitates of the material.

• FSW joints with interlayer possess lower elongation in compression to the joint
without interlayer due to recrystallization of material. Hence grain refinement
takes place.

• All joints in both cases get fractured from the nugget zone as softening of material
possess by this zone.

• FSW joint with and without interlayer exhibited ductile fracture behaviour.
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Effect of Machining Parameters
and MQL Parameter on Material
Removal Rate in Milling of Aluminium
Alloy

Kamaljeet Singh, Anoop Kumar Singh, and K. D. Chattopadhyay

Abstract In the current work, Taguchi technique is applied on aluminium alloy (Al-
6061) during face milling to optimize the machining parameters and minimum quan-
tity lubrication (MQL) parameter for increasing the material removal rate (MRR).
The MQL method is applied during face milling of Al-6061using coated carbide
inserts. Coolant flow rate (CFR), cutting velocity, feed per revolution, and depth of
cut are selected as input parameters. Taguchi L9 (34) orthogonal array is chosen for
four input parameters with three levels for experimentation. Signal-to-noise (S/N)
ratio is calculated based on “larger the better” for each experiment. Analysis ofmeans
is used to evaluate the optimum settings of input parameters. Significance and contri-
bution of each input parameter is evaluated by using analysis of variance (ANOVA).
Results of ANOVA show that depth of cut has a major contribution of 80.287% on
material removal rate.

Keywords Face milling · MQL · ANOVA · S/N ratio · CFR · MRR

1 Introduction

Cutting fluids are used in machining processes for achieving desired machining
performances (low surface roughness, high material removal rate, etc.) [1–4]. As a
result of the latest environmental protection laws, the use of cutting fluids should be
less duringmachining. So, to overcome this problem,MQLwas used as an alternative
with respect to wet or dry cooling system.MQL technique combines the effect of dry
and wet machining. MQL benefits in many areas, i.e., production costs, legal laws,
environmental laws, and human wellness [5–8].

MQL technique was applied on aluminium alloy during reaming process with
coated carbide tool inserts and shows comparable results in comparison to dry
machining [9]. Authors have investigated that MQL technique could be used in
respect of flood machining without much affecting the machining results [10]. MQL
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was used for turning of steel with amixture of air and lubricant oil in machining show
good results with respect to flood cooling system [11]. The effect of MQL, cutting
velocity, and feed rate on the brass specimen under different lubricant conditions
environment concludes that MQL lubrication technique performance is very much
comparable to flood lubrication [12]. Author has found that the different machining
performance improves by 10%with the use ofMQL in comparisonwith flood cooling
system [13].

This study is based on the analysis of machining parameters and CFR on MRR in
milling of aluminium alloy (Al-6061) using carbide tool on vertical machining center
(HURCO VM10). Four input parameters, i.e., cutting velocity, feed per revolution,
depth of cut, and CFR are evaluated at three different levels by using L9 (34) orthog-
onal array. Taguchi method is used to find the optimum setting of input parameters
by using S/N ratio values. Further contribution of each input process parameter is
evaluated by using ANOVA [14, 15].

2 Methodology

In this Study, face milling is performed on Al-6061 using MQL cooling technique.
CFR is varied;with fixed nozzle distance of 150mmandnozzle angle of 45°.MOTUL
Lubricant—SAFCO RUBRIC SZ 32—20L is used as a coolant to make mist with
constant compressed air at pressure of 3 bar. Suction is generated by passing the
high velocity air through venturi to supply the mixture of air and lubricant oil for
machining. Further CFR is controlled by air-lubricant control valves which are fixed
on venturi as shown in Fig. 1(b).

2.1 Taguchi Method

Taguchi method statistically designed the experiments with the help of different
orthogonal arrays to attain better results with less number of experiments and also
minimize the cost and time of experimentation. Further, ANOVA is used to study
the response variation by using S/N ratio and to measure the percentage contribution
of each input parameter. S/N ratio is categorized into three types: smaller the better,
larger the better, and nominal the best [16, 17]. Highest value of S/N ratio among
different levels is considered as an optimum level of a particular input process param-
eter which is applicable to all the three types of S/N ratio. This paper provides the
best possible combination of cutting velocity, feed per revolution, depth of cut, and
CFR to improve the MRR of Al-6061 alloy with minimal use of coolants without
affecting the environment and human health.
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(a) VMC (HURCO-VM10) machine used for Experimental Work           (b) Details of MQL setup  

Fig. 1 (a)VMC (HURCO-VM10) machine used for experimental work (b) details of MQL set-up

2.2 Design of Experiments

In this experiment, Taguchi method is used with four factors at three levels of each
input parameter. According to this, nine experiments are performed with L9 orthog-
onal array [18]. All the experiments are performed three times, and these experi-
ments are carried out at random to avoid the error. In this orthogonal array, each
input parameter has three levels which are represented by “1”, “2”, or “3” as given
in Table 1.

3 Experimentation

3.1 Experimental Setup

In this study, Aluminium alloy (Al-6061) is chosen as substrate material because of
its vast applications in themanufacturing and automobile industry. Alloying elements
of Al-6061 are presented in Table 2 [19]. VMC (HURCO-VM10) machine is used
for face milling operation as shown in Fig. 1a and the details ofMQL setup are repre-
sented by Fig. 1b with the help of carbide insert. The cutter of 80 mm diameter with
equally spaced seven numbers of cutting inserts is used for face milling. Specimens
of size 36 mm × 36 mm × 12 mm are prepared as per L9 orthogonal array (with
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Table 1 L9 orthogonal array [18]

Trial No A B C D

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

A, B, C, D—Input Parameters

Table 2 Alloying elements of Al-6061 (wt%) [19]

Material Si Fe Cu Mg Cr Other
impurities

Al

Al-6061 0.4–0.8 Max.
0.7

0.15–0.40 0.8–1.2 0.04–0.35 0.15–0.25 Balance 95.8–98.6

three replications) as shown in Fig. 2 (Before machining and after machining). The
experiments are performed at different cutting velocity, feed per revolution, depth of
cut, and coolant flow rate.

(a) Specimens (Before Machining)                        (b) Specimens (After Machining) 

Fig. 2 Aluminium alloy-6061 specimens (a) before machining (b) after machining
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Table 3 Details of input parameters with levels

Input parameters Code Unit Levels

1 2 3

Cutting velocity CV m/min 300 400 500

Feed per revolution FPR mm/rev 0.14 0.28 0.42

Depth of cut DOC mm 0.3 0.4 0.5

Coolant flow rate CFR ml/h 80 115 150

3.2 Identification of Input Factors with levels.

The four input parameters Cutting velocity (CV), Feed per revolution (FPR), Depth
of cut (DOC), and Coolant flow rate (CFR) are considered with three levels and their
related orthogonal array L9(34) is chosen, and they are are tabulated in Table 3. As
per the experimental design, the specimens have been machined in vertical milling
machine (HURCO-VM10) by using various levels of the input parameters. The
milling operation is performed under different coolant flow rate of MQL (Lubricated
with MOTUL—Lubricant—SAFCO RUBRIC SZ 32—20L).

3.3 Material Removal Rate (MRR).

Material removal rate (MRR) is taken as an output which is calculated with the help
of digital weighing scale of specimens (before machining and after machining) along
with machining time as shown in Fig. 3a and Fig. 3b and their related equation for
calculating MRR is shown in Eq. (1).

(a) Initial Weight (Before Machining)    (b) Final Weight (After Machining) 

Fig. 3 Weight measurement
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Table 4 Results of experimentation

Exp. no CV FPR DOC CFR Avg. MRR (gms/min) S/N ratio (dB)

1 1 1 1 1 7.893 17.945

2 1 2 2 2 7.513 17.516

3 1 3 3 3 10.013 20.011

4 2 1 2 3 9.367 19.431

5 2 2 3 1 10.917 20.761

6 2 3 1 2 7.017 16.922

7 3 1 3 2 11.843 21.469

8 3 2 1 3 7.957 18.014

9 3 3 2 1 8.413 18.499

MRR = (Initial weight in gms − Final weight in gms)/Machining Time (in min)
(1)

For each specimen, an average of three different observations is calculated to
avoid the measurement error. The results of the average MRR and their related S/N
ratio are given in Table 4.

As per Taguchi philosophy, response output is measured in signal-to-noise ratio
(S/N ratio). Instead of response average values, S/N ratio considers the variability
in the results of experiments which improves the accuracy and precision of data
analysis.

4 Result with Discussion

As MRR is to be maximized, so “larger the better type” quality feature is selected
for evaluating the S/N ratio of MRR and is determined by using Eq. (2) [20, 21]:

S

N
ratio = −10 ∗ log

(
1

n

n∑
i=1

1

y

2

i

)
(2)

where yi is the response value for ith experiment and n is the number of replications.
An investigation is carried out to evaluate the effect of input parameters onmaterial

removal rate. The obtained S/N ratio from Eq. (2) and the result of material removal
rate is given in Table 4.

The result of an analysis of means in the main effect plot of input parameters for
MRR is presented in Fig. 4. Higher S/N ratio value is the best suitable level for the
particular parameter. Cutting velocity with level 3, feed per revolution with level 1,
depth of cut with level 3, and coolant flow rate with level 3 reveal higher S/N ratio.
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Fig. 4 Main effect plot of input parameters on MRR

Depth of cut has maximum range between highest and lowest S/N ratio value shown
in main effect plot. It means that depth of cut has maximum contribution in variance.
So, as per themaximum S/N ratio values of all input parameters, the optimum settings
for the current study are CV3FPR1DOC3CFR3. Therefore, the optimum levels of input
parameters are cutting velocity (CV3) with 500 m/min, feed per revolution (FPR1)
with 0.14 mm/rev, depth of cut (DOC3) with 0.5 mm, and coolant flow rate (CFR3)
with 150 ml/h.

Table 5 represents the result of ANOVA for MRR. Significance of parameter is
checked on the basis of critical value (4.41) of F-Test at 95% confidence level. If
F-ratio value of particular parameter is greater than the critical value then it will be
considered a significant parameter. Results of Table 5 show that all the parameters
are significant with F-ratio greater than 4.41. Outcomes of ANOVA show that the

Table 5 Results of ANOVA

Input parameters DOF SS Variance F-ratio Percentage contribution

CV3 2 1.084 0.542 73.014 5.553

FPR 2 2.101 1.050 141.559 10.839

DOC 2 15.466 7.733 1042.156 80.287

CFR 2 0.461 0.231 31.067 2.319

Error 18 0.134 0.007 1.002

Total 26 19.245 0.740 100
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depth of cut has the major contribution of 80.287% in maximizingMRR followed by
feed per revolution of 10.839%, cutting velocity of 5.553%, and coolant flow rate of
2.319%. ANOVA table also indicates that only 1.002% error contribution is present;
which clearly indicates that the effect of interactions between the input parameters
is insignificant.

After finding out the optimum values of input parameters (CV3FPR1DOC3CFR3),
further it is required to evaluate predicted optimum value of MRR through the
equation given below [20]:

�opt = �m +
∑n

k=1
(�mi − �m) (3)

where �opt is the predicted optimum MRR, �m is the overall mean of MRR, �mi

is the mean of optimum level and n is the number of input parameters.
The predicted S/N ratio of MRR by using Eq. (3) for optimum input parameter

level combination is 21.986 dB and 12.573 gms/min.
Confirmation tests have been performed for optimum parameter level combina-

tion. The results of confirmation tests for S/N ratio and material removal rate are
21.871 dB and 12.403 gms/min. Confirmation test reveals that an improvement of
4.510gms/min (in termsofMRR)and36.35%(in termsof percentage) canbe attained
by using optimum values of input parameters (CV3FPR1DOC3CFR3) in comparison
with the initial settings (CV1FPR1DOC1CFR1).

In this study, it is summarized that cutting velocity at level 3, feed per revolution
at level 1, depth of cut at level 3, and CFR at level 3 is required to increase the MRR
values.

5 Conclusion

In the current researchwork, optimization ofmaterial removal rate during facemilling
of aluminium alloy (Al-6061) is evaluated using Taguchi technique. L9 orthogonal
array is used to perform the experiments. The optimal quantity of coolant flow rate
and the most suitable depth of cut, cutting velocity, and feed per revolution are
determined by using analysis of means and their significance is measured through
ANOVA. The conclusions of this study are given below:

• Themain effect plot indicates that optimum cutting velocity with 500m/min, feed
per revolution with 0.14 mm/rev, depth of cut with 0.5 mm, and coolant flow rate
with 150 ml/h are the required settings to optimize MRR.

• The depth of cut (80.287%) is themain contributor followed by feed per revolution
(10.839%), cutting velocity (5.553%), and coolant flow rate (2.319%) to optimize
the MRR.

• As the error contribution is 1.002%, the effect of interactions is neglected in this
study.
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• An improvement of 36.35% is achieved by using optimum input param-
eters settings (CV3FPR1DOC3CFR3) in comparison with the initial settings
(CV1FPR1DOC1CFR1).
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Influence of Cutting Force and Drilling
Temperature on Glass Hole Surface
Integrity During Rotary Ultrasonic
Drilling

Ankit Sharma, Atul Babbar, Vivek Jain, and Dheeraj Gupta

Abstract The surface integrity of themachined surface is having a significant impact
on the applicationof the glass and ceramicmaterials. Surface integrity is of paramount
importance to the industries to prevent the loss of useful life of critical components.
However, conventional machining processes are unable to fulfill the demands of the
present scenario but hybrid machining processes such as rotary ultrasonic drilling
process has shown its potential for enhanced surface integrity. Nowadays, researchers
are focused on getting superior machined glass quality because of the hardness and
esthetic look. Therefore, the authors performed an experimental investigation to
estimate the surface roughness while drilling a hole in glass specimen using rotary
ultrasonic machining (RUD). It is concluded that the best drilling condition to get the
least value of average surface roughness (167.702 nm) is the usage of coolant with
5000 rpm of spindle speed. At 5000 rpm with coolant supply, the cutting force and
drilling temperature have been reduced. It is noticed that the least value of drilling
temperature is 54.7 °C with a cutting force of 26.65 N. Finally, the improved surface
integrity has been achieved noteworthy usingRUDprocess. It would directly enhance
the life span of the glass component and increase its functional usage.

Keywords Float glass · Rotary ultrasonic machining · Surface roughness

1 Introduction

The applications of the glass (brittle material) have been rapidly increasing world-
wide which has attracted the attention of numerous researchers. Surface integrity is
of paramount importance to the industries to prevent the loss of useful life of crit-
ical components. However, conventionalmachining processes are unable to fulfill the
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demands of the present scenario but hybrid machining processes such as rotary ultra-
sonic drilling process has shown its potential for enhanced surface integrity [1]. Low
material removal rate, less surface finish, high wear, and geometrical inaccuracies
are always associated with the conventional machining process [2]. On another side,
RUD utilizes the material removal mechanism of the conventional drilling and vibra-
tional drilling which leads to enhanced surface integrity and high material removal
rate [3]. The cutting force developed during the drilling process is always a concern
as it may affect the surface integrity [4]. Kumar and Singh [5] investigated the effect
of machining parameters on surface roughness during rotary ultrasonic drilling of
BK-7 glass. Parameters such as rotational speed, feed rate, and ultrasonic power have
been evaluated at three different states. It was found that the feed rate has more influ-
ence on the output characteristics followed by rotational speed and ultrasonic power.
Micrographs highlight the plastically deformed regions when drilling is performed at
a low rotational speed. Wang et al. [6] proposed a model to predict the edge chipping
during rotary ultrasonic drilling (RUD) considering the cutting forces and subsur-
face cracks which can significantly affect the surface roughness. The experiments
were conducted on optical K9 glass followed by confirmatory trials. The relation-
ship was established for ultrasonic amplitude, material properties, and cutting force.
Both theoretical and experimental results were in good agreement with each other.
In another study, reduction in the cracks was observed during RUD of brittle mate-
rial in comparison to the conventional drilling process [7]. Liu et al. [8] outlined
that the cutting parameters during rotary ultrasonic machining can be optimized
by knowing the cutting forces. A mechanistic model was presented assuming the
brittle fracture as the main contribution towards material removal. The relationship
between numerous machining parameters such as speed, feed rate, frequency, ampli-
tude, abrasives concentration, and size of abrasives was established with respect to
cutting force. The predicted results were further validated and a positive relationship
was found with experimental findings. The effect of rotary ultrasonic machining has
been explored by past researchers for numerous processing parameters [3, 9–17].
The investigations of the effect of drilling force and temperature produced during
drilling have been scarce and need further studies to enhance the surface integrity
during rotary ultrasonic drilling for various industry-oriented applications. There-
fore, the present study uses a novel RUD process, which was recently developed in
the last decade to explore the effect of cutting force and temperature.

2 Materials and Methods.

The complete experimental setuphas been installed tomake the hole in theworkpiece.
The setup consists of rotary ultrasonic arrangements like CNC milling machine,
rotary ultrasonic horn assembly, power generator, dynamometer, infrared camera,
abrasive coated hollow drill tool, and coolant arrangement. The complete experi-
mentation set up and the instruments used for the characterization are illustrated as
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shown in Fig. 1. The rotary ultrasonic machine is having a vibration frequency of
20 kHz along with its machine could displace in all three (X–Y–Z) axis directions.

The float glass is selected as a workpiece specimen (Fig. 1). It contains the compo-
sition of silica sand, dolomite, limestone, broken cullets, soda ash, and coloring agent,
etc. A hollow abrasive coated drill tool is used for the study. The tool outer and inner
diameter is 10 and 8 mm approximately. The abrasives that are coated over the tool
lateral and end face are having mesh number around 120. The tool length is taken as
50.75 mm.

In the pilot study of experimentation, the fixed parameters/working conditions,
which are used throughout the study has been mentioned in Table 1.

During this pilot study, the range of spindle speed is taken as 1000, 2000, 3000,
4000, and 5000 rpm. Overall, 10 holes have been created. Out of them, five holes are
created at with-coolant condition and other five holes are drilled at without-coolant
condition. It would help to visualize the dual experimentation study that incorporates
the effect of various range of cutting speed and coolant on/off conditions. The other
parameters remain fixed as stated in Table 1.

In situ, the drilling holes, the dynamometer (Kistler Dynoware type 9272), and
infrared camera (Keysight Technologies-U5855A) have been installed to measure
the cutting force and drilling temperature simultaneously. So that the instant effect
of cutting force and drilling temperature over the drilled hole surface integrity has

Fig. 1 Experimentation setup and the instruments used for the characterization
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Table 1 Illustration of fixed
working condition used for
drilling

S. no Parameters/Working
conditions

Detail/Remarks

1 Feed rate 6 mm/min

2 Vibration amplitude 20 µm

3 Hollow abrasive coated tool
dimensions

O.D.—10 mm
I.D.—8 mm

4 Coolant Water

5 Float glass specimen size Length—148 mm
Breadth—80 mm
Thickness—5 mm

been evaluated. Here, the dynamometer is used to measure the cutting force in the
longitudinal direction of the glass specimen. The cutting force data are saved in the
commercial software which is further used for the analysis. Along with it, an infrared
camera is used to evaluate the maximum drilling temperature for each drilled hole.
The thermal resolution and temperature range of the camera are 320× 240 pixels and
0–350 °C, respectively. A total of 400 frames are captured with 8 frames per second.
The ‘TrueIR Analysis and Reporting tool’ software has been used for capturing
the thermal images. The temperature is measured at a fixed drilling region. In this
study, atomic force microscopy (AFM) is used to evaluate the drilled hole surface
roughness. The sample position range is 5 × 5 mm.

3 Results and Analysis

During drilling operation (Fig. 2), it is noticed that coolant plays a crucial for
any spindle speed. It is noticed that whenever the coolant is in on condition
the cutting force is significantly declined from beginning to the end of drilling.
Label diagram (Fig. 2) represents the cutting force (Fc) versus Time (t) graph for
minimum (1000 rpm) and maximum (5000 rpm) spindle speeds at with-coolant and
without-coolant conditions.

Maximum cutting force (98.23 N) is noticed at 1000 rpm and without-coolant
condition and the least cutting force (26.65 N) is found at 5000 rpm and with-coolant
condition. After achieving the maximum values of cutting force, the force declined
dramatically after that second. It shows that the drilled hole is created.

After analyzing the cutting force, drilled hole surface integrity has been evaluated.
The surface roughness is the key focus to work on surface integrity. Atomic force
microscopy technique has been selected to get the 3D topography of the drilled glass
surface. Figure 3 shows the surface roughness profile of the drilled hole region for
a float glass specimen. The high-resolution 3D image shows the roughness profile
at spindle speed 5000 rpm with coolant on. This combination of drilling conditions
is observed as the best parameter combination for drilling an 8-mm hole in float
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Fig. 2 Cutting force (Fc) versus time (t) forminimum andmaximum spindle speeds at with-coolant
and without-coolant conditions

Fig. 3 Surface roughness profile of the drilled hole region for a float glass specimen at spindle
speed 5000 rpm with coolant on condition using a tool of 8 mm diameter
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Fig. 4 3D topography of the drilled glass hole surface at best drilling condition

glass. At the best drilling condition, the maximum peak region value of surface
roughness (Rmax) and the average surface roughness (Ra) are reported as 1309.75 nm
and167.702nm, respectively. Figure 4 represents the 2Dviewof the roughness profile
of the drilled glass surface at best drilling condition. The surface roughness image
and cutting force chart (Fig. 2) shows that the cutting force having a key effect on the
surface roughness. Because the least values of cutting force are observed at 5000 rpm,
similarly the least value of average surface roughness is noticed at 5000 rpm. Along
with it, with-coolant drilling is suitable to achieve the least cutting force. Therefore, it
is stated that the drilled hole surface roughness is having a considerable prominence
by the cutting force.

Table 2 shows the various roughness factors at the best parameter arrangement. It
is found that the average roughness (Ra) value and root mean square roughness (Rq)
values are found as 167.702 nm and 212.77 nm, respectively. Other major roughness
factors are illustrated in Table 2.

Finally, the influence of coolant presence at a spindle speed of 5000 rpm has
been investigated by figuring out the in situ temperature that occurred in s fixed
drilling region (as shown in Fig. 5). Figure 5a, b shows the infrared images at best
parameter (i.e. spindle speed-5000 rpm): (a) At with-coolant condition and (b) At
without-coolant condition. The infrared images help to visualize the influence of
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Table 2 Illustration of
various surface roughness
factors at spindle speed
5000 rpm and with-coolant
condition

S. no. Roughness type Roughness value(s)

1 Measuring range 10 × 10 µm

2 Average roughness, Ra 167.702 nm

3 Mean height of roughness in ten
points, Rz

646.97 nm

4 Surface roughness, Rmax 1309.75 nm

5 Root Mean Square (RMS)
roughness, Rq

212.77 nm

Fig. 5 Infrared images at the best parameter (spindle speed—5000 rpm) to achieve least surface
roughness values: a at with-coolant condition, b at without-coolant condition

cutting temperature on surface roughness. It is revealed that the maximum tempera-
ture reached is up to 54.7 °C during float glass drilling while using coolant, whereas,
without-coolant conditions, the drilling temperature rises to 12.8 °C.

For both (‘with-coolant’ and ‘without-coolant’) the drilling conditions, the values
of average surface roughness (Ra) at the drilled hole region has been presented. The
drilling parameters: feed rate, vibration amplitude, and tool diameter, etc. (refer:
Table 1) has been kept constant in the study except for spindle speed. Thus, the effect
of spindle speed is explained thoroughly. Figure 6 shows the graphical representation
of the effect of ‘Spindle speed’ with respect to ‘Average surface roughness’ without-
coolant condition. Figure 7 depicts the illustration of the ‘Spindle speed’ versus
‘Average surface roughness’ with-coolant condition.

It is observed visually in the graphical images (Figs. 6 and 7) that the surface
roughness value has been mitigated by increasing the spindle rotation speed from
1000 to 5000 rpm. The cognition behind the employ of higher spindle speed is that
it directly diminished the effective cutting force (refer Fig. 2). Because the cutting
force reduction leads to a decrease in the drilling temperature that offers by-product
as superior hole surface integrity [9]. The same drilling temperature trend is noticed
in thermal infrared images (Fig. 5) that the with-coolant condition, lesser drilling
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Fig. 6 Graphical representation of the effect of ‘Spindle speed’ with respect to ‘Average surface
roughness’ without-coolant condition

Fig. 7 The effect of ‘Spindle speed’ versus ‘Average surface roughness’ with-coolant condition
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temperature is observed visually. This reduction in temperature prominence, owing
to the reduction in friction between the tool and workpiece drilled to be region [18].
Finally, the propagation of stress is diminished that subsequently enhanced the overall
drilled hole quality.

The maximum and minimum values of surface roughness (Ra) at the time of
‘without-coolant’ drilling are observed 333.892 nm at 1000 rpm and 199.314 nm at
5000 rpm, respectively, where the maximum and minimum roughness (Ra) values
during ‘with-coolant’ drilling are reported 307.375nmat 1000 rpmand167.702nmat
5000 rpm, respectively. Hence, the authors recommend the employ of ‘with-coolant
condition’ to get the least surface roughness. Overall, it is stated that cutting force
and drilling temperature have a significant influence on the glass hole integrity using
RUD process. It would directly enhance the life span of the glass component and
increase its functional usage.

4 Conclusion

During rotary ultrasonic drilling of float glass specimen, the effect of drilling force
and cutting temperature has been presentedwhile observing the hole surface integrity.
The key accomplished outcomes such as the best drilling condition are revealed as
5000 rpm of cutting speed and with-coolant conditions to generate the least value
of average surface roughness (Ra), i.e., 167.702 nm. It has been investigated that the
usage of coolant with 5000 rpm of cutting speed has decreased the cutting force by
11.88 N and the drilling temperature is also reduced by 12.8 °C. The ultimate cause
of mitigating the cutting force and drilling temperature is stress reduction at the time
of drilling. Therefore, the fine surface integrity has been achieved noteworthy using
the rotary ultrasonic drilling process.
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Analysis on Development of Beeswax
as Phase Change Material for Thermal
Energy Storage

Durgesh Kumar Mishra, Sumit Bhowmik, and Krishna Murari Pandey

Abstract The current review article is focused on the development of beeswax as
phase change material (PCM) for thermal energy storage. Beeswax is an organic
non-paraffin PCM, which is suitable for heat energy storage. But the main hamper of
the beeswax during energy storage is less thermal conductivity and leakage during
phase transformation. So, the researchers have been started attacking to resolve this
kind of problem. During this fashion they were started to add high thermal conduc-
tivity particles with beeswax to improve thermal conductivity and at the same time
leakage prevention porous material to prevent leakage during phase transforma-
tion. During the review, it is established that expanded graphite, graphene, carbon
nanotube, expanded perlite carbon fiber, copper oxide, polymer, dammer gum, and
tallow were used for conductivity enhancement and leakage preventing agent.

Keywords Beeswax · Phase change material · Thermal conductivity · Leakage
prevention · Heat storage capacity

1 Introduction

As time ismoving, the demand for energy is increasing continuously. So, for fulfilling
the gap between demand and supply researchers have to focus on the energymanage-
ment. Phase change material (PCM) is one of the most utilizing materials for thermal
energy management. It is utilized for storage and management of waste heat in solar
panel, solar water system, battery thermal management, electronic system, etc. There
are three different kinds of PCM, which are classified as organic, inorganic, and
eutectic; where organic is divided into paraffin and non-paraffin, inorganic is cate-
gorized as metal, alloy, salt, etc., and eutectic is divided into the combination of
organic + inorganic and inorganic + organic [1–6]. PCM stores energy in the form
of sensible heat and latent heat, but the latent heat storage is most utilizing. Latent
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Fig. 1 Working cycle of
PCM

heat accumulates energy at constant temperature condition. PCM works in a cyclic
manner which is given in Fig. 1, it stores energy and becomes liquefied after that
at less temperature zone PCM release energy and solidified [7–12]. Beeswax is an
organic non-paraffin PCM with the empirical formula as C15H31COOC30H61 which
is produced with metabolic process of bees, and wax is extracted through the abdom-
inal segments of bees [13–15]. It is utilized as PCM because of high heat storage
capacity. But the main hamper of the beeswax during energy storage is less thermal
conductivity and leakage during phase transformation [16]. For removing this huddle,
various researchers incorporate properties gaining materials like expanded graphite
(EG), graphene, expanded perlite (EP), and multiwall carbon nanotubes (MWCNTs)
with beeswax. In the current article, it is reviewed how the beeswax is developing as
an enhanced property PCM for thermal energy storage.

2 Development of Beeswax Composite PCM

In the recent year, beeswax is developing as PCMbecause it is naturally available and
contains the properties which are suitable for the application in solar water heater and
building given in Tables 1 and 2. The explanation of the researcher for development
of beeswax as PCM is discussed in the next section.

2.1 With Incorporation of EG

Dinker et al. [17] developed a novel kind of composite PCM for energy storage
with a combination of beeswax and EG. The composite was fabricated through melt
mixing method where EG is mixed in molten beeswax. During the experimental
analysis, it was found that thermal conductivity of the composite enhanced from
0.29 to 0.63 W/m-K that reduced the melting time from 1020 to 900 min. From the
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Table 2 Journal name and outcome of research

Reference Journal Outcome of the research

[17] Experimental Heat Transfer 1. It is shown that no chemical reaction
between beeswax and EG

2. Thermal conductivity of the composite
was enhanced by 117%

3. Melting point temperature of the
composite was slightly lower than pure
beeswax

4. Decrement in the heat storage capacity
5. Utilized in heating water unit

[19] Applied Thermal Engineering 1. There was no agglomeration of graphene
within beeswax

2. New compounds did not form after
synthesis

4. Thermal conductivity on the composite
has increased with mass fraction

5. Latent heat of the composite was also
increased as the mass ratio increased

6. Used in building energy management

[20] Composites: Part A 1. Found that there is only physical
interaction between the materials no
chemical interaction

2. It revealed that EP is not only utilized for
mechanical strength but also for leakage
prevention

3. Melting temperature of composite
reduced drastically

4. Latent heat of composite reduced slightly
5. Used for solar energy utilization

[21] Journal of Energy Storage 1. Acid treated CNTs are more suitable for
leakage prevention and thermal
conductivity

2. It is found that 132% increment in
thermal conductivity

3. Melting temperature and latent heat of
composite reduced slightly

4. Used for solar energy utilization in
buildings

[23] International Journal of Technology 1. Modified MWCNTs is used for shape
stability

2. Thermal conductivity of the composite
increased gradually according to mass
fraction

3. Melting temperature and latent heat of
composite reduced slightly

4. The authors suggested using this
composite for building application

(continued)
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Table 2 (continued)

Reference Journal Outcome of the research

[24] Advanced Materials Interfaces 1. Polymer and Silica are utilized for
encapsulation

2. Melting temperature decreased slightly
3. Heat storage capacity of the PCM also

decreased
4. The authors suggested to utilize the

material for coating in electronics items
as well as in building internal and
external structure

physical characterization, it is explained that EG formed regular network inside the
beeswax and few of the beeswax was absorbed in the porous network. Experimental
results also revealed that there is no chemical reaction occurredwithin the composite.
Thermal analysis of the material revealed that melting point of the composite was
slightly lesser than the pure beeswax. The authors also studied the performance of
thermal energy storage material with the help of shell and tube heat storage unit. The
prepared material was filled in the shell and hot water passed through the pipe as a
heat transfer fluid.

Dinker et al. [18] scrutinized beeswax composite with EG as heat energy storage
material in shell-tube type thermal energy storage unit. During the fabrication, 10%
of the EG to be incorporated with the beeswax and it is found that the increment of
thermal conductivity by 117%, at the same timemelting temperature of the composite
changed slightly. The author studied the thermal performance of thermal energy
storage unit at 0.25, 0.50, and 1.0 LPM flow rate and 60, 70, and 80 °C inlet temper-
ature. It was found that with the addition of EG the charging time of the composite
reduced at high flow rate and high inlet temperature.

It was also suggested that with low flow rate thermal storage efficiency enhanced
to maximum and at high temperature and low flow rate combination charging time
reduced by 33%when it was comparing through beeswax. Thermal storage efficiency
improved from 84 to 87% when comparing pure beeswax and composite beeswax.
The authors were also inspired to use beeswax because low cost and naturally avail-
ability. The improved thermal efficiency of storage unit filledwith compositematerial
is due to its enhanced thermal conductivity and reduced charging time. Results of
the study on beeswax–EG composite material are boosting and it can be utilized for
thermal storage applications.

2.2 With Incorporation of Graphene

Amin et al. [19] experimentally investigated the physical and thermal properties of
beeswax/graphene composite PCM to decrease the energy feeding in the buildings.
Ultrasonic method is used for synthesis of composite. It was found from the results
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that complete dispersion of graphene into the beeswax and there was no chemical
reaction occurred within the material. Results revealed that with the incorporation of
graphene latent heat, thermal conductivity and viscosity has been increased linearly.
Thermal conductivity and heat storage capacity of the composite increased from
0.25 to 2.89 W/m-K and 141.49 to 186.74 J/g, when the mass fraction of graphene
increased from 0.05 to 0.3%.

2.3 With the Incorporation of EP

Cheng et al. [20] studied a composite PCM which is prepared after the mixing of
beeswax/tertradecanol/carbon fiber/expanded perlitewith the help ofmagnetic stirrer
andvacuum impregnation.Microstructure, chemical compatibility, and thermal prop-
erties of the fabricated composite were analyzed. It was found that no chemical
interaction between the raw materials but there was only physical combination.
Beeswax/tetradeconal/carbon fiber was sufficiently absorbed into the porous EP
structure which could prevent the leakage during molten state. The melting tempera-
ture of the composite reduced drastically as compared with pure beeswax and latent
heat was also slightly reduced. From the thermal cycling test, it is indicated that after
200 charge–discharge cycle the composite has sufficient stability. Thermal conduc-
tivity of the composite PCM was also increased from 0.24 to 1.245 W/m-K. Finally,
the authors suggested that the prepared form-stable composite PCMhasmore suitable
thermal properties and thermal stability for solar energy utilization in buildings.

2.4 With the Incorporation of MWCNTs

Putra et al. [21] discussed the physical, chemical, and thermal properties of
beeswax/CNT composites for thermal storage. The authors tried to discuss the two
main drawbacks of PCM, first one is low thermal conductivity and second is reduc-
tion in volume during phase transition. For the above drawbacks, a shape stabilized
composite PCMhas been developedwhich prevents leakage at the time of phase tran-
sition. Here three kinds of MWCNTs were used as a supporting material, named as:
ball-milled MWCNTs, pristine MWCNTs, and acid-treated MWCNTs. The results
indicated that acid-treatedMWCNTsweremore useful in the case of thermal conduc-
tivity as well as for shape stability. 5 and 20% CNTs were mixed with the beeswax
and the samples were examined after 0 cycles, 150 cycles, and 300 cycles. Results
indicated that the thermal conductivity of the composite increased by 132% in the
case of 20% of CNTs but melting temperature and latent heat have been decreased.
The authors suggested utilizing this kind of composite in the field of building thermal
regulation.
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Rawi et al. [22] experimentally investigated physical, chemical, and thermal prop-
erties of beeswax/MWCNTs composite as shape stabilized PCM. For the exper-
imentation, two samples were prepared, first one was pure beeswax and second
Beeswax/MWCNTs composite. MWCNTs were used to produce shape stable mate-
rial, which wasmodified and then addedwith beeswax. It was seen that with the addi-
tion of 5 wt% modified CNTs thermal conductivity of the composite increased by
84%. Results also indicated that the composite contained good physical and thermal
compatibility. Thermal characterization of the composite revealed that melting
temperature and latent heat was 59.79 °C and 91.64 J/g. The authors suggested
that the proposed composite PCMs were used for the building energy management.

2.5 With the Incorporation of CuO

Putra et al. [23] examined the behavior of beeswax and CuO as composite PCM
for thermal energy storage. Five samples were prepared with the 0.05, 0.1, 0.15,
0.2, and 0.25 wt% of CuO and found that the melting temperature of samples was
63.62 °C, 63.59 °C, 63.66 °C, 63.19 °C, and 62.45 °C, respectively. Differential scan-
ning calorimetry was used for finding out melting temperature and thermal capacity.
Results also revealed that there is no chemical reaction between the materials. The
presence of CuO nanoparticles improved thermal conductivity of PCM at the same
time slightly reduced the heat-storing capacity. Nonetheless, the change in heat
storage capacity caused no significant effects in the performance of beeswax/CuO.
The results also showed that the melting rate of PCM increased and melts PCM
faster.

2.6 With the Incorporation of Polymer

Naderizadeh et al. [24] investigated the PCM used for coating applications in
electronics items and building interior or exterior part, which fulfills the thermal
energy management. During the current research, authors used beeswax as PCM and
polymer and silica particles for the properties improving materials. The fabrication
of coating material was through emulsification of beeswax in commercial polymer
dispersion. The silica nanoparticles were spread during emulsion at different concen-
trations for superhydrophobicity. Results showed that due to emulsification beeswax
encapsulated by the polymer as a nanothin shell that prevents the leakage during
phase transformation. It was also suggested by the authors that the present coating
was ecofriendly.
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2.7 With the Incorporation of Dammer Gum and Tallow

Umar et al. [25] investigated the properties of concrete contain beeswax as a PCM.
During the current study beeswax, dammar gum, and tallow were used to make
enhanced properties composite PCM. With the help of T-history method author try
to find out thermal conductivity, melting temperature, and enthalpy. Results indicated
that beeswax and tallow exhibit great potential for latent heat, whereas dammer gum
has been utilized for thermal conductivity enhancement. It was also seen that as the
PCM containing in the concrete increased, the compressive strength of the concrete
decreased drastically. From this study, it could be said that PCM has been utilized as
thermal energy storage material for buildings rather than construction material.

3 Conclusions and Future Scope

After reviewing recent papers it can be concluded that.

• Beeswax is suitable PCM for solar energy system and building energy manage-
mentwhen incorporatingwith properties gainingmaterial like EG, EP,MWCNTs,
graphene, CuO, polymer, dammer gum, and tallow.

• Thermal conductivity of the composite increases graduallywhen themass fraction
of the properties gaining material increases.

• Leakage prevention during the phase change also occurs, when porous material
is utilized to prepare composite.

In the future scope, it is suggested that finding new combination of material which
can be utilized as properties gainingmaterial and leakage preventing agent for various
engineering applications.
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Sahin AZ (2017) A review on current status and challenges of inorganic phase changematerials
for thermal energy storage systems. Renew Sustain Energy Rev 70:1072–1089

11. Quanying Y, Chen L, Lin Z (2008) Experimental study on the thermal storage performance and
preparation of paraffin mixtures used in the phase change wall. Sol Energy Mater Soar Cells
92(11):1526–1532

12. BashirnezhadK,Kebriyaee SA,Moosavi A (2018) The experimental appraisement of the effect
of energy storage on the performance of solar chimney using phase changematerial. Sol Energy
169:411–423

13. Xiao X, Zhang P, Li M (2013) Preparation and thermal characterization of paraffin/metal foam
composite phase change material. Appl Energy 112:1357–1366

14. Jackson MA, Eller FJ (2006) Isolation of long-chain aliphatic alcohols from beeswax using
lipase-catalyzedmethanolysis in supercritical carbon dioxide. J Supercrit Fluids 37(2):173–177

15. Dinker A, Agarwal M, Agarwal GD (2017a) Experimental study on thermal performance of
Beeswax as thermal storage material. Mater Today Proc 4(9):10529–10533

16. SharmaA, Tyagi VV, Chen CR, Buddhi D (2009) Review on thermal energy storage with phase
change materials and applications. Renew Sustain Energy Rev 13(2):318–345

17. Dinker A, Agarwal M, Agarwal GD (2017b) Preparation, characterization, and performance
study of beeswax/expanded graphite composite as thermal storage material. Exp Heat Transf
30(2):139–150

18. Dinker A, Agarwal M, Agarwal GD (2018) Experimental performance analysis of
beeswax/expanded graphite composite for thermal energy storage in a shell and tube unit.
Int J Green Energy 15(11):585–595

19. Amin M, Putra N, Kosasih EA, Prawiro E, Luanto RA, Mahlia TM (2017) Thermal properties
of beeswax/graphene phase change material as energy storage for building applications. Appl
Therm Eng 112:273–280

20. Cheng F, Wen R, Zhang X, Huang Z, Huang Y, Fang M, Liu YG, Wu X, Min X (2018)
Synthesis and characterization of beeswax-tetradecanol-carbon fiber/expanded perlite form-
stable composite phase change material for solar energy storage. Compos A Appl Sci Manuf
107:180–188

21. Putra N, Rawi S, Amin M, Kusrini E, Kosasih EA, Mahlia TMI (2019) Preparation of
beeswax/multi-walled carbon nanotubes as novel shape-stable nanocomposite phase-change
material for thermal energy storage. J Energy Storage 21:32–39

22. Rawi S, AminM, Kusrini E, Putra N (2018) Characterization of shape-stabilized phase change
material using beeswax and functionalized multi-walled carbon nanotubes. In: IOP conference
series: earth and environmental science, vol 105, p 012042



388 D. K. Mishra et al.

23. Putra N, Prawiro E, Amin M (2016) Thermal properties of beeswax/CuO nano phase-change
material used for thermal energy storage. Int J Technol 7(2):244–253

24. Naderizadeh S, Heredia-Guerrero JA, Caputo G, Grasselli S, Malchiodi A, Athanassiou A,
Bayer IS (2019) Superhydrophobic coatings from Beeswax-in-water emulsions with latent
heat storage capability. Adv Mater Interfaces 6(5):1801782

25. Umar H, Rizal S, Riza M, Mahlia TMI (2018) Mechanical properties of concrete containing
beeswax/dammar gum as phase change material for thermal energy storage. AIMS Energy



Evaluation of Material Handling Using
MCDM Techniques: A Case Study

Pardeep Kumar Verma, Raman Kumar, and Gyanendra Singh Goindi

Abstract Choosing the best possible Material Handling Equipment (MHE) is a
significant assignment in MSEs due to the extensive capital involved. There are
numerous substantial and impalpable factors affecting the selection process of appro-
priate MHE. Multi-criteria decision-making (MCDM) has been observed to be a
helpful way to deal with and break down these clashing components. The assessment
of MHE alternatives from different criteria and the weight of these different criteria
are normally communicated in variousways. This paper proposes anMCDMstrategy
for assessment and selection of MHE type for small-scale industry in Punjab. Two-
phase is used for getting weights to different criteria and for their ranking enabling
us to get more reliable results required for the selection of suitable MHE. Analyt-
ical Hierarchy Process (AHP) and Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) are utilized to compute the priority weightage and ranking
of alternates, respectively. Selection of the most appropriate MHE is our objective
while taking into account the tangible and intangible criteria.

Keywords MHE selection · Ranking · Decision-making

1 Introduction

Raw material, work in process and even finished product flows in the premises of
facility such as industry from one working station to another, from final working
station to packing, from packing to store to complete its intended purpose in the
facility. Material flow is the description of the transportation of material as a flow
of entities, which is accomplished through human power or other equipment types.
It consists of the lifting, movement and dropping off material while caring to avoid
its pilferage and minimum time consumption and cost-effective. So, the problem of
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MHE selection may become single or multi-objective, multi-criteria. While consid-
ering these factors, selections of MHE become a decision to be taken by the manage-
ment. The decision-maker plays a vital role to decide the approach leading to making
the decision. Material handling is responsible for 25–87% in personnel, space, time
related to production and product cost [1]. Our purpose is to identify the most appro-
priate MHE from the available options of its category for the desired level of perfor-
mance ranging from low to high with the objectives to minimum investment, mini-
mization of operational cost, material handling and time related to it, minimum
number of equipment used for material handling and maximization of compatibility
between part and its handling equipment.

High-level selection considers MHE from entirely different categories, such as
cranes to conveyors robots to rail, intermediate level takes up selection within the
category such as powered hand truck and forklift truck, and the low-level selection
debates on the model of MHEwithin the types such as an appropriate model of AGV.

When choosing what MHE to utilize, it is essential to consider the general
attributes of the equipment types available in the market. At that point, decision-
maker needs to decide which MHE matches better to the required application.

In general categories ofMHEused in industries are Static Storage Systems such as
Storage Racks, Drawer Storage, Mezzanines, Powered and Non-powered Industrial
Trucks, a fixed Path Conveyor such as gravity conveyors, powered conveyors, roller
conveyors, vertical conveyors, a variable Path Conveyor such as Automatic Guided
Vehicles (AGV),monorails,WorkPositioningSystems such as cranes, electric hoists,
pallet trucks [2].

Different approaches are used to solve the questione raised regarding the
appropriate MHE. Majorly, these approaches can be categorized into four, i.e.
Multi-Criteria Decision-Making (MCDM), Artificial Intelligence (AI), optimiza-
tion and Hybrid. Some of the most popular MCDMmethods are Analytic Hierarchy
Process (AHP), AnalyticNetwork Process (ANP), utilitymodels, goal programming,
Data Envelopment Analysis (DEA), Simple Multi-Attribute Ranking (SMART),
outranking methods, TOPSIS and disaggregate–aggregate approaches [3–7].

In a manufacturing unit, selecting an appropriate MHE assumes a significant role
in expanding the viability and effectiveness of the complete unit [8]. Engineers are
normally looked with the challenge of picking the correct MHE without essential
experience or recognition. The guidance from MSE providers is free, yet providers
need to influence clients to purchase their items and their recommendation.Therefore,
it has low dependability as they offer their own products in which they are dealing
and have a good margin. Interestingly, systematic models dependent on MCDM are
less utilized for MHE selection in MSEs [9].

As of date, every consumer has access to a variety of MHE, all of them possess
different aspects alongwith pros and cons, different price ranges,making the selection
procedure hard. Decision-maker involved needs to consider different quantitative
(e.g., volume and weight of the load, distance to be moved, cost, etc.) and subjective
(e.g., shape of load, load type, maintenance of MHE) criteria. Along these lines, we
can examine the selection of MHE as the MCDM problem [10].
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The selection of a materials handling system (MHS) is a cumbersome task in a
flexible manufacturing system (FMS) for its dependency on multiple factors. ANP is
fit for considering both the internal and external dependence factors up to 35 or even
greater than that. As the criterion grows, complication arises in calculations making
it less advisable to solve shop floor issues [11].

TheAHP techniquewas used to find theweightage of factorswhile usingAHP and
MC simulation model for MHE selection. The managerial guidelines were provided
for the evaluation of MHE [12].

Usage of the Fuzzy Multi-Attribute Selection of MHE (FUMAHES) to select the
best conveyor from four available alternatives and six selection criteria by developing
a Decision Support System (DSS) can be helpful for decision-makers [13]. Modified
Grey Relational Analysis (M-GRA) was employed for AGV seletion. Utility index
of AGV was calculated by using M-GRA method [14]. MHE selection problem was
solved by using theWeighted Utility Additive (WUTA) method in conveyor systems
[15]. Fuzzy VIseKriterijumska Optimizacija I Kompromisno Resenje (FVIKOR)
approach was used to select optimal MHE through weighing 4 and 20 criteria and
sub-criteria, respectively, by the voting method [16]. AHP is a viable instrument that
can be used by decision-makers for better decision-making in complex situations
having multiple criteria and options [17].

Mostly in MHE selection, the level is high, such issues under multi-criteria when
a number of options are less applied in MCDM approach. When the decision is to be
taken by human and the options are limited, MCDM technique works well. While
reviewing the literature, it exhibits that the MCDM approach can possibly take care
of the issues related to the selection of appropriate MHE selection problems issue in
vagueness.

Theorganization of the remainingpaper is as per the following: Section2describes
the present work and the last segment finishes up results and scope for further
research.

2 Present work

A. Profile of Case Company

The case unit is engaged in themanufacturing of a variety of hand tools. The company
is located in the northern part of Indiawhich has been chosen to conduct the industrial
case study. Approximately 100 employees have been working in the various sections
of the company. The leading manufacturing industry is facing problems in delays
of material movement from one work station to another, accumulation of Work In
Process (WIP), as small bins are used for the storage of WIP on different worksta-
tions. Battery-operated forklift, pallet jacks, hand trucks, manual forklifts, die loader
and overhead cranes are used for material movement within the premises. A cross-
functional team (CFT) of five employees including shop incharge, supervisor and
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operators from case company was involved in brainstorming and group decision-
making for selecting the attributes and alternates. In this model, three criteria, i.e.
operational controllability, maintenance and compatibility and nine sub-criteria were
implicated as these criteria were assumed to bemajor inputs for the selection ofMHE
inMSEs. TheMCDMproblem bifurcated into smaller constituent in three-level hier-
archy diagram and the lowest levels depict the alternatives showing the relationships
among objectives and alternatives through links in Fig. 1.

Transforming linguistic expressions into quantitative values [18] describes fuzzy
method that reflects the exact linguistic descriptions in terms of crisp scores. Conse-
quently, it gives a better guess of linguistic descriptions that are generally utilized.
The 5-point scale is considered to exhibit the transformation of fuzzy numbers into
crisp scores as given in Table 1.

Implementation of Analytical Hierarchy Process:

Step 1: The level of inclination or decision-maker’s intensity in the decision of each
pair-wise correlation has been utilized in this model is measured on a scale of 1–9,
where even numbers represent the compromises among the preferences above as
shown in Table 2

Material Handling Equipment  

Compatibilty Operation Controlability 

1. Ease to operate 
2. Application 
3. Load carrying capacity 
4. Flexibilty in Material 

1. Cost 
2. Aviablity of spare 
parts 
3 On site repair  

1 Area constraints 
2. Risk 

Hydraulic 
Hand pallet 
truck 

Hand pallet 
truck

Hydraulic  pallet 
truck

Electric pallet 
trucks 

Semi electric 
pallet truck

Maintenance 

Fig. 1
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Table 1 Conversion of fuzzy
numbers into crisp scores

Linguistic term Fuzzy number Crisp score

High M1 0.895

Above average M2 0.695

Average M3 0.495

Below average M4 0.295

Low M5 0.115

Table 2 Nine-point intensity
of importance scale and its
description

Definition Intensity of importance

Equally important 1

Moderately more important 3

Strongly more important 5

Very strongly more important 7

Extremely more important 9

Intermediate values 2, 4, 6, 8

Step 2: Screening of different pallet trucks on certain basic criteria and sub-
criteria fulfilling the requirements of the manufacturing unit. The selected criteria
and sub-criteria are listed in Table 3

Step 3: Pair-wise comparison of different sub-objectives
The significance of ith sub-objective is contrasted and jth sub-objective is deter-

mined Pair-wise observation of different sub-objectives. In the analysis of sub-
criteria, i.e. ease to operate is slightly more important than its application, that’s
why it was assigned two numbers during brainstorming of cross-functional team
aforementioned as shown in Table 4.

Step 4: Normalized matrix

Table 3 Criteria selected Criteria Sub-criteria

Operational controllability Ease to operate

Application

Load-carrying capacity

Power required

Flexibility in material

Maintenance Cost

Availability of spare parts

On-site repair

Compatibility Area constraints

Risk

Distance to be moved
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Table 4 Pairwise comparison matrix

Ease to
operate

Application Load-carrying
capacity

Flexibility
in
material

Cost On-site
repair

Area
constraints

Availability
of spares
part

Risk

1.00 2.00 3.00 4.00 0.33 5.00 5.00 7.00 1.00

0.50 1.00 2.00 5.00 0.25 3.00 4.00 5.00 0.50

0.33 0.50 1.00 2.00 0.20 5.00 4.00 4.00 0.33

0.25 0.20 0.50 1.00 0.20 3.00 4.00 5.00 0.25

3.00 4.00 5.00 5.00 1.00 3.00 5.00 5.00 2.00

0.20 0.33 0.20 0.33 0.33 1.00 2.00 2.00 0.50

0.20 0.25 0.25 0.25 0.20 0.50 1.00 2.00 0.50

0.14 0.20 0.25 0.20 0.20 0.50 0.50 1.00 0.25

1.00 2.00 3.03 4.00 0.50 2.00 2.00 4.00 1.00

The estimations of normalized matrix rij are determined as given in the below-
mentioned formulae, i.e. by dividing each value in a column by the sum of squares
of values in that particular column

ri j = ai j

/
n∑

i=1

a2i j

where aij refers to the inputs received through brainstorming session among the CFT
which was further simplified using the conversion of fuzzy numbers into a crisp
score. Normalized matrix of different sub-objective is shown in Table 5.

The approximate priority weight (W1,W2,……,Wj) for each attribute is obtained
as shown in Table 6 and in graphical format in Appendix 1

nWj = GMj

/
n∑
j=1

GMj

3 Topsis Method

The TOPSIS (Technique for Order Performance by Similarity to Ideal Solution) was
first developed [19] and it explains the best alternatives which are nearest to the
positive ideal solution [20].

Step 1: The objective is to evaluate the 11 factors and the factors are ease to
operate, application, load-carrying capacity, power required, flexibility in material,
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Table 6 Priority weights of
attributes

Sub-criteria Priority weights

Ease to operate 0.183

Application 0.127

Load-carrying capacity 0.094

Flexibility in material 0.068

Cost 0.259

On-site repair 0.050

Area constraints 0.040

Availability of spares parts 0.030

Risk 0.150

cost, availability of spare parts, on-site repair, area constraints, risk, distance to be
moved.

Step 2: Formation of a decision matrix.
Step 3: Calculate the values of normalized matrix and priority weight. These

values were calculated in AHP part.
Step 4: Calculation of weighted normalized decision matrix by multiplying the

normalized decision matrix by its associated weights, which will enable us to get the
positive ideal value and negative ideal value for each sub-criterion. The weighted
normalized decision matrix is shown in Table 7.

V i j = W j × R j

Step 5: Determination of best solution:
The positive-ideal (best) and negative-ideal (worst) solutions are determined as

the most favourable values and least favourable values for each sub-criterion. The
positive-ideal (best) and negative-ideal (worst) solutions can be expressed as given
below and values are shown in Table 8 and graphically in Appendix 2;

Step 6: Calculations of separation measures:
Calculate the separation measures, using the n-dimensional Euclidean distance.

The separation of each alternative from the positive-ideal solution and the negative-
ideal solution is given by the following equations.
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Table 8 Positive-ideal (best)
and negative-ideal (worst)
solutions

Sub-factors Positive-ideal Negative-ideal

Ease to operate 0.163 0.021

Application 0.068 0.038

Load-carrying capacity 0.058 0.019

Flexibility in material 0.04 0.017

Cost 0.04 0.158

On-site repair 0.028 0.015

Area constraints 0.024 0.008

Availability of spares part 0.007 0.016

Risk 0.014 0.086

Table 9 Separation measures
of attributes

Positive separation
measure SJ+

Negative separation
measure SJ−

Hand pallet truck 0.060 0.187

Hydraulic hand
pallet truck

0.182 0.065

Hydraulic pallet
truck

0.133 0.130

Electric pallet
trucks

0.201 0.043

Semi-electric
pallet truck

0.165 0.165

S1+ =
⎧⎨
⎩

M∑
j=1

(
Vi j − Vj+

)
2

⎫⎬
⎭ 0.5 and S1− =

⎧⎨
⎩

M∑
j=1

(
Vi j − Vj−

)
2

⎫⎬
⎭0.5

The values are shown in Table 9 and graphically in Appendix 3;
Step 7: Calculations of relative closeness to the ideal solution and rank the perfor-

mance order. The relative closeness of the alternative Aj can be expressed as follows
(Table 10):

Table 10 Calculate the
relative closeness

Relative closeness values Ranking

Hand pallet truck 0.756 1

Hydraulic Hand pallet
truck

0.263 4

Hydraulic pallet truck 0.493 3

Electric pallet trucks 0.175 5

Semi-electric pallet
truck

0.500 2
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CJ = SJ − /( SJ − + SJ+)

4 Conclusions and Future Scopes

In present research work, MCDMmethods have been implemented on multi-criteria
MHE using AHP and TOPSIS methods. AHP and TOPSIS methods have been used
for computing the weightage of sub-criteria and ranking alternatives, respectively.
This two-phase methodology includes a hierarchical structure, pair-wise compar-
isons of attributes and consistency test following this final ranking of the attributes
are achieved, and so final ranking is more rational and authentic. Hand Pallet truck
is placed at rank one followed by semi-electric pallet truck using relative closeness
value.However, a great deal of points of interest, there are restrictions in this approach
as all the potential criteria couldn’t include this model and positioning of characteris-
tics might be changed if another property is included. The priority weighting by AHP
method is subjective as its value depends upon the judgement of decision-makers.
Modified TOPSIS and PROMETHEE techniques can be employed for the exten-
sion of the proposed framework. Mathematical modelling can be combined with this
methodology for improvement. This framework can be replicated in other similar
kinds of manufacturing units.

Appendix “1”: Priority Weights of Attributes
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Appendix “2”: Positive-Ideal (best) and Negative-Ideal
(worst) Solutions

Appendix “3”: Separation Measures of Attributes
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Application of Machine Learning
Technique for Demand Forecasting:
A Case Study of the Manufacturing
Industry

Arvind Jayant, Anshul Agarwal, and Vaibhav Gupta

Abstract The objective of this work is to develop amachine learning-based Support
Vector Machine (SVM) demand forecasting model and its application in supply
chain management. The proposed SVMmodel will predict future demand with high
accuracy as compared to the conventional forecasting methods. To demonstrate the
effectiveness of the present model, demand forecasting issue was investigated in a
piston-manufacturing industry as a real-life case study. In this proposed research, an
SVM model is developed using radial basis kernel function and sigmoid function
to forecast monthly piston demand for Bajaj Discover motorbikes. Various factors
that affect the product demand such as produced units, inventory, sales cost, and the
number of competitors have been taken into consideration in the development of the
model. A comparative analysis of the SVMmodel and various traditional forecasting
methods used in the company like exponential smoothing, moving average, and
autoregressive model has been done and the best demand forecasting model has
been recommended to the case company.

Keywords Support vector machine (SVM) · Demand forecasting · Exponential
smoothing method ·Moving average method · Autoregressive model · Python

1 Introduction

Machine learning is like learning fromexperience that comes naturally to animals and
humans. Machine learning algorithms work without depending on the fixed model
or equation, rather they work by learning directly from data. The performance of the
algorithm improves as the data available for learning increases. Machine learning
algorithms help in making better predictions and decisions by generating useful
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insights from data by finding patterns in the data. These algorithms are frequently
used to make significant decisions in energy load forecasting, stock trading, medical
diagnosis, etc [16, 17]. There are two types of machine learning algorithms: Super-
vised learning and unsupervised learning. In supervised learning, themodel is trained
from input and output data that are already known, and after training the model, the
same model can be used to predict future outputs through the unknown data. In
unsupervised learning, the algorithm finds a hidden pattern in the data as the data are
unknown and make predictions based on those intrinsic patterns found in input data.

If supply chain operations are not properly managed, then it may lead to poor
customer service, increasing costs, potential revenue losses, and, most importantly,
loss of customer trust, which causes loss of profits [1, 2]. Supply Chain process has
many uncertainties such as follows:

• Inventory shortage to meet the demands
• Uncertainty in logistics and shortage in supply
• Increase in order backlog
• Fluctuations in demand
• No proper communication among stakeholders
• Quality of inventory levels may vary

It is very difficult to forecast with pre-set rules as the reasons for these variations
changeon adaily basis; therefore,machine learning algorithms could help in reducing
these uncertainties and predict precisely.

• Machine learning algorithms help in a better understanding of these challenges
and allow real-time analysis and forecasting in advance.

• As there are a lot of data involved in these predictions, so ML algorithm helps in
processing large volumes of data, which is not possible manually.

• Models developed usingmachine learning help in reducing operational inefficien-
cies, minimizing loss in revenue, and ensures on-time delivery, which improves
the level of customer satisfaction.

• Methodology developed by ML is equipped to handle huge data and work in real
time and can provide solutions proactively rather than after the problem occurs.

Thus, machine learning is an asset for supply chain management since they help
reduce uncertainties thereby increasing profits and minimizing losses.

Demand forecasting plays an important role in managing sales operations in any
business organization. In such an environment of uncertainties and competitiveness,
forecasting proves to be an integral part of decision-making functions for the people
involved in management. It provides specific guidelines and instructions that must be
performedby themanagement for better prospects of anyorganization. It is applicable
to all trading firms, manufacturers, and distributors involved in any business unit.
Forecasting, where demand uncertainty is high, is more difficult rather than in a
situation where demand uncertainty is low. Accurate forecasting helps in keeping
inventory in check, as it helps in reducing excess and preventing the shortage of
inventory and thus improving profitability. When there is a case of overestimated
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demand the manufacturer tries to increase the production and this may lead to extra
stock on the one hand and, on the other hand, when there is underestimated demand, it
leads to lost sales, unfulfilled orders, decrease in service levels, and lost opportunities
[18]. In both the cases, the supply chain becomes inefficient and may cause loss to
the company. Therefore, accurate demand forecasting poses as a challenge to any
organization.

Methods and techniques to improve accuracy in forecasting have become a major
topic of discussion in industries and this can help to increase competitiveness in the
market. The technique to forecast demand based on past data plays a key role in
an organization and an individual decision-making. In time series forecasting, the
technique tries to find a pattern, and based on this, predictions are done for complex
systems. For a successful supply chain management, forecasting is very important.
There are various demand forecasting techniques which include traditional as well as
some latest methods. Traditional methods have some vital demerits which can affect
the accuracy of forecasting. Machine learning is an advanced technique that could
be used for demand forecasting. There are a number of machine learning algorithms
that are used for making predictions and classification [3]. One such algorithm is
Support Vector Machine (SVM) which can be applied to develop a framework for
demand forecasting. SVMalgorithm helps in a better understanding of the challenges
such as fluctuations in demand, uncertainties in the market, etc. Models developed
using SVM allow real-time analysis and help in reducing operational efficiencies,
minimizing loss in revenue, and ensures on-time delivery, which improves the level
of customer satisfaction. A model is developed for demand analysis using the SVM
algorithm in a piston manufacturing industry as part of real-world case study. This
machine learning algorithm is applied using an advanced computer language Python.

The outstanding portion of the paper is organized as follows: Sect. 2 presents a
brief reviewof the literature available on-demand forecasting usingmachine learning.
Section 3 describes the problem to be evaluated. Section 4 discusses the various
demand forecasting techniques including the advanced and the traditional methods
and performance indices to evaluate the forecasting models. Section 5 presents the
forecasting model development using SVM. Section 6 provides the results obtained
from different demand forecasting models. Section 7 shows the comparison of these
models and their validity. Finally, Sect. 8 presents the conclusion and future research
directions which concludes the case study.

2 Literature Review

Over the past few years, researchers and academicians have focused on the area of
artificial intelligence and its application in various fields. Machine learning is a vast
emerging area in which a lot of research is going on. It is being applied in different
areas of supply chain management. Demand forecasting is an area of SCMwhich has
a lot of potential for application of machine learning algorithms. A brief description
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of the application of machine learning algorithm SVM in demand forecasting in
SCM is as follows.

Villegas et al. [3] proposed a novel framework selection method that combines
diverse criteria using a SVM for demand forecasting. Chouksey et al. [4] identi-
fied “various critical success factors and their overall and individual impact on sales
forecasting on the basis of real-time primary data and secondary data of the auto-
mobile firm by applying regression analysis.” Shabani et al. [5] proposed a SVM
model using polynomial kernel function to forecast monthly water demand of a city
and to assess the use of phase space reconstruction prior to the design of models’
input variables combinations. Fan et al. [6] used “a sentiment analysis method, the
Naive Bayes algorithm, to find the sentiment index from the text of each online
review and incorporate it into the imitation coefficient of the Bass/Norton model
to increase the forecasting accuracy.” Amirkolaii et al. [7] presented “a survey of
existing forecasting methods used in service and non-service supply chains to select
best performing AI methods and performance measures using ABC classification
and subsequently neural networks and mean square error are modelled using supply
chain data from aircraft spare parts industry.” Kochak and Sharma [8] modeled a
demand forecasting technique by artificial intelligence approaches using artificial
neural networks. Jaipuria and Mahapatra [14] developed an integrated method of
artificial neural network (ANN) and discrete wavelet transform (DWT) analyses,
denoted as DWT–ANN, to predict the demand of a product. Jayant and Dhillon
[15] established “an extensive evaluation hierarchy model of automobile short-term
demand to prevent the disadvantages of previous models mainly for single time
series.” Yolcu et al. [10] and Sheremetov et al. [11] focused on forecasting models,
which are time series, based on the context of petroleum engineering and oil produc-
tion in the future is predicted in diverse situations in a changeable time window.
Jayant et al. [16, 17] proposed a novel neural network model, which consists of both
linear and nonlinear structures, for time series forecasting. Carbonneau et al. [12]
developed a model to forecast biased demand at the end of a supply chain (bullwhip
effect) and then a comparison is made with traditional methods of forecasting. Yue
et al. [13] employed “the technique of Support Vector Machine (SVM) for demand
forecasting and various factors that affect the product demand such as seasonal and
promotional factors have been taken into consideration in the model also a compar-
ison with approaches such as Statistical Model, Winter Model and Radius Basis
Function Neural Network (RBFNN) is made.”

3 Problem Description

Product demand is always prone to fluctuation thus making the supply chain inef-
ficient and ineffective. Therefore, demand forecasting is an important and crucial
part of the downstream activity of any supply chain and is the process of predicting
future sales of a product. The fluctuation of product demand causes uncertainty in
the supply chain. Thus, the accuracy of sales forecast of a product in a supply chain is
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Table 1 Company profile

Business characteristics Case company

Year of establishment 1954

Total income (INR) as of March 2018 136221.3 lakhs

Products manufactured Pistons, piston rings, cylinder liners, light metal
castings, sintered metal products

Type of business Manufacturer, supplier

certainly an important key to competitiveness. Therefore, there is a need to develop
an efficient and precise model for forecasting future demand.

In the present work, the demand forecasting issue has been investigated in a
piston-manufacturing company as a real-world case study. Two SVM models with
kernel functions: Radial Basis system (RBF) and sigmoid has been developed using
Python. Nine years supply chain data of piston for Bajaj Discover motorbikes have
been collected from an Indian automobile parts company (Refer Table 1) and demand
for the subsequent years has been computed.

4 Supply Chain Demand Forecasting Techniques

• Support Vector Machine
• Exponential Smoothing Method
• Moving Average Method
• Autoregressive Method

Out of these, the first technique is a machine learning algorithm and is an advanced
method of demand forecasting. The remaining techniques are considered to be
traditional methods of demand forecasting.

4.1 Support Vector Machine

Support Vector Machine (SVM) first came onto existence in 1992, brought by way
of Boser, Guyon, and Vapnik in Computational Learning Theory (COLT) convention
with the paper. SVM is an algorithm of supervised learning methods used for regres-
sion and categorization. In this approach, every data object as a factor is plotted in an
n-dimensional area (in which n is a variety of features) with the cost of every function
being the value of a selected coordinate. SVM is a kind of technique, identified by the
absence of local minima, usage of kernels, sparseness of the solution, and potential
manage acquired through acting on the number of support vectors or on the margin,
etc. (Refer Fig. 1) [1].
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Fig. 1 Diagrammatic representation of working of SVM algorithm

SVM may be implemented to the categorization problems in addition to the case
of regression. Some terms that are used in support vector regression are given below:

• Kernel: This function is used to map data that is in a lower dimension into a data
of higher dimension.

• Hyper Plane: In SVR it is the plane that is used to predict the target value or
continuous value with the help of given inputs.

• Boundary line: These are the lines on both sides of the hyperplane and it creates
a margin that decides the data points that are support vectors.

• Support vectors: These are those data points that are nearest or within the
boundary line and distance of the points is least or minimum.

The algorithm tries to fix a margin by taking a decision boundary at a certain distance
of ‘ε’ around both sides of the original hyperplane. This is done in such a manner
that the support vectors are nearest to the hyperplane or the data points are within the
margin. In simple words, the points which have error rate minimum are taken into
consideration and this provides a better fitting model.

4.2 Exponential Smoothing Method

This technique calls for the present data and to give the next prediction the forecast
value for the present time is used. It is a changed formofWMAand loads are assigned
in exponential decreasing order. The assigned weights are exponentially diminished
from the latest data to earlier data. The latest statistics is assigned tomaximumweight
and the weight assigned to older data exponentially decreased [14].

Ft = Ft−1 + α(Dt−1 − Ft−1)
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α = 2

(n + 1)

where Ft is the present forecast, Ft−1 is the past forecast, Dt−1 is the past demand, α
is smoothing constant, and n is the number of periods of moving average.

4.3 Moving Average Method

It is also called a rolling average or simple moving average. This approach used past
information and calculate the rolling average for a steady period. A fresh average is
computed at the culmination of each duration by way of adding real demand records
for the latest period and deleting facts for the older duration (Chongli et al. 2007).
In this technique as information modifies for each duration so it is known as moving
average method.

Moving average = (n1 + n2 + n3 + · · ·)/n

where n is the number of periods of a simple moving average.

4.4 Autoregressive Model (Zou et al. 2018)

“A time series is a sequence of measurements of the same variable(s) made over time.
Usually, the measurements are made at evenly spaced times—for example, monthly
or yearly. Let us first consider the problem in which we have a y-variable measured
as a time series. As an example, we might have y a measure of global temperature,
with measurements observed each year. To emphasize that we have measured values
over time, we use t as a subscript rather than the usual i, i.e. yt means y measured in
time period t. An autoregressive model is when a value from a time series is regressed
on previous values from that same time series. For example, yt on yt−1

yt = β0 + β1yt−1 + εt

In this regression model, the response variable in the previous time period has
become the predictor and the errors have our usual assumptions about errors in
a simple linear regression model. The order of an autoregression is the number
of immediately preceding values in the series that are used to predict the value at
the present time. So, the preceding model is a first-order autoregression, written as
AR(1).”
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4.5 Performance Evaluation Indices

For evaluating the performance and accuracy of different demand forecastingmodels,
two performance indices have been used in this research work: Mean Absolute Devi-
ation (MAD) and Mean Absolute Percentage Error (MAPE). The formulae for both
these indices are as follows:

• Mean Absolute Deviation (MAD):

MAD =
∑n

i=1|Di − Fi |
n

• Mean Absolute Percentage Error (MAPE):

MAPE =
∑n

i=1

∣
∣
∣ Di−Fi

Di
× 100

∣
∣
∣

n

where Di is the actual value for period i, Fi is the forecasted value for period i and n
is the number of periods.

The smaller is the values for both these indices, the better is the prediction model.

5 Development of SVMModel for Demand Forecasting

Two models have been developed using Python computer language with the SVM
algorithm on two kernel functions ‘RBF’ and ‘SIGMOID.’ The data used in devel-
oping the model are taken from an Indian Automobile parts industry. The monthly
supply chain data of the last 9 years, i.e. from the year January 2010 to March 2019,
for the piston of Bajaj Discover bikes has been collected and is used to train and test
the developed model. A detailed graphical representation of the dataset is given in
Fig. 2.

5.1 Steps in Building a Machine Learning Model (As shown
in Fig. 3)

• Access and explore the data.
• Preprocess the data and extract features.
• Train the model
• Develop predictive models.
• Optimize the model.
• Deploy analytics to a production system.
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Fig. 3 Steps in the development of ML model

5.2 Flowchart of the SVM Model Developed

See Fig. 4.

6 Results of Various Demand Forecasting Models

This section presents the results obtained from different forecasting techniques on
the given dataset. The same dataset has been used for all the techniques and the same
data are used for testing the model for validation.

6.1 SVM Model I Using ‘RBF’ Kernel

See Fig. 5.

6.2 SVM Model II Using ‘SIGMOID’ Kernel

See Fig. 6.

6.3 Exponential Smoothing (alpha = 0.2)

See Fig. 7.
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Fig. 4 Flowchart of SVM Model
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Fig. 5 Graph showing actual and forecasted values of SVM Model-I
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Fig. 6 Graph showing actual and forecasted values of SVM Model-II

6.4 Exponential Smoothing (alpha = 0.5)

See Fig. 8.
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Fig. 7 Graph showing actual and forecasted values of Exponential Smoothing (α = 0.2)
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Fig. 8 Graph showing actual and forecasted values of Exponential Smoothing (α = 0.5)
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Fig. 9 Graph showing actual and forecasted values of Moving Average Method (n = 3)

6.5 Moving Average Method (n = 3)

See Fig. 9.

6.6 Moving Average Method (n = 6)

See Fig. 10.

6.7 Autoregressive Model

See Fig. 11.

7 Comparison of Results and Models Validity

Acomparison of the results of the advanced and traditional forecasting techniques has
been shown in Table 2. The comparison has beenmade based on performance indices
discussed in Sect. 4.5. The results show clearly that forecasting models developed
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Table 2 Comparison of the
performance (MAD, MAPE)
of forecasting techniques

Technique Mean Absolute
Deviation (MAD)

Mean Absolute
Percentage Error
(MAPE)

Exponential
smoothing (alpha =
0.2)

6633.46 28.97

Exponential
smoothing (alpha =
0.5)

5918.24 26.43

Moving average (n =
3)

4248.72 19.27

Moving average (n =
6)

5474.30 23.95

Autoregressive
model

5979.72 27.56

SVM model-I 685.78 3.15

SVM model-II 409.96 1.47

using machine learning techniques SVM are far better than the traditional methods
(Figs. 12 and 13).

EXPONENTIAL SMOOTHING (ALPHA = 0.2)

EXPONENTIAL SMOOTHING (ALPHA = 0.5)

MOVING AVERAGE (N = 3)

MOVING AVERAGE (N = 6)

AUTOREGRESSIVE MODEL

SVM MODEL-I

SVM MODEL-II

6633.46

5918.24

4248.72

5474.3

5979.72

685.78

409.96

Mean Absolute Devia on (MAD)

Mean Absolute Devia on (MAD)

EXPONENTIAL SMOOTHING (ALPHA = 0.2)

EXPONENTIAL SMOOTHING (ALPHA = 0.5)

MOVING AVERAGE (N = 3)

MOVING AVERAGE (N = 6)

AUTOREGRESSIVE MODEL

SVM MODEL-I

SVM MODEL-II

6633.46

5918.24

4248.72

5474.3

5979.72

685.78

409.96

Mean Absolute Devia on (MAD)

Mean Absolute Devia on (MAD)

Fig. 12 Graph showing MAD for various techniques of demand forecasting
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26.43
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Fig. 13 Graph showing MAPE for various techniques of demand forecasting

8 Managerial Implication

In the present research, SVMmodels with RBF and SIGMOID kernel function have
developed using Python v3.5 for forecasting the future demand of the product and
these models are further validated by comparing the results of SVM models with
the traditional forecasting methods like Exponential smoothing method, Moving
average method, and Autoregressive model. SVM models developed, forecast the
demand with high accuracy, and thus reduces the fluctuation of the supply chain, as
the demand forecasting is an integral part of the supply chain.

The objective of this study is to find out the importance of SVM models in fore-
casting the future demand of the product and to compare the SVM models with the
traditional forecasting methods. Predicting the future demand with the traditional
forecasting methods yields low accuracy and greater fluctuation. Thus, it is neces-
sary to develop some models, which will forecast the demand with high accuracy.
SVM models developed in the present work predict the demand with high accuracy
and reduces the fluctuation of the supply chain. Managers can use these proposed
ANNmodels for predicting the future demand of their company’s product and make
their supply chain stable and reliable.
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9 Conclusions

Two SVM models based on RBF and SIGMOID kernel functions have been devel-
oped by using the Python v3.5 for forecasting future demand using the data of
piston for Bajaj Discover motorbikes. Demand forecasted by the SVM models is
validated by the conventional forecasting techniques like exponential smoothing
method, moving average method, and Autoregressive model. MAD and MAPE are
used for estimating the accuracy of the models. Results revealed that forecasting of
demand, in case of RBF kernel function, the values of MAD and MAPE are 685.78
and 3.15%, respectively, while in case of SIGMOID kernel function, the values of
MAD and MAPE are 409.96 and 1.47%, respectively. Thus, the SVM model with
Sigmoid kernel function is far better and more accurate than the SVM model with
RBF kernel function in terms of MAD and MAPE.

In relation to the traditional forecasting methods for forecasting the demand,
the values of MAD and MAPE are 5918.24 and 26.43%, respectively, in case of
Exponential smoothing method with alpha = 0.5, while the values of MAD and
MAPE are 4248.72 and 19.27%, respectively, in case of Moving average method
and the values of MAD and MAPE are 5979.72 and 27.56%, respectively, in case of
Autoregressivemodel. Thus, theMoving averagemethod is best suited for forecasting
future demand as compared to theExponential smoothingmethod andAutoregressive
model in our case study. It can be concluded that the SVM models outperform the
traditional forecasting model in predicting the demand and forecast the demand with
greater accuracy.
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A Robust Hybrid Multi-criteria
Decision-Making Approach for Selection
of Third-Party Reverse Logistics Service
Provider

Arvind Jayant, Shweta Singh, and Tanmay Walke

Abstract Environmental awareness has universally driven the move for sustain-
able supply chain management. Accordingly, manufacturing companies or organi-
zations try to seek sustainable business strategies to respond to market pressure
toward corporate social responsibility (CSR). Sustainable reverse logistics service
provider selection is one of the practical strategies for competitive organizations.
With the large-scale development of the automotive products industry, sustainable
reverse logistics service provider evaluation method is the key for decision authority
when dealing with big data information and possible risks of unstructured data. For
instance, the choice of decision authority possibly may responsible for a misleading
decision, thus leading to undesirable waste of less available resources and time.
Therefore, the objective of present work is to apply the integrated multi-criteria
decision methods using the “MOORA and WASPAS” approaches in the evalua-
tion of third-party logistics service providers (3PRLSPs). It also incorporates the
significance weight provided by SWARA technique and helps decision-makers for
efficient decision-making. The proposed model is to evaluate, and criteria weight
is determined using the step-wise weight assessment ratio (SWARA) approach and
then ranking of the alternatives was decided by MOORA and WASPAS. The auto-
motive parts manufacturing company may be benefited by their commitment toward
environmental safety, economic, and corporate social responsibility (CSR) leading
to improved brand value and sustainable business development.

Keywords WASPAS · Sustainability · MOORA · MCDM · 3PRLSPs

1 Introduction

Organizations are working towards sustainable development by incorporating
sustainability aspects in their business operations. “Sustainability had remained as
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part of many cultures but formal introduction of sustainability as a concern for busi-
nesses can be traced to the Brundtland report published in a book entitled ‘Our
Common Future’. According to World Commission on Environment and Develop-
ment (1987) sustainability is more accepted which states that: “Sustainable develop-
ment is the development that gains the need of present generation without causing
any effect to the future.” Over the years, “sustainability supported by Agenda 21
adopted at United Conference on Environment and Development at Rio de Janeiro,
1992” has emerged as a motivator for global operations to improve their mutual
understanding about sustainable development approach and paradigm [1, 2] “pro-
pose several reasons as to why growing interest has raised up in reverse logistics
worldwide: It is an effectual means to deal with the large load of returned material,
particularly for the industries that experience high return rates, at times over 60% of
sales.”

Reuse or secondary and international level business are increasingly fast growing
and hence provide companies with a chance to promote their business sales by
secondary or discarded parts and products. There is major difference in management
of forward logistics and reverse logistics operation as shown in Table 1. Latest rules
and regulations gradually evolved in developed nations in terms of EOL take-back
guidelines in the past decade and thus requires OEM to fully manage the complete
life cycle of their parts and products.

According to Jayant et. al. [3], “reverse logistics emphasized green logistics in
traditionally, that means added environmentally into logistics strategies, including
product return, recycling, waste disposal, refurbishing, repair, and remanufacturing.”
Many industries have recognized the financial impact on RL operations and effective
RL could improve industry performance outcomes and secondary level business
competitiveness.

The remaining portion of the research work is organized as follows: Sect. 2
explains review of the literature. Section 3 defines the case study problem to be
evaluated. Section 4 discusses the proposed research framework including the proce-
dure for implementation of SWARA, MOORA, and WASPAS methods to solve the
proposed problem. Section 5 presents the discussionwith proposed solutions. Finally,

Table 1 Difference between forward and reverse logistic

Forward logistics Reverse logistics

“Forecasting relatively straightforward”
“One-to-many transportation” “Product quality
uniform”
“Product packaging unbroken”
“Destination/routing clear”
“Consistent channel” “Prominence of speed
recognized”
“Inventory management reliable”
“Product life cycle manageable”

“Forecasting more difficult” “Many-to-one
transportation”
“Product quality not uniform” “Product
packaging often broken”
“Purpose/routine unclear” “Exception driven”
“Temperament not clear”
“Pricing dependent on many factors” “Speed
often not considered a priority”
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Fig. 1 Reverse logistics

Sect. 6 presents the conclusion and future research directions which concludes the
case study (Fig. 1).

2 Literature Review

Important criteria for 3PRLSPs are identified through extensive literature review.
There are three main criteria of sustainability which further divided into 17 sub-
criteria. Further, the 17 very important sustainable supply chain selection and eval-
uation criteria identified in the case study and criteria’s were validated with the help
of subject experts’ inputs and categorized into three dimensions of sustainability
(Social, economic, and environment). The identified criteria are shown with the help
of flow diagram below in Table 2.

3 Problem Description

3.1 Company Profile

The case companyXYZLimited started in July 1983. The company has plant situated
in Haryana (India). XYZ is a private limited company, manufactured various parts of
automotive industry. The strength of the company is its technology, people at work,
widest network, accolades, etc. (Tables 3, 4 and 5).
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Table 2 Selection and evaluation criteria for sustainable 3PLRSP

Main criteria Code Sustainable supplier
selection sub-criteria

References

Economic factors E1 Ordering and logistic cost Marcin Stępień et al. (2016)

E2 Custom and insurance cost Syed A. M. Tofail et al. (2017)

E3 Quality management CostacheRusu (2016)

E4 On time delivery rate Ricarda Schäfer et al. (2016)

E5 Transportation Christopher Hendrickson
(2002)

E6 Delivery and service Jie Yu et al. (2014)

Social factors S1 Occupational health and
safety program

Kwesi Amponsah-Tawiah and
Justice Mensah (2016)

S2 Operation Christoph Teller et al. (2018)

S3 Wages Yanting Chen, and Qijun Liu
(2018)

S4 Prevention and risk control
program

A. Romero Barriuso et al.
(2018)

S5 Flexible working facilities Suzanne R. Dhaini et al. (2018)

Environmental factors EN1 Air emission Yee Van Fan et al. (2018)

EN2 Wastewater Nikolay Makisha (2016)

EN3 Use of harmful material Nikolay Makisha et al. (2018)

EN4 Use of environment friendly
material and technology

Jiao Chen et al. (2018)

EN5 Recycle Huaidong Wang et al. (2018)

EN6 Reuse S. Arden and X. Ma (2018)

Table 3 Company profile

Year of establishment 1983

Turnover of company 119628 million

Employees strength 200

Production capacity 1.5 million

Type of parts manufactured Automobiles, hydraulic brakes. Rubber pads, suspension system,
automotive components

Type of business Manufacturer, supplier

Table 4 Name of the
company customers

1 KINGAS 6 Hi-Pad Auto parts Co. Ltd.

2 JBM Group 7 GALCO group

3 Ion Exchange Limited 8 Canara Standard Keys

4 IZEST SDN BHD

5 Hinduja Foundries
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Table 5 List of suppliers 1 Alex machine tools Pvt. Ltd.

2 Dawn motors Pvt. Ltd.

3 Paras Industry

4 Power India Wheels Co.

5 Metaforge Engineering Pvt. Ltd.

6 Kew Industries Limited

3.2 Industrial Survey

Data collected fromABCautomobile industry for 3PRLSPs selection considering the
criteria are considered and then ranking of different service providers accordingly.
Weight age of the criteria selected on a scale of triangular fuzzy (Table 6).

10Alternative and 17 criteria are under consideration. These seventeen criteria are
E1 Ordering and Logistics cost; E2 Custom and Insurance Cost; E3 Quality manage-
ment; E4 On time delivery rate; E5 Transportation; E6 Delivery and service; S1
Occupational health and safety program; S2 Operations; S3Wages; S4 Prevention &
risk control program; S5 Flexible working facility; EN1Air emission; EN2 Wastew-
ater; EN3 Use of harmful material; EN4 Use of environment friendly technology and
material; EN5 Recycle; EN6 Reuse.

Weight age of each criterion on every alternative is resolute by using MCDM
techniques and finally the result gives us the ranking of alternatives. Ranking could
be concluded with the help of fuzzy methods so that the problem becomes more
structured.

4 Research Framework

See Figs. 2 and 3.

Table 6 The fuzzy scale Linguistic scale Response scale

“Equally important”
“Moderately less important”
“Less important”
“Very less important”
“Much less important”

“(1, 1, 1)”
“(2/3, 1, 3/2)”
“(2/5, 1/2, 2/3)”
“(2/7, 1/3, 2/5)”
“(2/9, 1/4, 2/7)”
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Fig. 2 Phase I of research framework including SWARA method

4.1 Evaluation of Reverse Logistic Provider Selection
by Step-Wise Weight Assessment Ratio (SWARA) Method

Since conventionalMADMmethods cannotmeritoriously handle problemswith such
inexact information, “therefore, fuzzyMADMmethods have been developed owed to
the inaccuracy inmeasuring the relative importance of attributes and the performance
ratings of alternatives with respect to attributes. Hence, present work aims to extend
SWARA to fuzzy SWARA. This assumes that all criteria are independent.”

The process of decisive the relative weights of criteria by fuzzy SWARA is as
same as the SWARA such as the following steps:

Step 1 Sort the evaluation factors in descending order of expected significance
(Tables 7 and 8).
Step 2 According to Table 9, “state the relative importance of the factor j in
relation to the previous (j − 1) factor, which has higher importance, and follow
to the last factor. After determining all relative importance scores by all experts,
to aggregate their judgments, the geometric mean of corresponding scores was
obtained.Kersuliene et al. term this ratio as the comparative importance of average
value Sj.”
Step 3 Determine the coefficient Kj as follows:
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Fig. 3 Phase II of research framework including MOORA and WASPAS

Table 7 The fuzzy scale Linguistic scale Response scale

“Equally important”
“Moderately less important”
“Less important”
“Very less important”
“Much less important”

“(1, 1, 1)”
“(2/3, 1, 3/2)”
“(2/5, 1/2, 2/3)”
“(2/7, 1/3, 2/5)”
“(2/9, 1/4, 2/7)”

K j =
{

1 j = 1
Sj + 1 j > 1

Step 4 Determine the fuzzy weight qj as follows (Table 10):

q j =
{

1 j = 1
K j−1
k j j > 1

Step 5 The relative weights of the evaluation criteria are determined as follows:

w j = q j∑n
k=1 qk
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Table 8 Comparative importance of average value Sj

Criteria Comparative importance of average value Sj

E1: Ordering and logistic cost 0.286 0.333 0.400

E2: Custom and insurance cost 0.222 0.250 0.286

E3: Quality management 0.667 1.000 1.500

E4: On time delivery rate 0.400 0.500 0.667

E5: Transportation 0.667 1.000 1.500

E6: Delivery and services 1.000 1.000 1.000

S1: Occupational health and safety
program

0.667 1.000 1.500

S2: Operations 0.286 0.333 0.400

S3: Wages 0.400 0.500 0.667

S4: Prevention and risk control
program

0.222 0.250 0.286

S5: Flexible working facilities 0.400 0.500 0.667

EN 1: Air emission 1.000 1.000 1.000

EN 2: Wastewater 0.667 1.000 1.500

EN 3: Use of harmful material 0.400 0.500 0.667

EN4: Use of env. friendly tech. and
material

1.000 1.000 1.000

EN5: Recycle 0.667 1.000 1.500

EN 6: Reuse 0.400 0.500 0.667

“where wj denotes the relative weight of criterion j” (Table 11).
where “wj = (wl, wm, wu) is the relative fuzzy weight of the jth criterion and n
shows the number of evaluation criteria”.
Basic arithmetic operations on triangular fuzzy numbers “A1 = (l1, m1, u1),”
where “l1 ≤ m1 ≤ u1 and A2 = (l2, m2, u2)”.
where “l2 ≤ m2 ≤ u2” is done as follows:

• “Fuzzy addition”:
“A1 ⊕ A2 = (l1 + l2, m1 + m2, u1 + u2)”

• “Fuzzy subtraction”:
“A1�A2 = (l1−U2; m1−m2; U1−l2)”

• “Fuzzy multiplication”:
“A1 ⊗ A2 = l1l2; m1m2; u1u2”

• “Fuzzy division”:
“A1�A2 = l1/U2; m1/m2; U1/l2”

Step 6 Using above steps find the fuzzy weight for criteria (Table 12).
Step 7 Final weights for each sub-criteria (Table 13 and Fig. 4).
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Table 9 Value of coefficient Kj

Criteria Coefficient Kj = Sj + 1

E1: Ordering and logistic cost 1.000 1.000 1.000

E2: Custom and insurance cost 1.222 1.250 1.286

E3: Quality management 1.667 2.000 2.500

E4: On time delivery rate 1.400 1.500 1.667

E5: Transportation 1.667 2.000 2.500

E6: Delivery and services 2.000 2.000 2.000

S1: Occupational health and safety program 1.667 2.000 2.500

S2: Operations 1.286 1.333 1.400

S3: Wages 1.400 1.500 1.667

S4: Prevention and risk control program 1.222 1.250 1.286

S5: Flexible working facilities 1.400 1.500 1.667

EN 1: Air emission 2.000 2.000 2.000

EN 2: Wastewater 1.667 2.000 2.500

EN 3: Use of harmful material 1.400 1.500 1.667

EN4: Use of env. Friendly tech. and material 2.000 2.000 2.000

EN5: Recycle 1.667 2.000 2.500

EN 6: Reuse 1.400 1.500 1.667

4.2 Evaluation of Reverse Logistic Provider Selection
by MOORA Method

Brauers and Zavadskas introduced “fuzzy MOORA in a privatization-themed study
in subsistence economy as aMCDMmethod. There are three different approaches for
solving problemswith fuzzyMOORA: fuzzy ratiomethod, reference point approach,
and full multiplicative form. In this paper, we use the fuzzy ratio method of Mavi et.
al. [4].”

Step 1 Construct the decision matrix using triangular fuzzy numbers

⎡
⎢⎣

(xl11k,x
m
11k, x

u
11k) · · · (xl1nk,x

m
1nk, x

u
1nk)

...
. . .

...

(xl1mk, x
m
1mk, x

u
1mk) · · · (xlmnk, x

m
mnk, x

u
mnk)

⎤
⎥⎦

where “m is the number of alternatives, n is the number of criteria, and xmnk
presents the judgment of decision-maker k (k = 1; 2;…;K) about the performance
of alternative i in criterion j. Fuzzy numbers (xijki, xijkm, xijku) are assigned to
each alternative based on Table 14.”
Step 1–1: Obtain the aggregated decision matrix,

∼
X ;
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Table 10 Recalculated fuzzy weight qj

Criteria Coefficient Kj = Sj + 1 Recalculated weight qj

E1: Ordering and
logistic cost

1.000 1.000 1.000 1.0000 1.0000 1.0000

E2: Custom and
insurance cost

1.222 1.250 1.286 0.7770 0.8000 0.8180

E3: Quality
management

1.667 2.000 2.500 0.3110 0.4000 0.4900

E4: On time
delivery rate

1.400 1.500 1.667 0.1860 0.2660 0.3500

E5: Transportation 1.667 2.000 2.500 0.0740 0.1330 0.2100

E6: Delivery and
services

2.000 2.000 2.000 0.0370 0.0660 0.1050

S1: Occupational
health and safety
program

1.667 2.000 2.500 0.0140 0.0330 0.0620

S2: Operations 1.286 1.333 1.400 0.0100 0.0250 0.0480

S3: Wages 1.400 1.500 1.667 0.0063 0.0160 0.0340

S4: Prevention and
risk control
program

1.222 1.250 1.286 0.0049 0.0130 0.0270

S5: Flexible
working facilities

1.400 1.500 1.667 0.0029 0.0080 0.0190

EN 1: Air emission 2.000 2.000 2.000 0.0014 0.0040 0.0090

EN 2: Wastewater 1.667 2.000 2.500 0.0006 0.0020 0.0053

EN 3: Use of
harmful material

1.400 1.500 1.667 0.0004 0.0014 0.0037

EN4: Use of env.
friendly tech. and
material

2.000 2.000 2.000 0.0002 0.0007 0.0018

EN5: Recycle 1.667 2.000 2.500 0.0001 0.0003 0.0011

EN 6: Reuse 1.400 1.500 1.667 0.0000 0.0002 0.0007

Total 2.42572 2.7686 3.1846

“

⎡
⎢⎣
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where
“xli j =

∑k
k−1x

l
i jk

k , xmi j =
∑k

k−1x
m
i jk

k , xui j =
∑k

k−1x
u
i jk

k ”
Step 2 “Normalize the aggregated initial decision matrix to form a more
comparable structure”.

As
∼
ri j= (rli j , r

m
i j , r

u
i j )
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Table 11 Relative weights of evaluation criteria

Criteria Fuzzy weight qj Weight wj

E1: Ordering and
logistic cost

1.0000 1.0000 1.0000 0.314011 0.361193 0.41225

E2: Custom and
insurance cost

0.7770 0.8000 0.8180 0.243987 0.288955 0.33722

E3: Quality
management

0.3110 0.4000 0.4900 0.097657 0.144477 0.20200

E4: On time delivery
rate

0.1860 0.2660 0.3500 0.058406 0.096077 0.14429

E5: Transportation 0.0740 0.1330 0.2100 0.023237 0.048039 0.08657

E6: Delivery and
services

0.0370 0.0660 0.1050 0.011618 0.023839 0.04329

S1: Occupational health
and safety program

0.0140 0.0330 0.0620 0.004396 0.011919 0.02556

S2: Operations 0.0100 0.0250 0.0480 0.003140 0.009030 0.01979

S3: Wages 0.0063 0.0160 0.0340 0.001978 0.005779 0.01402

S4: Prevention and risk
control program

0.0049 0.0130 0.0270 0.001539 0.004696 0.01113

S5: Flexible working
facilities

0.0029 0.0080 0.0190 0.000911 0.002890 0.00783

EN 1: Air emission 0.0014 0.0040 0.0090 0.000440 0.001445 0.00371

EN 2: Wastewater 0.0006 0.0020 0.0053 0.000185 0.000722 0.00218

EN 3: Use of harmful
material

0.0004 0.0014 0.0037 0.000110 0.000506 0.00153

EN4: Use of env
friendly tech. and
material

0.0002 0.0007 0.0018 0.000053 0.000253 0.00074

EN5: Recycle 0.0001 0.0003 0.0011 0.000022 0.000108 0.00045

EN 6: Reuse 0.0000 0.0002 0.0007 0.000013 0.000072 0.00029

“rli j = xli j/

√∑m
i=1

[
(xli j )

2 + (xmi j )
2 + (xui j )

2
]
”

“rmi j = xmi j /

√∑m
i=1

[
(xli j )

2 + (xmi j )
2 + (xui j )

2
]
”

“rui j = xui j/

√∑m
i=1

[
(xli j )

2 + (xmi j )
2 + (xui j )

2
]
”

Step 3 “Obtain the weighted normalized fuzzy decision matrix by multiplying
normalized fuzzy decision matrix and diagonal matrix of weights obtained from
fuzzy SWARA.”

As
∼
vi j= (vli j , v

m
i j , v

u
i j ) where

∼
vi j = ∼

ri j⊗ ∼
w j

Step 4Compute the normalized performance values by subtracting the cost criteria
from the total of benefit criteria
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Table 13 Final weight of sub-criteria

Criteria Weight wj Final weights

E1: Ordering and
logistic cost

0.314011 0.361193 0.41225 0.1366454 0.164179 0.199443

E2: Custom and
insurance cost

0.243987 0.288955 0.33722 0.1061735 0.131343 0.163144

E3: Quality
management

0.097657 0.144477 0.20200 0.0424967 0.065672 0.097727

E4: On time
delivery rate

0.058406 0.096077 0.14429 0.0254160 0.043672 0.069805

E5: Transportation 0.023237 0.048039 0.08657 0.0101118 0.021836 0.041883

E6: Delivery and
services

0.011618 0.023839 0.04329 0.0050559 0.010836 0.020942

S1: Occupational
health and safety
program

0.004396 0.011919 0.02556 0.0008934 0.002888 0.007221

S2: Operations 0.003140 0.009030 0.01979 0.0006381 0.002188 0.005591

S3: Wages 0.001978 0.005779 0.01402 0.0004020 0.001400 0.003960

S4: Prevention
and risk control
program

0.001539 0.004696 0.01113 0.0003127 0.001138 0.003145

S5: Flexible
working facilities

0.0009 0.0028 0.007 0.00018 0.0007 0.00221

EN 1: Air
emission

0.000440 0.001445 0.00371 0.0001148 0.000438 0.001282

EN 2: Wastewater 0.000185 0.000722 0.00218 0.0000483 0.000219 0.000755

EN 3: Use of
harmful material

0.000110 0.000506 0.00153 0.0000286 0.000153 0.000527

EN4: Use of env.
friendly tech. and
material

0.000053 0.000253 0.00074 0.0000139 0.000077 0.000256

EN5: Recycle 0.000022 0.000108 0.00045 0.0000057 0.000033 0.000157

EN 6: Reuse 0.000013 0.000072 0.00029 0.0000033 0.000022 0.000100

∼
Y i =

g∑
j=1

∼
vi j −

n∑
j=g+1

∼
vi j

“Here,∑g
j=1

∼
vi j Benefit criteria for 1, …, g∑n

j=g+1
∼
vi j Cost criteria for g + 1, …, n

g, maximum number of criteria to be done.
(n − g), minimum number of criteria to be done.”
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Fig. 4 Results by fuzzy SWARA

Table 14 Transformation for
fuzzy membership functions

Linguistic scale Triangular fuzzy numbers Attribute grade

“Very low (VL)”
“Low (L)”
“Medium (M)”
“High (H)”
“Very high (VH)”

“(0, 0, 0.25)”
“(0, 0.25, 0.5)”
“(0.25, 0.5, 0.75)”
“(0.5, 0.75, 1)”
“(0.75, 1.0, 1.0)”

“1”
“2”
“3”
“4”
“5”

Ranking shows that alternative I is the best among all alternatives and alternative
D is the worst choice (Table 15 and Fig. 5).

4.3 Evaluation of Reverse Logistic Provider Selection
by WASPAS Method

This “subsection extends WASPAS to the fuzzy atmosphere. The worth of using a
fuzzy approach is to allocate the relative importance of attributes using fuzzy numbers
instead of accurate numbers.”

The WASPAS method consists of two aggregated parts:

1. Weighted Sum Model (WSM);
2. Weighted Product Model (WPM).

Based on the briefly summarized fuzzy theory above, Fuzzy WASPAS steps can be
outlined as follows:
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Table 15 Best non-fuzzy performance value and ranking

3PRLP Yi BNP(Yi) Ranking

Y l
i Ym

i Y u
i

A 0.0204 −0.0174 −0.0208 −0.0077 6

B 0.0171 −0.0295 −0.0315 −0.0146 2

C 0.0257 −0.0262 −0.0270 −0.0092 5

D 0.0269 −0.0155 −0.0213 −0.0033 10

E 0.0346 −0.0244 −0.0268 −0.0055 8

F 0.0286 −0.0221 −0.0227 −0.0054 9

G 0.0315 −0.0265 −0.0269 −0.0073 7

H 0.0170 −0.0215 −0.0262 −0.0102 4

I 0.0236 −0.0350 −0.0373 −0.0162 1

J 0.0235 −0.0289 −0.0362 −0.0138 3
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Fig. 5 Results by MOORA method

Step 1 Creating of fuzzy DM matrix (FDMM). The performance values
∼
xi j and

the attributes weights
∼
w j are entries of a DMM. Choose the linguistic ratings.

“The structure of attributes as well as the values and initial weights of attributes
are determined by decision-makers’ experts. The distinct optimization problem
is characterized by the partialities for m reasonable alternatives (rows) rated on n
attributes (columns)”:

X̃ =
⎡
⎣ X̃11 . . . X̃1 j

X̃ i1 . . . X̃i j

˜Xm1 . . . ˜Xm1

. . . X̃1n

. . . X̃in

. . . ˜Xmn

⎤
⎦; i = 1, m, j = 1, n,
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“where
∼
Xi j– fuzzy value representing the performance value of the i alternative in

terms of the j attribute. A tilde ˜ is placed above a symbol if the symbol represents
a fuzzy set. Then the purpose of the priorities of alternatives is conceded out in
several steps.”

Step 2 “The initial values of all the attributes
∼
Xi j are normalized—defining values

−
Xi j of normalized decision-making matrix

−
X=

[ −
Xi j

]
m × n.”

Xi j =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

X̃i j

max
X̃i j

i

if max
X̃i j

i
is preferable

min X̃i j

i
X̃i j

if
min X̃i j

i
is preferable

i = 1, m, j = 1, n.

Step 3a Compute the weighted normalized fuzzy DM Xq for WSM.
Step 3b Compute the weighted normalized fuzzy DM Xp for WPM.
Step 4 Compute the value of optimality function:
“According to the WSM for each alternative”:
∼
Qi= ∑n

j=1
∼
xi j , i = 1, m,

According to the WPM for each alternative:
∼
Pi= ∏n

j=1
∼
xi j , i = 1, m.

The result of fuzzy performance measurement for each alternative is fuzzy

numbers
∼
Qi and

∼
Pi . The center-of-area is the most practical and simple to apply

for defuzzification:
Qi = 1

3 (Qiα + Qiβ + Qiγ )

Pi = 1
3 (Piα + Piβ + Piγ )

Step 5 “The integrated utility function value of the WASPAS-F method for an
alternative could be determined as follows”:
Ki = λ

∑m
j=1 Qi + (1 − λ)

∑m
j=1 Pi , λ = 0, …, 0.1, 0 ≤ Ki ≤ 1.

Step 6 “Rank preference orders. Choose an alternative with maximal Ki value”.

It shows that the service provider mentioned as A is the best choice and service
provider mentioned as D is the worst choice among alternatives as shown in Fig. 6
(Tables 16 and 17).
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Fig. 6 Results by WASPAS method

5 Discussion and Proposed Solution

Comparative analysis ranking of case alternatives as per implementation ofWASPAS
and MOORA is given in Table 18. According to MOORA method “alternatives are
ranked as I > B > J >H>C>A>G>E> F >D in the decreasing order of preference,”
and “according to WASPAS method alternatives are ranked as I > B > J > G > F > E
> C > H > A > D in the decreasing order of preference.” It is clear from the ranking
results of the twoMCDMapproachesMOORA andWASPASmethod that 3PRLSPS
designated as I is the best choice for the given automobile industry operation under
the given conditions while RLSP designated as D is the worst choice.

RLSP I is ideal according to the criteria transportation (E5),wastewater (EN2), use
of harmful material (EN3), reuse (EN6) and closer to ideal according to the criteria
ordering and logistic cost (E1), quality management (E3), on time delivery rate (E4),
use of environment friendly material (EN4) and farthest to the ideal according to the
criteria recycle (EN5).

RLSP B is ideal according to the criteria custom and insurance cost (E2), reuse
(EN6) and closer to ideal conferring to the criteria transportation (E5), wages (S3),
use of harmful material (EN3) and farthest to the ideal according to criteria Ordering
and logistic cost (E1),wastewater (EN2), use of environment friendlymaterial (EN4).

As an alternative for a final solution, service provider designated as I could be
considered the best compromise from the ranking results of MOORA and WASPAS
method.

Finally, study concludes that “the ranking depends on the judgments of relative
importance made by the user. The ranking may change if the user assigns different
relative importance values to the criteria’s. The same is true with all these MCDM
approaches (Table 19).”
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Table 18 Integrated utility functions value

3PRLP Final Qi Final Pi Assessment value Ranking

A −0.164 6.945 3.390 9

B −0.065 7.090 3.513 2

C −0.086 7.062 3.488 7

D −0.134 6.993 3.372 10

E −0.084 7.066 3.491 6

F −0.081 7.067 3.493 5

G −0.075 7.071 3.498 4

H −0.124 6.999 3.437 8

I −0.019 7.166 3.573 1

J −0.072 7.081 3.505 3

Table 19 Comparative
ranking of alternatives for
reverse logistics providers

3PRLSPs MOORA WASPAS

A 6 9

B 2 2

C 5 7

D 10 10

E 8 6

F 9 5

G 7 4

H 4 8

I 1 1

J 3 3

6 Conclusions

MOORA and WASPAS method ranking give service provider I as the best alterna-
tive for automobile industry in management of sustainable supply chain. MOORA
method ranks alternative by comparing each of the criteria with other alternative
and finally finds the assessment value based on normalize data. It also considers
into account the weightage given by SWARA method. WASPAS method works on
a pair-wise comparison method of alternatives in each single criterion in order to
regulate partial relations denoting the preference of an alternative over the other.
Ranking by MOORA considering a linear preference function gives the same results
as ranking by WASPAS. The similar results are obtained using decision-making
framework model. MOORA and WASPAS method are consistent with the discus-
sion. The effect of parameter λ on the ranking enactment of WASPASmethod is also
studied, revealing the fact that better results are attained at higher value of λ values.
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When the value of λ is set at 0, WASPAS method works like a WPM method, and
when λ is 1, it is transformed intoWSMmethod. The main advantage of this method
is identified as its strong resistance against rank reversal of the considered alterna-
tives. It is also found that this method has the unique capability of dealing with both
single and multi-response optimization problems in various machining operations.
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Effect of Power Level on the Processing
of Ni-Based Casting Through Microwave
Heating

Gurjot Singh, Dinesh, Sarbjeet Kaushal, and Satnam Singh

Abstract In the present research, Ni-based powder casting was developed using a
domestic microwave oven with a variable power level of 180–900 W at 2.45 GHz
frequency. The power level and exposure time were optimized using a set of exper-
iments. It was found that with increase in power level the exposure time for the
development of casting was reduced. The casting was developed within 25 min of
exposure time at 900 W of power. Further, the microstructural results revealed the
formation of equiaxed grains throughout the casting. The XRD analysis revealed the
intermetallic compounds formation during processing. The intense heating led to
the formation of nickel silicides and some chromium carbides. The formed carbides
precipitated along the grain boundaries as indicated by EDS analysis. The micro-
hardness of developed casting was observed as 404 ± 52 HV and was due to the
presence of hard intermetallic compounds.

Keywords Microwave heating ·Metal powder casting · Nickel ·Microstructure ·
XRD

1 Introduction

Material processing industries are looking for green, eco-friendly, and sustainable
techniques of manufacturing to reduce the global warming effect. The environmental
friendly manufacturing techniques are currently focused research areas for academi-
cians, scientists, and researchers. Casting is one of the universally adopted manu-
facturing techniques throughout the world and is used to manufacture a variety of
material components. However, the conventional casting methods are characterized
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by higher processing time, lower efficiency, high energy consumptions, and pollu-
tion generation. Many government organizations are restricting and penalizing such
industries to reduce the pollution and energy conservations. In recent decade, mate-
rial processing through microwave energy has evolved as an environmental friendly
method [1, 2]. Microwave energy is associated with the property of volumetric
heating, which allows the heating at themolecular levels and also reduces the thermal
gradient which commonly occurs in case of conventional heating processes. Apart
from this volumetric heating, the microwave processing of materials results in the
reduction in processing time, less energy consumption, and excellent structure–prop-
erty relations of the material being processed [3, 4]. Earlier, the microwave heating
applications were only limited to the processing of ceramic materials due to the
misconception that metallic materials do not absorb the microwaves; however, Roy
et al. [5] carried out the successful sintering of metallic powders through microwave
heating. This investigation further encouraged the researchers to explore the possi-
bility of microwave heating for the processing of metallic-based materials. Sharma
et al. [6] filed a patent on the joining of metallic materials using microwave irra-
diation. Sharma and Gupta [7] extended the utilization of microwave energy in the
domain of microwave cladding on bulk metallic materials. Kaushal et al. [8–10]
successfully produced themetal-ceramic-based composite cladding on stainless steel
substrates through microwave heating. Based upon high-temperature applications,
Singh et al. [11] successfully attempted the development of metal-ceramic-based
composite castings through microwave hybrid heating.

Present work focuses on the study of various power level and exposure time effects
on the development of Ni-based metal casting through microwave heating. The Ni
metal powder was selected as the metallic material in the present investigation owing
to its excellent toughness and corrosion resistance properties.

2 Materials and Methods

Nickel (Ni) is a high corrosion resistance material and is widely used in aircraft
turbine components, springs, switches, diaphragms, and valves. In the present work
commercially available Ni-based powder of 35–40 μm particle size was used as the
raw material for casting. The SEM and EDS micrographs of Ni-based powder are
shown in Fig. 1a, b. Figure 1a depicts the spherical morphology of nickel powder
particles, while EDS analysis confirms the presence of nickel as major elements and
some peaks of iron in powder.

The raw powder was preheated in microwave convection mode at 180 °C. The
preheated powder was then placed inside the mold cavity which is made of graphite
material. This mold cavity was placed on the refractory brick. To provide the initial
conventional heating, charcoal powder was used as susceptor material in the present
study. A graphite sheet of approximately 1 mm thickness was used as a separator
material to avoid the mixing of charcoal particles with Ni powder. The whole setup
was placed inside a multimode type microwave oven which works at 2450 MHz
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Fig. 1 a Spherical morphology and b EDS analysis of Ni-based powder

frequency and variable power level of 180–900 W. Principle of microwave hybrid
heating (MHH) was utilized for the development of composite casting. Mishra
and Sharma [12] explained in detail about the principle of MHH. The schematic
arrangement of MHH is illustrated in Fig. 2. Various process parameters utilized
in microwave casting are shown in Table 1. The microwave castings trials were
carried out at various power levels starting from 360 to 900 W with the step size
of 180 W and simultaneously the exposure time was varied. It was observed from

Fig. 2 Mechanism of
microwave hybrid heating
for development of casting

Table 1 Various process
parameters for the
development of microwave
casting

Parameter Detail

Applicator Multimode microwave oven

Power level and frequency 180–900 W, 2.45 GHz

Exposure time 20–30 min

Powder used Ni powder, average particle size
(35–40 μm)

Susceptor Charcoal powder

Separator Graphite sheet (~1 mm thickness)
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experimental trials that at 900 W power the casting was developed within 25 min
of exposure time. The developed casting was characterized through microstructure
analysis using XRD, SEM, and EDS. Prior to the characterization, the developed
casting was polished using standard metallographic techniques.

2.1 Mechanism of Casting Through Microwave Heating

The processing of metal-based powder is a difficult task through microwave heating
process. The major role in processing of metallic-based powder is of skin depth
associated with the materials. Metals have low value of skin depth which causes the
microwaves to reflect from surface and prevents the heating. However, if skin depth
can be altered, the metallic powders can be easily processed through microwaves.
Authors [13] have reported that some of the parameters are temperature depen-
dent which can affect the skin depth of materials and hence can make microwaves
to directly interact with metal powders. The mechanism of microwave casting of
metallic powder is shown in Fig. 3.

Initially microwaves are reflected from the metallic powder surfaces (Fig. 3a)
and hence cannot be directly processed. However, susceptor/hybrid heating allows
initial heating of powder particles (through charcoal and graphite cavity) which
helps in altering (increasing) the skin depths such that microwaves gets absorbed
within the particles (Fig. 3b). The absorption of microwaves gets converted into heat

Fig. 3 a Reflection of microwaves due to lower skin depths of metallic powder, b increase in skin
depth due to conventional/susceptor heating, c bi-directional heating causing partial melting and
diffusion of powder particles, and d complete melting and solidification of casting
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throughvariousmechanisms as discussedby authors [11] and allowsheat toflow from
inner to outer surface; while conventional heating continues heating from outwards.
This causes bi-directional heating within the powder and allows partial melting and
diffusion of particles (Fig. 3c). This intense bi-directional heating causes semimolten
state of particles and suddenly reduces the skin depth as single particles do not exists
anymore and diffused melt behaves as bulk metal. At this stage, the microwaves
again start reflecting and do not allow any further heating. The formation of melt
due to bi-directional heating gets solidified on cooling and cavity shaped casting is
obtained.

3 Results and Discussion

3.1 Effect of Power Level on the Development of Casting

On increasing the microwave power level, greater amount of microwave energy
is injected inside the material. In the current study, the experimental trials were
conducted at various power level from 360 to 900 W with step size of 180 W. Effect
of various power level on development of microwave casting is illustrated in Table 2.
It was observed that at lower power levels of 360 and 540 W, no casting was formed
even after 35 min of microwave exposure time. However, at 720 W, the casting
was achieved after the exposure time of 45 min. On further experimentations it was

Table 2 Effect of microwave power level and exposure time on the development of castings

Trial Power level (W) Exposure time (min) Observation

1 360 25 No casting was formed, raw heated powder was
present in the cavity

2 360 45 Cavity was heated, some layers of powder were
sintered and loosely bound

3 540 25 Sintering of side layers was observed

4 540 45 Powder gets sintered with adjacent layers but no
diffusion was observed. Layers get separated on
applying load

5 720 25 Sintered powder was observed with loosely
bound particles at the center

6 720 45 Diffused layers were observed but strength was
not achieved due to partial melting at the center

7 900 25 The complete diffusion of powder layers was
observed throughout the casting

8 900 35 Over melting of casting which caused distortion
of casting. Hot spots were observed at the center
of casting
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Fig. 4 XRD patterns of a nickel-based powder [11] and b microwave processed nickel-based
casting

observed that at a maximum power level of 900 W, the casting was successfully
achieved within 25 min of microwave exposure time.

3.2 X-ray Diffraction Analysis of Casting

To study the various phase formation in the casting, XRD analysis was carried out
on nickel powder [11] and microwave processed nickel powder casting. The typical
pattern obtained by using Cu Kα rays is shown in Fig. 4a, b.

The XRD analysis of raw powder shows the major peaks of nickel and some
peaks of iron, chromium, and silicon. The microwave processed casting revealed the
formation of some intermetallic as represented by phases. The highest peak of FeNi3
was observed at diffraction angle of 44.12°. At elevated temperatures, the chromium
reacts with carbon (from cavity walls) to form chromium carbides, and their peaks
are represented corresponding to the diffraction angle of 50.62° (Cr23C6) and 76.49°
(Cr3C2). Nickel reacts with silicon to form nickel silicides corresponding to 2θ of
46.73 (Ni3Si2) and NiSi at 52.23°.

3.3 Microstructure Analysis

The cavity shapedmicrowave processed casting is shown in Fig. 5a. Casting obtained
through MHH process is sound and without any visible defects such as cracks and
porosity. Themicrostructure of the developed castingwas analyzed through scanning
electron microscope and is shown in Fig. 5b, which clearly depicts the presence of
equiaxed grains throughout the casting. The formation of these equiaxed grains is the
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Fig. 5 a Microwave processed cavity shaped casting, b SEM image showing the equiaxed grains,
c enlarged image of microstructure, d EDS analysis on grain boundaries i.e., location 2, and e EDS
analysis on grain surface i.e., location 1

result of volumetric heating nature of microwaves, which prevents the formation of
dendrites due to absence of differential heating. The enlarged view of microstructure
is shown in Fig. 5c, which also shows the locations of EDS analysis on grain surface
(1) and grain boundary (2).

The EDS analysis depicted that carbon and chromium content increases along
the grain boundary (Fig. 5d). This is due to the precipitation of hard carbides during
solidification process along the grain boundaries.

The grain surface represents the abundance presence of nickel, iron, and silicon
(Fig. 5e) which is due to the formation of nickel-based intermetallic compounds.
The formation of such compounds is shown by XRD analysis of casting. The high
temperature during the processing allows the formation of such compounds.

3.4 Microhardness Study

The microhardness of the developed casting was evaluated using Vicker’s micro-
hardness tester. The mean value of microhardness of the microwave processed nickel
castingwas observed as 404± 52HV.Microhardnesswas observed to be higherwhen
indent falls on the grain boundarieswhereas, lower valueswere observedwhen indent
falls on grain surface. This causes higher variations in the microhardness values. The
indent morphology on the grain surface is shown in Fig. 6.
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Fig. 6 Microhardness
indent morphology on nickel
powder-based casting

4 Conclusions

In the present research work, the Ni-based metallic powder casting was success-
fully achieved through microwave heating. The effect of various power level on
development of casting was studied. The casting was achieved within 25 min of
exposure time at 900 W of power level. The developed casting was free from any
type of pores and voids. XRD analysis revealed the development of intermetallic
compounds and formation of silicides and carbides were observed. EDS analysis
revealed that carbides were precipitated along grain boundaries and silicides were
present within the grain surface. The microstructure of the casting revealed the pres-
ence of equiaxed grains. The average microhardness of the developed casting was
observed as 404± 52 HV. This method can further be optimized for obtaining large
castings of composite materials with energy efficient processing.
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Optimization of Input Parameters
for CNC Turning of SS304: A Grey
Relational Analysis and Response
Surface Methodology Approach

Anmol Bhatia, Mayank Juneja, and Nikhil Juneja

Abstract The present study deals with the investigation of the effect of input param-
eters on material removal rate and surface roughness during CNC turning of SS304.
The turning of the specimen was done using TNMG tool inserts. The paper presents
multi-response optimizationwith theResponse surfacemodels. The input parameters
chosen for the study are speed, feed, and depth of cut. L-27 orthogonal arraywas used
for the experimentation and Taguchi with Grey relational analysis were used for anal-
ysis. The significant parameters were obtained using analysis of variance. Optimal
and significant levels were obtained and their regression models were made which
are further verified by response surface plots. The relational model demonstrates
the relationship between the response variables and input variables. The optimized
parameters were further confirmed using a confirmatory experiment.

Keywords Turning · Input parameters · Grey relational analysis · Surface
roughness · Multi-response optimization

1 Introduction

In today’s fierce and spirited market environment, both large-scale and small-
scale industries, have allotted a high primacy to an economically viablemachining for
producing quality products. In order to obtain high-quality products at the minimal
cost, adopting the right cutting parameters becomes a very critical task [1]. One
of the most common stainless steel, SS-304, is chosen in this study and because
of its excellent corrosion resistance and ease to morph into various shapes, it finds
its employment in various spheres ranging from manufacturing to architecture to
heat exchangers, braces, marine, and even in medical applications [2]. Asilturk et al.
[3] investigated the effects of process parameters on surface roughness and concluded
that themost critical factor is feed.Moshat et al. [4] used PCA-based Taguchi method
for optimizing cutting parameters of the CNC milling process in order to obtain
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an optimal value of surface roughness and material removal rate. Shetty et al. [5]
employed Taguchi and response surface methodologies for turning aluminum alloy
6061 to study effect of cutting parameters in order to determine the minimum surface
roughness possible. Neseli et al. [6] presented a model to demonstrate the effect of
geometry of tool on surface roughness while turning AISI 1040. The authors applied
RSM and concluded that the nose radius was the most significant parameter. Gupta
et al. [7] have done grey relation to enhance the material removal rate and surface
roughness in unidirectional glass fiber reinforced plastic composite while rough
cutting operation.

The selection of input parameters for different performance characteristics is a
challenging task and researcher’s acumen determines weightage of responses [8].
The optimization studies have been conducted in the recent past by many researchers
[9–11]. It is commonly observed that the two performance parameters, surface rough-
ness, and material removal rate, that are discussed above are often found to be
conflicting. Optimizing one could adversely affect the other important parameter
so it is necessary to reach a win–win situation where none of the parameters gets
compromised. Thus, the objective of this study is to conduct multi-output optimiza-
tion which provides a perfect balance between the pair of performance character-
istics presented above and gives a more optimized and better outcome of turning
operation of SS-304.

2 Experimentation

In the present study, the experimentationwas carried onCNCLathe. Themachinewill
guide the movements of tools and machiner by a Program which is generated using
a computer. Turning operation of SS-304 was executed using TNMG insert which
have 6 cutting fringes. In order to obtain accurate results and relationship between
the output and input parameters, not only individual parameters but all other possi-
bilities, L27 orthogonal array design was followed during experimentation. Grey
relational analysis is best done by incorporating the full factorial method. The levels
obtained after the pilot experimentation is shown in Table 1. The experimentation
was conducted on a round bar of diameter 28 mm.

The response characteristics chosen for the study were surface roughness and
metal removal rate. Mitutoyo surface roughness tester (Surftest SJ-210P) was used
to measure the surface roughness, whereas, MRR was calculated using Eq. 1.

Table 1 Input parameters
and their levels

Level v (m/min) f (mm/rev) a (mm)

1 150 0.1 0.1

2 175 0.15 0.2

3 200 0.2 0.3
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MRR = πv f aDa (1)

where, v is the cutting speed, f represents the feed, a represents the depth of cut, and
Da represents the average diameter. The turning of the specimens was done at the
suitable combination of the levels and the obtained values of Ra andMRR are shown
in Table 2.

Table 2 Factor information

Run V (m/min) f (mm/rev) a (mm) Ra (µm) MRR (mm3/min)

1 150 0.1 0.1 1.425 1490.057

2 150 0.1 0.2 1.296 2969.433

3 150 0.1 0.3 1.49 4438.128

4 150 0.15 0.1 2.297 2235.086

5 150 0.15 0.2 2.175 4454.150

6 150 0.15 0.3 2.229 6657.192

7 150 0.2 0.1 3.522 2980.115

8 150 0.2 0.2 3.545 5938.867

9 150 0.2 0.3 3.452 8876.256

10 175 0.1 0.1 1.393 1753.009

11 175 0.1 0.2 1.857 3493.451

12 175 0.1 0.3 1.594 5221.327

13 175 0.15 0.1 2.512 2629.513

14 175 0.15 0.2 2.315 5240.177

15 175 0.15 0.3 2.353 7831.990

16 175 0.2 0.1 3.352 3506.017

17 175 0.2 0.2 3.522 6986.902

18 175 0.2 0.3 3.84 10442.654

19 200 0.1 0.1 1.47 2015.960

20 200 0.1 0.2 1.312 4017.469

21 200 0.1 0.3 1.693 6004.526

22 200 0.15 0.1 2.563 3023.940

23 200 0.15 0.2 2.407 6026.203

24 200 0.15 0.3 2.446 9006.789

25 200 0.2 0.1 3.677 4031.920

26 200 0.2 0.2 3.697 8034.937

27 200 0.2 0.3 3.614 12009.052
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3 Optimization Methodology

3.1 Grey Relational Analysis

Grey Relation Analysis (GRA) is implemented to convert single-objective opti-
mization into a multi-output optimization process and solve it effectively [12, 13].
Following steps are used in Grey Relational Analysis.

Normalizing the data

Data needs to be pre-processed. The data has to be normalized first and this normal-
ized data lies in the range 0 and 1. This is done to convert the original (experi-
mental) data into a form in which these values can be compared. Normalizing the
datawas done according to the parameter being optimized.Higher the better approach
was used for normalizing of MRR and lower the better for surface roughness. The
equations are as follows:

x∗
i (k) = xi (k) − ximin(k)

ximax(k) − ximin(k)
(2)

x∗
i (k) = ximax(k) − xi (k)

ximax(k) − ximin(k)
(3)

where x∗
i (k) and xi (k) indicate the normalized data and observed data, respectively,

Calculating Grey Relation Coefficient

This is calculated to compare the actual values with the ideal value. After the data
is pre-processed, ζi (k) which is the grey relational can be calculated for the kth
response characteristics using Eq. 4.

ζi (k) = �min + ζ�max

�i (k) + ζ�max
(4)

where x∗
o (k) = denotes reference sequence.

x∗
j (k) = denotes comparability sequence.

�i = difference in absolute value between x∗
o (k) and x∗

j (k)

�min = min(∀ jεi)min(εk)

∣
∣
∣x∗

o (k) − x∗
j (k)

∣
∣
∣ = smallest value of �i

�max = max(∀ jεi)max(εk)

∣
∣
∣x∗

o (k) − x∗
j (k)

∣
∣
∣ = smallest value of �i

Grey Relation Grade

Grey Relation Grade (GRG) is calculated by the values of grey relation coefficients.
This also ranges from 0 to 1. Higher the GRG i.e., the value closest to 1 depicts that
the corresponding factors would give the result closest to the optimal one.
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ϒi = 1

m

n
∑

k=1

wXζi (k) (5)

where,
ϒi = Grey relation grade.
m = number of run.
w = weight factor (w = 1, while finding the optimal values).

4 Response Surface Methodology

Themain idea of response surfacemethodology approach is to establish a relationship
between the oneormanyoutput parameters over the input parameters, the relationship
can be explained using the secondorder polynomialwhich is represented byEq. 6 [14,
15]. The relationship can be very easily computed using this technique as compared to
other techniques. Least square is the method which is used to compute the regression
coefficients and is illustrated using 3D surface graphs or counter maps.

η = βo +
k

∑

i=1

βi Xi +
k

∑

i=1

βi i X
2
i +

∑

i

∑

j

βi j Xi X j + ε (6)

5 Results and Discussions

5.1 Significant Parameters Using ANOVA

Tables 3 and 4 represent the ANOVA table for Roughness values and MRR respec-
tively, The parameterswere analyzed for 95%confidence intervals. From theANOVA

Table 3 ANOVA table for surface roughness

Source DF Adj SS Adj MS F-value P-value

v (m/min) 2 0.1417 0.07083 3.51 0.049

f (mm/rev) 2 19.5931 9.79655 485.26 0

a (mm) 2 0.0222 0.0111 0.55 0.586

Error 20 0.4038 0.02019

Total 26 20.1607
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Table 4 ANOVA table for MRR

SOURCE DF Adj SS Adj MS F-Value P-Value

v (m/min) 2 11094424 5547212 9.4 0.001

f (mm/rev) 2 54787279 27393640 46.41 0

a (mm) 2 121796505 60898252 103.16 0

Error 20 11806050 0

Total 26 199484258

table, it can be observed that the major significant parameter for the surface rough-
ness was feed and depth of cut for MRR whereas, feed and cutting velocity have the
least contribution to surface roughness and MRR respectively,

5.2 Grey Relational Analysis

Using Grey Relation Analysis, the two performance parameters, Ra and MRR, are
coalesced into single response, GRG. The cutting parameters that are considered
are cutting speed (v), Feed (f ), and Depth of cut (a). The experimental values in
Table 5 are used to first normalize the data followed by calculating grey relation
coefficients. Subsequently, grey relation grade is calculated. According to GRG rule,
for MRR, “higher the better” equation was used, whereas, for Ra , “lower the better”
equation was used. The GRG 0.6822 is closest to 1 and hence this level is chosen
as the optimal one. The initial input parameters were 175 m/min, 0.1 mm/rev, and
0.2 mm as cutting speed, feed, and depth of cut. The new conditions, that when
employed would yield the best result were 200 m/min, 0.1 mm/rev, and 0.2 mm. The
performance of the process was enhanced when the new conditions were employed.
Both the performance parameters are refined. MRR is increased by 15% and surface
roughness is improved by 29.35%.

5.3 Response Surface Methodology

The full quadratic response surface model is constructed in MINITAB depicting the
roughness as a function of process parameters f , v, a. The R2 value is 0.9803 and
the Adj. R2 is 0.9698 which reveals that all explanatory variables account for about
98.03% variation in the surface roughness, which is fairly high. The R2 value in this
case is high and close to 1, which is desirable [16]. This technique helps to demon-
strate that the model fits the original data and also inhibits the model overfitting. A
model with overfitted data indicates that excess items are included in the model. It
is to be noted that if the (R-square)predicted is smaller than R2, then this will act as
a warning sign that the data is overfitted. The predicted R2 value is 0.9560 which
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Fig. 1 Residual plot

indicates that the model is not overfit. The trustworthiness of the regression analysis
is determined by analyzing the plots of the residuals versus the predicted response.
Adequacy is determined whether the residuals are consistent with random error. It is
observed in Fig. 1 that the residuals are randomly scattered around zero for the entire
range of fitted values. As there are no patterns observed in the residuals, therefore
the model is trustworthy and do not require any adjustments [17].

In order to verify the assumption that the residuals are normally distributed, the
normal probability plots were examined. It is to be noted that the points plotted on
the normal probability plots of the residuals should preferably follow a straight line.
If the residuals do not follow a normal distribution, the confidence intervals and
p-values can be inaccurate. Figure 2 indicates the normal probability plot for the
residuals in which the residuals generally are on a straight line which indicates that
the errors are normally distributed.

RSM approach provides a relationship between output parameters and input
parameters which is illustrated using the regression model.

Response Surface Regression Model: RaVersus v, f , a

Ra = − 2.37 + 0.0367v − 2.22 f − 1.55a − 0.000104v ∗ v + 70.2 f ∗ f

+ 3.72a ∗ a + 0.0137v ∗ f + 0.0039v ∗ a − 2.23 f ∗ a (7)

Equation 7 is used to forecast the value of Ra at any specific design points. The
comparison between actual and forecasted values of regression equation is illustrated
in Fig. 3.

The 3-D surface graphs for roughness,Ra, is given inFigs. 4, 5, and 6. It is observed
that in Fig. 4, Ra (at hold value v = 175 m/min) value elevates with increase in feed
rate but is not affected severely when depth of cut changes. In Fig. 5, it is seen that
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Fig. 3 Actual and forecasted values of Ra

Ra value decreases as cutting velocity and depth of cut decreases at a constant value
of feed rate (f = 0.15 mm/rev). Ra value in Fig. 6 is altered cogently when feed
rate increases at a fixed value of depth of cut but does not depict any observable
relationship with the cutting speed.
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6 Confirmation Experiment

In order to validate the results, a confirmatory test was done using the combination
of optimal parameters. A workpiece is cut by keeping the values of parameter as
obtained by the above techniques. The confirmation experiment reveals the surface
roughness to be 1.319, which is close to the result obtained and shows that MRRwas
increased by 15% and surface roughness was improved by 29.35%.
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Fig. 6 Surface plot of Ra versus f , v

7 Conclusions

Following are the drawn conclusions:

1. The most significant parameter was feed for Ra.
2. Depth of cut was the most influential parameter affecting the MRR.
3. Using GRA, the optimal levels are found to be v = 200 m/min, f = 0.1 mm/rev,

a = 0.2 mm. MRR is increased by 15% and surface roughness is improved by
29.35% when compared with the initial set of values.

4. Regression equations are developed and surface models are drawn which shows
relation between the response and independent parameters.

Hence, it could be concluded that the quality traits could be increased significantly
by employing these methods.
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14. Asiltürk I, Neşeli S (2012)Multi response optimization of CNC turning parameters via Taguchi
method-based response surface analysis. Measurement 45:785–794

15. Kathleen MC, Natalia YK, Jeff YK (2004) Response surface methodology. Center for
computational analysis of social and organizational systems (CASOS), Technical Report

16. Makadia AJ, Nanavati JI (2013) Optimisation of machining parameters for turning operations
based on response surface methodology. Measurement 46:1521–1529

17. Noordin MY, Venkatesh VC, Sharif S, Elting S, Abdullah A (2004) Application of response
surface methodology in describing the performance of coated carbide tools when turning AISI
1045 steel. J Mater Process Technol 145:46–58


	Preface
	Contents
	About the Editors
	 Effect of Angular Orientation of Continuous Fibers on the Extensional Properties of Carbon Fiber Composites
	1 Introduction
	2 Basic Properties of Carbon Fiber and Epoxy Resin
	3 Specimen Specification
	3.1 X-Section Area of the Specimen of Unidirectional Composite
	3.2 Volume Fraction of Carbon Fiber and Epoxy
	3.3 Load (Force) Applied on the Unidirectional Composite and Orientation of the Fibers

	4 Basic Calculations
	4.1 Load Carried by the Fibers and Matrix (Pf and Pm)
	4.2 Stresses in Fibers and Matrix (σf and σm)
	4.3 Stresses in the Longitudinal Direction of the Unidirectional Composite (σL)
	4.4 Elastic Modulus of Unidirectional Composite in Longitudinal Direction (EL)
	4.5 Halpin–Tsai Equations for Elastic Modulus of Unidirectional Composite in Transverse Direction (eT)
	4.6 Stresses in the Transverse Direction of the Unidirectional Composite (σT)
	4.7 Halpin–Tsai Equations for in-Plane Shear Modulus of a Unidirectional Composite (GLT)
	4.8 Major and Minor Poisson’s Ratio of a Unidirectional Composite ( LT  and  LT )
	4.9 Strain in L and T Direction of a Unidirectional Composite (єL and єT)
	4.10 In-plane Shear Stress and Shear Strain of a Unidirectional Composite (τLT and γLT)

	5 Results and Discussion
	5.1 Elastic Modulus of the Unidirectional Composite in X-Direction as Fiber Orientation Varies from 0° to 90° (Ex)
	5.2 Strains of the Unidirectional Composite in X-Direction as Fiber Orientation Varies from 0° to 90° (єx)
	5.3 Stresses of the Unidirectional Composite in X-Direction as Fiber Orientation Varies from 0° to 90° (σx)
	5.4 Discussion

	6 Conclusion
	References

	 Simulation of Nanowires on c-Si Surface for Reflectance Reduction
	1 Introduction
	2 Simulation and Experimental Methodology
	2.1 Simulation Tool
	2.2 Experimental Methodology

	3 Results and Discussions
	4 Conclusion
	References

	 Investigation of Surface Roughness of Miniature Spur Gears Fabricated Using WEDM by RSM Approach
	1 Introduction
	2 Experimental Detail’s
	3 Response Surface Methodology
	4 Result and Discussion
	4.1 ANOVA Table
	4.2 Material Characterization of Miniature Spur Gear

	5 Conclusions
	References

	 Multi-objective Analysis of Nd-YAG Laser Welding on Dissimilar Metals
	1 Introduction
	2 Materials and Methodology
	3 Metallography
	4 Grey Relational Analysis (GRA)
	4.1 Normalization
	4.2 Determination of Deviation Sequences Δ0i(k)
	4.3 Grey Relational Coefficient (GRC)
	4.4 Grey Relational Grade (GRG)

	5 Experimentation
	5.1 Aspect Ratio
	5.2 Microhardness

	6 Result and Discussion
	6.1 Normalization and Deviation Sequence
	6.2 Grey Relational Coefficient and Grade with Rank
	6.3 Aspect Ratio
	6.4 Micro-hardness

	7 Conclusion
	References

	 Fabrication and Tensile Testing of DHAK Fiber Reinforced Polyester Composites
	1 Introduction
	2 Experimental Procedure
	2.1 Materials
	2.2 Preparation of Fiber
	2.3 Composite Preparation
	2.4 Tensile Testing of Specimens

	3 Result and Discussion
	3.1 Tensile Testing of DHAK Composites

	4 Conclusions
	References

	 Determination of Safety Stock in Divergent Supply Chains with Non-stationary Demand Process
	1 Introduction
	2 Demand Models
	2.1 Non-stationary Demand

	3 Multi-Stage Divergent Supply Chain: Divergent Factor
	3.1 Illustration of a Divergent Supply Chain Structure and Divergence Factor

	4 Simulation Model and Assumptions
	5 Safety Stock Estimation for Multi-Stage Divergent Supply Chain
	6 Experimental Results and Validation
	6.1 Conclusion

	References

	 Solving Unequal Area Facility Layout Problems with Flexible Bay Structure by Simulated Annealing Algorithm
	1 Introduction
	2 Literature Review
	3 Problem Environment and MILP Model of UA-FLP with FBS
	4 SA-FBS to Unequal Area Facility Layout Problems with Flexible Bay Structure
	4.1 Solution Encoding
	4.2 Configuration Change
	4.3 SA-FBS Parameters Settings and Flow Chart

	5 Numerical Experiments and Results Analysis
	5.1 Results and Discussion of Equal Area Facility Layout Problems
	5.2 Results and Discussion of Unequal Area Facility Layout Problems Data Set

	6 Comparison of SA-FBS with the Other Approaches results to UA-FLP Based on FBS or RFBS
	7 SA-FBS Results Analysis for Armour and Buffa’s [7] AB20 Problem
	7.1 SA-FBS Computational Effort Discussions

	8 Conclusions
	References

	 Mechanical Characterization of Polycarbonate-Graphene Oxide (PCG) Nanocomposite
	1 Introduction
	2 Experimental
	2.1 Materials

	3 Synthesis of GO
	4 Synthesis of PC-GO Nanocomposite
	5 Results and Discussion
	5.1 Tensile Strength

	6 Conclusions
	References

	 Comparative Experimental Analysis of Machining Parameters for Inconel 825 on Cryogenic Treatment
	1 Introduction
	2 Literature Review
	3 Composition of Workpiece Material
	3.1 Advantages of Inconel 825
	3.2 Applications of Inconel Alloys

	4 Cryogenic Treatment of Workpiece (Inconel 825)
	5 Experimental Setup
	5.1 Cutting Tool
	5.2 Preparation of the Specimens (workpiece)
	5.3 Design of Experiment

	6 Experimental Results and Mathematical Modelling
	6.1 Experimental Result

	7 Mathematical Modelling
	8 Result and Discussion
	9 Conclusion
	References

	 Optimizing Gas Injection Stir Casting Process Parameters for Improving the Ultimate Tensile Strength of Hybrid Mg/(SiCp + Al2O3p + Grp) Through Taguchi Technique
	1 Introduction
	2 Experimental Details
	2.1 Material Preparation
	2.2 Ultimate Tensile Strength (MPa)

	3 Optimization of Stir Casting Parameters and Development of Mathematical Model
	3.1 Planning for Experimentation
	3.2 Design of Experimental Plan Based on Standard Orthogonal Array
	3.3 L27(313) Orthogonal Array

	4 Results
	4.1 Interaction Effect of Stirring Speed and Furnace Temperature
	4.2 Interaction Effect of Stirring Time and Furnace Temperature
	4.3 Interaction Effect of Stirring Time and Stirring Speed
	4.4 Intensive Discussion

	5 Conclusions
	References

	 Microstructural Characterization of Aluminium Alloy 6061 Powder Deposit Made by Friction Stir Based Additive Manufacturing
	1 Introduction
	2 Experimental Details
	2.1 Performing AFSP
	2.2 Details of Microstructural Characterization and Micro-hardness Testing

	3 Results and Discussion
	3.1 Microstructural Characterization
	3.2 Micro-hardness Testing

	4 Conclusions
	References

	 Service Quality—A Case Study on Selected Hotels in Goa
	1 Introduction
	2 Brief Literature Review
	2.1 Service Quality
	2.2 Customer Satisfaction

	3 Research Method
	3.1 Gap Analysis
	3.2 Reliability Analysis
	3.3 Factor Analysis
	3.4 Multiple Regression Analysis

	4 Results and Discussion
	5 Conclusions
	References

	 Influence of Nozzle Distance on Tool–Chip Interface Temperature Using Minimum Quantity Lubrication
	1 Introduction
	1.1 Fundamentals of MQL
	1.2 Heat Generation and Measurement

	2 Methodology of Work
	2.1 Description of Experimental Set up

	3 Experimental Investigation
	4 Results and Discussions
	5 Conclusions
	6 Future Scope
	References

	 Investigation of Kerf Characteristics Using Abrasive Water Jet Cutting of Floor Tile: A Preliminary Study
	1 Introduction
	2 Materials and Methods
	3 Results and Discussions
	3.1 Effect of Process Parameters on Top Kerf Width
	3.2 Effect of Process Parameters on Top Kerf Taper Angle

	4 Conclusion
	References

	 Effects of Process Parameters on Surface Roughness, Dimensional Accuracy and Printing Time in 3D Printing
	1 Introduction
	2 Literature Review
	3 Material and Methods
	4 Results and Discussions
	4.1 Effect of Layer Height and Infilled Density on Surface Roughness
	4.2 Effect of Layer Height and Printing Speed on Surface Roughness
	4.3 Effect of Layer Height and Infilled Density on Dimensional Error (in Percentage)
	4.4 Effect of Layer Height and Printing Speed on Dimensional Error (in Percentage)
	4.5 Optimization for Surface Roughness and Accuracy

	5 Conclusion
	References

	 Optimization of Process Parameters on MRR During Face Milling of Rolled Steel (AISI1040) Using Taguchi Method
	1 Introduction
	2 Experimental Method
	2.1 Experimental Setup
	2.2 Selection of Process Parameters

	3 Experimental Results and Discussion
	3.1 Evaluation of S/N Ratio
	3.2 Determination of Optimal Level
	3.3 Analysis of Variance (ANOVA)
	3.4 Confirmation Test

	4 Conclusion
	References

	 A New Permanent Magnet Type Magnetorheological Finishing Tool for External Cylindrical Surfaces Having Different Outer Diameter
	1 Introduction
	2 Finite Element Magnetostatic Simulation
	3 Mechanism of Material Removal
	4 Schematic of Novel Tool Design Along with Its Mountings
	5 Preliminary Experimentation
	6 Result and Discussion
	7 Conclusions
	References

	 Influence of Nanoparticle Addition (TiO2) on Microstructural Evolution and Mechanical Properties of Friction Stir Welded AA6061-T6 Joints
	1 Introduction
	2 Experimental Procedure
	3 Results and Discussion
	3.1 Microstructural Characterization
	3.2 Microhardness Measurements

	4 Mechanical Properties Evaluations
	5 Conclusions
	References

	 An Analysis on the Advanced Research in Additive Manufacturing
	1 Introduction
	2 Additive Manufacturing
	2.1 Processes
	2.2 Process Parameters on Coating
	2.3 Process Parameters and Control
	2.4 Hybrid Process
	2.5 Solid-State Process

	3 Use of Additive Material in Medical Applications
	4 Conclusions
	References

	 Fabrication and Characterisation of Aluminium Matrix Composite (Al 2024) Reinforced with Zircon Sand and Flyash
	1 Introduction
	2 Materials
	2.1 Matrix Material

	3 Hybrid Composite Sample Preparation
	3.1 Microstructural Sample Preparation
	3.2 Micro Hardness Sample Preparation
	3.3 Wear Sample Preparation

	4 Results and Discussion
	4.1 Microstructural Analysis
	4.2 Micro Hardness Test
	4.3 Wear Test

	5 Conclusion
	References

	 Novel Technology on Recovery of Ceramic Materials from Partially Lateritised Khondalite Rocks-A Bauxite Mining Waste
	1 Introduction
	2 Materials and Methods
	2.1 Materials
	2.2 Characterization and Evaluation

	3 Results and Discussion
	3.1 Characterization
	3.2 Effect Magnetic Separation on Reduction of Iron Content
	3.3 Characterization of the Product
	3.4 Evaluation of Product

	4 Conclusions
	References

	 A Study on Heavy Mineral Distribution Pattern Along Brahmagiri Coast of Odisha, India and Its Beneficiation to Recover Industrial Minerals
	1 Introduction
	2 Study Area
	3 Materials and Methods
	4 Results and Discussion
	4.1 Textural and Grain Size Distribution

	5 Conclusions
	References

	 Webometric Study of Lean Manufacturing
	1 Introduction
	2 Statistical Analysis
	2.1 Statistics by year
	2.2 Statistics by Field
	2.3 Statistics by Document Type
	2.4 Statistics by Country
	2.5 Statistics by Journal
	2.6 Statistics on the Basis of Various Publications from Different Authors

	3 Results and Discussion
	4 Conclusion
	References

	 Investigation of the Criticality of Flux Leakage of a Magnetizer Assembly of a MFL Tool for Oil and Gas Pipelines Inspection
	1 Introduction
	2 Literature Review
	2.1 Pipeline Integrity Design
	2.2 Principle of Flux Leakage and Detection
	2.3 Magnetic Flux Leakage (MFL) Tool
	2.4 Parts and Functioning of Magnetizer:

	3 Simulation and Method
	3.1 Results and Findings

	4 Conclusion
	References

	 DIC Correlation with Analysis Under Impact of Fiber Metal Laminates
	1 Introduction
	2 Experimental Investigation Using DIC
	2.1 Geometry of Target Plate
	2.2 Strain Gauge Location
	2.3 Indenter Geometry and Mass and Velocity
	2.4 Material Properties

	3 Method of Approach
	3.1 Numerical Simulation of CARALL
	3.2 Experimental Investigation

	4 Results and Discussion
	4.1 Post-test Observations
	4.2 CARALL 1
	4.3 CARALL 2
	4.4 Comparison of FML Under Low and Medium Velocities

	5 Conclusions
	References

	 Evaluation of Tensile Strength Behaviour of Friction Stir Welding Joints of Aluminium Alloy with Interlayer
	1 Introduction
	2 Experimental Procedure
	3 Results and Discussion
	3.1 Tensile Strength
	3.2 Fracture Behaviour

	4 Conclusion
	References

	 Effect of Machining Parameters and MQL Parameter on Material Removal Rate in Milling of Aluminium Alloy
	1 Introduction
	2 Methodology
	2.1 Taguchi Method
	2.2 Design of Experiments

	3 Experimentation
	3.1 Experimental Setup
	3.2 Identification of Input Factors with levels.
	3.3 Material Removal Rate (MRR).

	4 Result with Discussion
	5 Conclusion
	References

	 Influence of Cutting Force and Drilling Temperature on Glass Hole Surface Integrity During Rotary Ultrasonic Drilling
	1 Introduction
	2 Materials and Methods.
	3 Results and Analysis
	4 Conclusion
	References

	 Analysis on Development of Beeswax as Phase Change Material for Thermal Energy Storage
	1 Introduction
	2 Development of Beeswax Composite PCM
	2.1 With Incorporation of EG
	2.2 With Incorporation of Graphene
	2.3 With the Incorporation of EP
	2.4 With the Incorporation of MWCNTs
	2.5 With the Incorporation of CuO
	2.6 With the Incorporation of Polymer
	2.7 With the Incorporation of Dammer Gum and Tallow

	3 Conclusions and Future Scope
	References

	 Evaluation of Material Handling Using MCDM Techniques: A Case Study
	1 Introduction
	2 Present work
	3 Topsis Method
	4 Conclusions and Future Scopes
	Appendix “1”: Priority Weights of Attributes
	Appendix “2”: Positive-Ideal (best) and Negative-Ideal (worst) Solutions
	Appendix “3”: Separation Measures of Attributes
	References

	 Application of Machine Learning Technique for Demand Forecasting: A Case Study of the Manufacturing Industry
	1 Introduction
	2 Literature Review
	3 Problem Description
	4 Supply Chain Demand Forecasting Techniques
	4.1 Support Vector Machine
	4.2 Exponential Smoothing Method
	4.3 Moving Average Method
	4.4 Autoregressive Model (Zou et al. 2018)
	4.5 Performance Evaluation Indices

	5 Development of SVM Model for Demand Forecasting
	5.1 Steps in Building a Machine Learning Model (As shown in Fig. 3)
	5.2 Flowchart of the SVM Model Developed

	6 Results of Various Demand Forecasting Models
	6.1 SVM Model I Using ‘RBF’ Kernel
	6.2 SVM Model II Using ‘SIGMOID’ Kernel
	6.3 Exponential Smoothing (alpha = 0.2)
	6.4 Exponential Smoothing (alpha = 0.5)
	6.5 Moving Average Method (n = 3)
	6.6 Moving Average Method (n = 6)
	6.7 Autoregressive Model

	7 Comparison of Results and Models Validity
	8 Managerial Implication
	9 Conclusions
	References 

	 A Robust Hybrid Multi-criteria Decision-Making Approach for Selection of Third-Party Reverse Logistics Service Provider
	1 Introduction
	2 Literature Review
	3 Problem Description
	3.1 Company Profile
	3.2 Industrial Survey

	4 Research Framework
	4.1 Evaluation of Reverse Logistic Provider Selection by Step-Wise Weight Assessment Ratio (SWARA) Method
	4.2 Evaluation of Reverse Logistic Provider Selection by MOORA Method
	4.3 Evaluation of Reverse Logistic Provider Selection by WASPAS Method

	5 Discussion and Proposed Solution
	6 Conclusions
	References

	 Effect of Power Level on the Processing of Ni-Based Casting Through Microwave Heating
	1 Introduction
	2 Materials and Methods
	2.1 Mechanism of Casting Through Microwave Heating

	3 Results and Discussion
	3.1 Effect of Power Level on the Development of Casting
	3.2 X-ray Diffraction Analysis of Casting
	3.3 Microstructure Analysis
	3.4 Microhardness Study

	4 Conclusions
	References

	 Optimization of Input Parameters for CNC Turning of SS304: A Grey Relational Analysis and Response Surface Methodology Approach
	1 Introduction
	2 Experimentation
	3 Optimization Methodology
	3.1 Grey Relational Analysis

	4 Response Surface Methodology
	5 Results and Discussions
	5.1 Significant Parameters Using ANOVA
	5.2 Grey Relational Analysis
	5.3 Response Surface Methodology

	6 Confirmation Experiment
	7 Conclusions
	References




