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Preface

This book is a collection of articles from the third biennial international conference
on Future Learning Aspects for Mechanical Engineering (FLAME-2022), which was
held at Amity University Uttar Pradesh, Noida, India, from August 3 to 5, 2022. The
articles cover a wide range of perspectives on mechanical engineering.

FLAME-2022’s major aim was to create a forum for academicians, scientists,
and researchers around the world to communicate their scientific ideas and vision in
the advancement of material, thermal, design, industrial, production, and multidisci-
plinary fields of mechanical engineering. FLAME-2022 was critical in bridging the
gap between academics and industry.

Around 600 people attended the conference to discuss scientific ideas. During the
three-day event, researchers from academia and industry shared their latest cutting-
edge findings, had scientific brainstorming sessions, and discussed perspectives on
current socioeconomic challenges. This meeting also gave us an opportunity to
develop a network for academic and industrial engagement. The major focus of the
plenary and keynote presentations was on new advances and innovations in various
sectors of mechanical engineering. It was backed by the University of Leicester, the
UK, and the Budapest University of Technology and Economics, Hungary.

This book focuses on the latest advances in the field of engineering materials.
This book includes many sections related to the advances in material such as design,
development, manufacturing, and applications. The content of book will be fruitful
for scholars, industry persons, and research organization. The present piece of work
can be considered as reference book.

The editors would like to thank all of the participants, management of Amity
University Noida, Science and Engineering Research Board (SERB), the Department
of Science and Technology (DST), the Council of Science and Technology Uttar
Pradesh, the Council of Scientific and Industrial Research, E-Spin Nanotech, Begell
House, etc. who contributed to this book directly/indirectly.

The editors are also grateful to all plenary, keynote speakers, industry partners,
faculty members, staff members, students, etc. The success of FLAME-2022 was
impossible without their co-operation and support.
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The editors would like to express their gratitude to Springer Nature for publishing
the selected proceedings of FLAME-2022 in the LNME series. Finally, the editors
would like to express their gratitude to the respected Dr. Ashok K. Chauhan, Founder
President of Amity University, for his unwavering support and blessings.

In spite of sincere care, there might be typos, and there is always possibility of
perfection. The editors would appreciate any suggestions from the reader’s side.

Noida, India Dr. R. K. Tyagi
Noida, India Dr. Pallav Gupta
Bengaluru, India Dr. Prosenjit Das
Varanasi, India Dr. Rajiv Prakash

November 2022



About This Book

This volume is a compilation of papers presented at FLAME-2022, the third biennial
international conference on Future Learning Aspects of Mechanical Engineering,
held at Amity University Uttar Pradesh, Noida, India, from August 3 to 5, 2022, and
fifty-one chapters cover a wide range of topics related to engineering materials.

In the modern era, the advancement of technology is directly associated with the
development of new smart materials with modified properties in different sectors
such as automobile, electronics, construction, aerospace, medical, and thermal.

The Advances in Engineering Materials continues to be the premier proceedings
for all the latest research in materials. The goal of this proceeding is to provide recent
development and innovation in the field of materials. It is expected that proceeding
on topic “Advances in Engineering Materials” would stimulate further interest in the
advancement of modern materials.

Potential topics of interest in proceeding “Advances in Engineering Materials”
include but are not limited to the following areas:

Surface science and coating technology
Non-destructive testing of materials
Bio-medical materials

Intermetallic

Phase change materials

Modern manufacturing techniques of materials
Ceramics

Numerical simulation techniques for material behavior
Micro-/Nanomanufacturing

Properties optimization.

Composite materials

vii
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Improvement in Flow Distribution )
for Effective Thermal Management i
in Thermoelectric Generator for Waste

Heat Recovery

Chander Veer (®, Shobhana Singh®, and Jasa Ram

Abstract In an automobile, only one-third of the total fuel energy is used for propul-
sion, and the remaining two-third is lost to engine coolant and the exhaust as waste.
Thermoelectric generators (TEG) demonstrate huge potential in automotive applica-
tions by recovering the exhaust waste heat and converting it into direct electric power.
TEG helps escalate the engine’s fuel efficiency. However, extracting waste heat from
automobile exhaust using TEG manifests practical difficulties attributed to thermo-
electric materials, design, and operating conditions. Ineffective configurations and
heat exchanger designs lead to non-uniform flow and temperature distribution on
the hot and cold sides of TEG, causing undesirable power output, which lowers the
entire system’s efficiency. In this study, the flow distribution of exhaust gas through
the automotive TEG with pin fin heat exchanger is simulated using Computational
Fluid Dynamics (CFD). Improvement in the flow pattern using passive flow distrib-
utors such as guide vanes at different angles is analyzed to attain the temperature
uniformity through the hot heat exchanger surface. A detailed analysis of flow distri-
bution and its influence on the local and average temperature distribution is presented.
Results provide critical design recommendations to improve the flow distribution in
an automotive TEG for exhaust waste energy recovery.

Keywords Thermoelectric generator + Heat exchanger + Flow distribution *
Temperature uniformity + Computational fluid dynamics

Nomenclature
h Specific enthalpy (J/kg K)
k Thermal conductivity (W/m K)
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k' Turbulent kinetic energy (J/kg)

)4 Pressure (Pa)

u, v, w Velocities (m/s) in x, y, and z directions respectively

|4 Velocity vector (m/s)

Greek Symbols

0 Density (kg/m?)

0 Temperature (K)

@ Specific rate of dissipation of turbulent kinetic energy (1/s)
u Dynamic viscosity (Pa s)

Subscripts

x,y,z  Directions corresponding to Cartesian coordinates

1 Introduction

The transportation sector alone accounts for 55% of the total fossil fuel usage, and
this consumption is increasing at an annual rate of 1.4% [1]. Increasing fossil fuel
consumption and demand has raised significant concerns regarding the sustainability
of natural resources and petroleum products. Many avenues can be explored to reduce
energy consumption, and improving the fuel efficiency of automobiles is one of them.
For a typical automobile engine, 40% of the fuel energy is wasted in the form of
exhaust [2]. Recovering this waste heat can significantly improve fuel efficiency and
reduce harmful emissions. Thermoelectric generators have proven to be a promising
device in waste heat recovery from automobile exhaust, which can directly convert
the exhaust waste heat into useful electrical energy using the Seebeck effect. In
order to achieve a high power output from the Automotive Exhaust Thermoelectric
Generator (AETEG), a high temperature on the hot side of the Thermoelectric (TE)
is needed. This necessitates the design of an efficient heat exchanger, which can
extract the maximum heat from the exhaust air and maintain a uniform temperature
over the heat exchanger surface. For AETEG, the most decisive factors that affect
its performance are the temperature and flow distribution.

To achieve a uniform and high temperature on the surface of the heat exchanger,
several heat exchanger designs have been studied. Kumar et al. [3] tested three
heat exchanger configurations, namely triangular, rectangular, and hexagonal. The
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author concluded that a rectangular heat exchanger exhibits a more balanced perfor-
mance among the three. In addition to the hot heat exchanger’s shape, the hot heat
exchanger’s internal geometry is an essential criterion in AETEG application. A flat-
shaped heat exchanger with three different internal configurations, i.e., accordion,
fishbone, and scattered was investigated by Su et al. [4]. The author concluded that
an accordion-shaped heat exchanger is best suited for the application in AETEG.

Improving airflow distribution can significantly improve the temperature distri-
bution over the heat exchanger surface. Nagesh et al. [5] conducted an experimental
study to evaluate the thermal performance of AETEG using the flow straighteners
with varying porosity at different locations. It is inferred from their study that by
placing the flow straightener having a porosity of 0.4—0.5 in the middle of the exhaust
channel, the power output is maximized. There is a scarcity of literature that address
the problem of flow maldistribution. The focus of the present study is to improve the
flow distribution inside a pin fin heat exchanger using guide vanes. Guide vanes at
three different angles are placed at the inlet diffuser section, and their effect on the
thermal-hydraulic performance of the heat exchanger and temperature uniformity
over the heat exchanger surface is studied.

2 Physical Model

Figure la depicts the physical model of AETEG. The heat exchanger has a cross
section area of 200 mm x 100 mm and a length of 250 mm. Circular pin fins
of diameter 10 mm and length of 100 mm are used inside the heat exchanger,
keeping the volume of pin fins 1/10th to that of the heat exchanger volume. Air with
temperature-dependent properties is used as the working fluid (see Table 1). The inlet
and outlet diffuser, hot heat exchanger, and heat sink material are taken as aluminum.
Bismuth telluride is taken as the thermoelectric material, and for insulation, asbestos
is selected. All material properties are listed in Table 2.

Heat Sink
(,olcl Air
A Qutlet
| Outlet Diffuser

Hot Heat
Exchanger

Insulation
TEG Module

Inlet Diffuser

Hot Air
Inlet

(1) ()

Fig. 1 Physical model of AETEG (i) Components of AETEG (ii) inlet diffuser a without guide
vanes and guide vanes at different angles b 30° ¢ 45° d 60°
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Table 1 Thermophysical properties of air

Property Expression

Density (kg/m®) 3.7771 — 1.5884 x 1072 0 4 3.3564 x 107 6% — 3.7685 x
1078 03 +2.1407 x 107! 9* — 4.8308 x 10715 93

Specific heat capacity (J/kg K) | 1013.1890 + 0.2336 6 — 2.3511 x 1073 2 + 7.3109 x 107°
63 —9.2297 x 107 6% 4 5.3424 x 1071265 — 1.1797 10715 °
Thermal conductivity (W/m K) | 1.0132 x 1073 + 9.0445 x 107 6§ — 2.9040 x 108 9% +
4.6490 x 10712 93

Dynamic viscosity (Pa s) 27545 x 1070 + 6.1156 x 1078 0 — 3.0361 x 10711 92 4+ 8 x
10—15 93

Table 2 Thermophysical properties of aluminum, asbestos, and bismuth telluride

Material Density (kg/m®) | Specific heat capacity (J/ | Thermal conductivity (W/
kg K) m K)

Aluminum 2719 871 202

Asbestos 2400 566 0.15

Bismuth telluride | 7500 544 1.5

TE module has a cross section of 60 mm x 60 mm and a height of 5 mm. A
diffuser section is provided before the hot heat exchanger to distribute the flow
before reaching the inlet heat exchanger. The diffuser has a length of 140 mm, and
the cross section expands from 50 mm x 50 mm to 200 mm x 100 mm.

For this study, guide vanes at three different angles (30°,45°, and 60°) are placed in
the inlet diffuser section, as shown in Fig. 1b. The performance of the heat exchanger
has been evaluated based on different thermal-hydraulic parameters such as flow
streamlines, temperature uniformity index, and power output from the thermoelectric
modules.

3 Numerical Model

A three-dimensional CFD model is studied to analyze the effect of guide vanes
at different angles on flow and heat transfer behavior. Only half of the geometry
is simulated to simplify the model and solution process, and symmetry boundary
condition is imposed on the symmetric plane.

The following assumptions have been taken into account while solving the
numerical model,

1. The airflow is steady, incompressible, and turbulent.

2. Radiation heat transfer is neglected.

3. Perfect thermal contact between contact surfaces such that the contact resistance
is neglected.
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Using the above assumptions, the governing equations are reduced to the form,
Continuity equation,

V-(pV)=0 (1)
Momentum equation,
V(puV) = =Vp, + uVu )
V(pvV) = —=Vp, +uV?u 3)
V(pwV) = —=Vp, + uViw (4)
Energy equation,
V(kVO) = V(phV) (5)
SST k-w model,
V.(pVK) = V.[oVE (1 +op1n)] + p(P— €) (6)
P, POw /
V.(pV@) = pe’ % - ﬁw) 1201 — Fl)( = 2)Vk Vo'
+ V.[pVe (1 + 001 )] (7)

where O] = 05, Ofrp = 05, Oyl = 05, Oy = 0856, /31 = 0075, ﬂz = 0.0828
[6].

Following are the boundary conditions that are imposed on the CFD model: Inlet
velocity of exhaust air is set to 6.5 m/s and inlet temperature as 473 K. The Reynolds
number at the inlet is 23,965 and flow is in a turbulent region. At the outlet, pressure
outlet condition is used with a gauge pressure value set to 0 Pa. To have a perfect
thermal contact at every interface, the coupled wall boundary condition is used. A
constant wall temperature condition with a temperature of 298 K is employed on
the heat sink. All surfaces exposed to ambient have an insulated boundary condition
with the heat flux value set to 0 W/m?.

The numerical model of AETEG is solved using ANSYS Fluent 2020R2. SST
k- model is employed to simulate the turbulent flow of exhaust air. To achieve
the pressure—velocity coupling, the COUPLED scheme is used. The gradients are
calculated using the Least Square Cell-Based method, and pressure is discretized
using the PRESTO scheme. To conserve the energy, turbulent kinetic energy, specific
dissipation rate, and momentum equation, the second-order upwind scheme is used.
The convergence criteria are set to 1073 for continuity and 1076 for k', @', momentum
equation, and energy equation.
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Fig. 2 Numerical validation between the present work and the work reported by Chen et al.

For the model’s accuracy, a mesh independence study is performed with number
of elements from 43,909 to 24,61,819. The air outlet temperature and pressure drop
converged as the mesh size increased. To balance accuracy and computational time,
a grid size of 2.5 mm is selected with the number of elements 12,75,373.

The numerical model discussed in the present research is validated by a study
reported by Chen et al. [7]. The average surface temperature on the cold side and hot
side of TE modules is compared. It is observed that the variation between the present
numerical model and the previously reported study is less than 2%.

The numerical validation is also performed with respect to the power output from
the TEG. The performance parameter comparison between the present study and the
analysis conducted by Chen et al. [7] is shown in Fig. 2.

4 Results and Discussion

Using the solution methodology described above, the model is numerically inves-
tigated to study the effect of guide vanes placed at three different angles on the
thermal-hydraulic performance of the hot heat exchanger. Keeping in mind the goal
of temperature uniformity over the heat exchanger surface, the performance of the
hot heat exchanger is analyzed with the temperature uniformity index (y) [8], which
can be defined as,

1 6, —0
Vzl_;zj—avg 8)
j=1
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Here, n is the total number of modules, 6; is the average temperature of the jth module
(K), and 0, is the average temperature of the heat exchanger surface (K).

One important parameter to judge the performance of AETEG is the power output
from the modules. For simplicity, the electrical simulations have not been included
in the present study, and theoretical power output has been calculated based on the
following equation,

a?A6?
4R

Power Output = n )]
Here, n is the number of modules, « is the Seebeck coefficient (V/K), A6 is the
temperature difference across a single module (K), and R is the electrical resistance
of the module (ohm). For simplicity, the results are represented as Case 1—Without
any guide vanes, Case 2—Guide Vanes at 30°, Case 3—Guide Vanes at 45°, and
Case 4—Guide Vanes at 60°.

4.1 Flow Analysis

The velocity streamlines on the symmetric plane of the hot heat exchanger are shown
in Fig. 3. From the streamlines flow on the symmetry plane, it can be concluded that
if no guide vanes are present, the flow is going straight from inlet to outlet, and no
airflow is occurring near sidewalls. The vortices forming due to flow separation by
fins are also limited to the middle portion of the hot heat exchanger. However, as
soon as the guide vanes are inserted in the inlet diffuser, a change in the flow pattern
of exhaust air is observed. As we start to increase the angle of guide vanes, more and
more air is deflected toward the sidewalls of the hot heat exchanger. With the use of
guide vanes, an increase in vortices can also be observed. Also, these vortices are
not limited to the middle portion. Instead, they are distributed in the whole hot heat

exchanger.

] 7.449

o3 4 | : {

| £

! 1 e o 5.587

I Ig \ .. W
i@ A% //sl §°
F e Rl RN RN
\ 3 | ) b A B 1.082
| ! e \\"5 bl

. \ I I

ia)

Fig. 3 Flow streamlines on the symmetric plane of hot heat exchanger a case 1 b case 2 ¢ case 3
d case 4
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Atx/L =02

JA

454.99 415.74 376.49 33"1'.25 298.01
K

Fig. 4 Flow streamlines on transverse planes of hot heat exchanger drawn at two different locations

Figure 4 represents the streamlines on two transverse planes, one at the hot heat
exchanger inlet and the second after two rows of pin fins. In the table, x represents
the distance from the heat exchanger inlet, and L represents the total heat exchanger
length. The color code represents the temperature of exhaust air. It is inferred that,
for the case 1, most part of the hot air is going straight from inlet to the outlet diffuser
and that too through the middle part of heat exchanger. There is no direct contact
between the hot air and the heat exchanger surface. So most of the heat transfer to
the heat exchanger surface is by conduction through pin fins.

However, when guide vanes are present, hot air is also deflected toward the bottom
surface of the heat exchanger. Now the heat is transferred to the surface by conduction
through fins as well as the direct contact of air, resulting in a high heat transfer rate
and higher surface temperature. At an angle of 30° (case 2), most of the hot air flow
is still through the middle portion of the heat exchanger. However, if the angle is
increased to 60° (case 4), the flow is more directed toward the sidewalls of the hot
heat exchanger. Guide vanes kept at an angle of 45° (case 3), present a more balanced
flow than the other two resulting in a more uniform distribution of hot air throughout
the hot heat exchanger.

4.2 Thermal Analysis

The variation in average surface temperature of hot heat exchangers along the length
is shown in Fig. 5. The abscissa represents the normalized heat exchanger length and
the ordinate represents the normalized surface temperature of hot heat exchanger
with respect to the air inlet temperature. In comparison with the base case, i.e., no
guide vanes, there is an increase of about 5-7% in the average surface temperature
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Fig. 5 Variation of surface temperature along the length of the hot heat exchanger

at the heat exchanger inlet. This increase in surface temperature is highest for case 3
and lowest for case 2.

These results are also in-line with the flow distribution of exhaust gas, in which it
is observed that flow was more uniform in case 3 as compared to case 2 and case 4.
This increase in surface temperature is attributed to the fact that with the use of guide
vanes, the flow gets deflected toward a larger area of hot heat exchanger, and more
and more hot air gets in contact with the hot heat exchanger, resulting in a higher heat
transfer rate. Moving along the length of heat exchanger, a temperature gradient is
observed on the heat exchanger surface. This temperature gradient is steeper for cases
2, 3, and 4, because the air is more distributed at the inlet of the hot heat exchanger.
Further, the air temperature reduces along the length due to the continuous exchange
of heat thereby reducing the exergy of air. This results in a low heat transfer rate near
the hot heat exchanger outlet and consequently a low temperature on the surface.

4.3 Temperature Uniformity Index and Power Output

One of the goals in designing a heat exchanger for AETEG is to obtain a uniform
temperature distribution over the surface. To have an idea of temperature uniformity
in all cases, the temperature uniformity index is calculated and the results are given in
Table 3. The results suggest that using guide vanes reduces the temperature uniformity
over the surface. This is observed because the air is deflected toward a larger area
at the heat exchanger inlet, resulting in increased heat transfer and a high surface
temperature at the heat exchanger inlet.

Table 3 represents the maximum rated power output that is obtained from the
AETERG. It can be seen that there is an increase of 58%, 113%, and 101% in power
output from AETEG for cases 2, 3, and 4, respectively. This is due to the fact that
the modules that are present near the inlet position of the hot heat exchanger are
subjected to a much higher temperature difference than the case with no guide vanes.
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Table 3 Performance parameters of heat exchanger for AETEG
Case Case 1 (without Case 2 (guide Case 3 (guide Case 4 (guide
guide vanes) vanes at 30°) vanes at 45°) vanes at 60°)
Temperature 0.991 0.976 0.967 0.971

uniformity index

Power output (W)

5.714

9.068

12.171

11.535

Also, the temperature near the outlet of the hot heat exchanger for cases 2, 3, and
4 is comparable to case 1, hence the modules which are present at the rear end of
the hot heat exchanger generated power equivalent to case 1. The overall outcome is
that the design with the guide vanes performs better in terms of power output than
the design without guide vanes.

5 Conclusion

In this study, the effect of guide vanes placed inside the inlet diffuser at three different
angles (30°, 45°, and 60°) on the flow and heat transfer behavior of exhaust gas is
analyzed. The power output and temperature uniformity index are calculated for all
four cases. It is concluded that there is a significant change in the performance of
AETEG when the guide vanes are used. Following are the concluding remarks based
on the present study:

1. The guide vanes significantly improve the flow distribution of hot air and the
surface temperature of the hot heat exchanger.

2. The theoretical power output of AETEG is increased by 113%, with the guide
vanes at an angle of 45°.

3. The design with no guide vanes present a higher value of temperature uniformity
index, but when it comes to the overall performance, guide vanes perform better
in terms of surface temperature and power output.

Acknowledgements Present work is carried out in collaboration with Defense Research Labora-
tory, Jodhpur under the research project (Project Number-S/DRDO/SHS/20210056).
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Microstructure Characterisation m
and Analysis of AA2024/SiC/Carbonised er
Eggshell-Reinforced Hybrid Green

Aluminium Matrix Composite

Yatan Nagpal, Rohit Sharma, Neeraj Sharma, and R. K. Tyagi

Abstract The driving force behind this work is to investigate the microstructure
of hybrid green aluminium matrix composite (AMMCs) made of AA2024/SiC/
carbonised eggshell by using the stir casting method. The stir casting procedure
is utilised in this study to allow (SiC and carbonised ES) hybrid reinforcement parti-
cles to mix equally in AA2024 matrix. The composition of reinforcements in this
study varies from 3 to 12 wt% of SiC and ES particles together in a step of 3, i.e. (3,
6, 9, 12) as per earlier researchers. The microstructure characterisation of AA2024/
carbonised eggshell/SiC composite was carried by SEM and XRD technique. The
results revealed the strong bonding and uniform distribution between particles and
matrix at 3% and 6%, respectively, and agglomeration and clustering of particles is
being observed with increase in wt% of reinforcement beyond 6%. The term “Green”
is being added to signify waste reduction from the environment by using ES as a
waste reinforcement and to make our environment sustainable and eco-friendly.

Keywords Waste eggshells - AMCs - Hybrid composite « Green composite -
AMMC:s - Stir casting + SEM - XRD - Silicon carbide - Eggshell

1 Introduction

Metal matrix composites (MMCs) have witnessed considerable progress in recent
years. MMCs which are made by combining two or more components are regarded as
sophisticated materials whose customised properties are being researched. The main
goal of producing MMCs was to concatenate the desirable properties ceramic and
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high strength metals such as high elasticity modulus and ductility to create a newer
material that possesses intermediate mechanical properties in between ceramic rein-
forcement and matrix alloy, where the continuous phase was referred to as matrix
and the discontinuous phase or component as reinforcement [ 1, 2]. Aluminium-based
MMCs as an engineering material have the advantages of high strength, toughness
and wear resistance and have gained increasing attention in the recent decades [3].
Al reinforced with SiC, Al,O3 or B4C is often used MMCs with improved qualities
and cheaper manufacturing costs which has inspired many researchers to employ
AMMCs for various applications such as drive shafts, pistons, brake rotors and
cylinder liners [4]. In the recent years, Al-Si alloy has grown in popularity due to
its widespread use in aviation and ship radar equipment due to improved mechanical
properties, lower density, good heat dissipation properties and so on as compared to
pure Al [5]. Due to its yield strength and higher tensile with reduced elongation, Al-
Cu-Mg alloy is also one of the most often used aluminium-copper alloys in forging
and also as rivets for truck wheels, aircraft industries, aircraft frames, hardware and
so on [6]. A great deal of environmental damage caused by industrial waste inspired
our societies/researchers to use these waste items in research domains. Recently,
recycling or waste materials such as melon shell ash, fly-ash, rice musk ash, red
mud, bagasse ash and eggshell waste particles have been used. The environmental
impact of chicken eggshell (ES), an aviculture by-product, is one of the worst, espe-
cially in nations where the egg product sector is well established. According to a
recent survey, the USA alone has disposed of around 150,000 tonnes of this mate-
rial as waste [7-10]. The use of chicken ES as a reinforcement material has many
benefits, including the ability to be used as a biofiller to improve the mechanical and
thermal properties of a composite, its lighter weight, availability in large quantities,
affordability and environmental friendliness which make it suitable to use as one
of the green reinforcements in composite fabrication [11-14]. The evaluation and
characterisation of mechanical and physical properties of AMMCs reinforced with
eggshell particles is a vast field of study. Due to their ease of availability and low
cost, these composites are mostly created using various casting procedures such as
electromagnetic and mechanical stir casting [15, 16]. Several researchers have tried
to develop various Al-reinforced composites as below.

Hassan and Aigbodion [16] developed Al-Cu-Mg/ES-reinforced AMCs by
the technique of stir casting. The microstructure and mechanical properties were
inspected and assessed. As carbonised ES particles were included as reinforcement
in the composite, the physical and mechanical properties improved when compared
with the uncarbonised ES particles. It has also been demonstrated experimentally
that the inclusion of ES particles can improve mechanical results by up to 12 wt%.

Salleh et al. [17] produced the eggshell by mixing and sieving it into particles
smaller than 160 pm using a ball milling process. The results showed that ES filler
improved creep strain at 34 and 80 °C operating temperatures.

Toro et al. [7] produced and used chicken ES in various amounts of different
particle sizes as a biofiller in a polypropylene composite. The outcomes showed that
increasing the ES content as reinforcement improved the Young’s Modulus (E).
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Lunge et al. [18] researched and synthesised a novel alumina-supported carbon
composite material termed “eggshells composite” (EC) from ES waste as a calcium
source for selective fluoride adsorption from water. The results demonstrated that
EC is a viable, indigenous and cost-effective adsorbent for fluoride removal.

Depending on the literature survey, it was found that most researchers employed
eggshell as a biofiller material and only a significant researchers used chicken ES as a
reinforcement material to produce aluminium base green MMC by stir casting. From
literature, it was also observed that very little or negligible work is being carried out
using ES waste as one of the primary reinforcement material and SiC as secondary
reinforcement material [19-33] in development of low cost and less dense AlI-Cu—
Mg (AA2024) hybrid green metal matrix composite. Also, very few researchers
have worked on mechanical characterisation of hybrid green AMCs using AA2024
as matrix.

Hence, in view of above facts, the contemporary work deals with the microstruc-
ture analysis of AA2024/SiC/eggshell-reinforced hybrid green MMC with the help
of stir casting technique by SEM and XRD. In the present work, SiC is termed as
secondary reinforcement as from literature, because of low cost of SiC and good
wettability property.

2 Materials and Methods

The AA2024 aluminium alloy (AlI-Cu-Mg) was chosen as the matrix material in
this study, and its chemical composition is reported in Table 1. Because of its inex-
pensive cost, light weight, high strength-to-weight ratio and good fatigue strength,
the AA2024 matrix material was chosen. Furthermore, because of fatigue resistance
and high strength, it is widely utilised in aircrafts, particularly in fuselage and wing
components, hence AA2024 material has been chosen for future applications in the
aeronautical industry.

Table 2 gives the chemical composition of carbonised eggshell powder, which
was chosen as a primary reinforcement material. An eggshell is the hard-shelled
egg’s exterior covering. Recently, researchers used chicken ES as a biofiller material
in conjunction with a conductive polymer to improve characteristics. According
to comprehensive literature data, chicken eggshell waste contains 94-95% calcium
carbonate (CaCO3) and has the ability to be used as a raw material and reinforcement
in composites. The eggshell covering layer was removed from the chicken ES by
cleaning it and drying it in the sun [34]. The powdered eggshell was created by ball
milling the dry eggshell. The carbonaceous material, such as the membrane of an

Table 1 AA2024 elemental composition used as matrix material (wt%)
Element Si Fe Cu Mn Mg Cr Zn Ti Al
% 0.6 04 4.1 0.5 1.6 0.2 0.26 0.16 Bal.
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Table 2 Eggshell chemical

composition (wt%) Elements Weight percentage (%)

Calcium carbonate (CaCO3) 94.5
Magnesium carbonate (MgCO3) 1.5
Calcium phosphate (Ca3(PO4)>) 1.5

Organic matter 2.5

eggshell, was then removed by carbonization at 500 °C for three hours [16]. Due to
low cost and low density and presence of calcium carbonate for enhancing hardness
of a composite, chicken eggshell in carbonised powder form is selected as primary
reinforcement in this study.

SiC was selected as the secondary reinforcing material due to its high strength,
low density, wear resistance, high temperature strength and good wettability property.
Several researchers have discovered that using SiC as reinforcement improves the
mechanical properties of a composite such as high tensile strength and hardness [35].
SiC is used in several applications such as semiconductors processing equipments,
fixed and moving turbine components, ball valve parts, heat exchangers, bearings,
and pump vanes.

The reinforcing compositions (SiC and carbonised eggshell) were chosen based
on the previous study results [36, 37]. In AA2024 matrix material, the total percentage
of both reinforcements ranges from 3 to 12 wt% in three-step increments, i.e. (3, 6, 9,
12) in AA2024. A composite’s mechanical and physical properties cannot be further
improved or altered if the reinforcing content exceeds 12 wt% [16].

The stir casting method was to produce AA2024/SiC/carbonised ES hybrid green
MMC utilised in this investigation as the process of using stirrer with graphite crucible
was found to be much more economical with less cost and easy availability. The
parameters of this process were 11A (current), 170 s (time) and 650 °C (temperature
of pouring of molten matrix) extruded on UTM machine at 65 MPa in order to remove
porosity [34]. The matrix material was heated in a muffle furnace while maintaining
a high liquid temperature in order to obtain it in molten form. ES was sun dried
and carbonised and was about to be preheated at 500 °C to reduce the wettability
issues. The molten AA2024 alloy at 700 °C was poured in graphite crucible. The
preheated SiC and carbonised powdered ES particles were added in graphite crucible
containing liquid AA2024. The mixture was stirred and mixed thoroughly using stir
casting. The argon gas was added in a mixture to ensure uniform distribution and to
remove porosity. To reduce porosity, the melt was placed into a cast iron chamber
and pressure was exerted by the UTM machine. The mixture was consolidated, and
the samples were removed from the crucible using the machining process.
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3 Results and Discussion

3.1 Microstructure Characterisation

3.1.1 SEM Analysis

In the microstructure, pictures of these composites were obtained using a scanning
electron microscope (SEM) at (3, 6, 9, 12%), respectively. The SEM analysis is been
carried out at Inter-University Accelerator Centre (IUAC), New Delhi. The result of
the microstructural analysis of MMCs has been demonstrated in Figs. 1 and 2 at 400X
and 1000X magnification, respectively. The black patches represent agglomeration,
whereas the white spots represent the existence of eggshell powder.

Fig. 1 SEM micrograph of developed composite at 400X: a SEM micrograph for 3% reinforce-
ment; b SEM micrograph for 6% reinforcement; ¢ SEM micrograph for 9% reinforcement; d SEM
micrograph for 12% reinforcement
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@

Fig. 2 SEM micrograph of developed composite at 1000X: a SEM micrograph for 3% reinforce-
ment; b SEM micrograph for 6% reinforcement; ¢ SEM micrograph for 9% reinforcement; d SEM
micrograph for 12% reinforcement

The findings demonstrate that eggshell and silicon carbide reinforcements are
distributed uniformly and equally in the AA2024 aluminium metal matrix at percent-
ages of 3 and 6, respectively. Additionally, there was no egg particle aggregation,
which supports the wettability of eggshell as reinforcement with aluminium metal
matrix.

The strong interfacial bonding is also being observed at lower percentages of
reinforcement. But on increasing the wt% of reinforcement particles beyond 6%,
clustering and agglomeration of ES particulates are being observed along with pores
and cracks.
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3.1.2 X-ray Diffraction Analysis

The XRD analysis is also been carried out at Inter-University Accelerator Centre
(IUAC), New Delhi to get the graph pattern at (3, 6, 9, 12%), respectively. The graph
depicts the composition of ES powder, AA2024 and SiC. The greatest peaks in Fig. 3
represent the AA2024 proportion, which is highest, whereas the small peaks indicate
the presence of ES powder and other elements. Figure 3 depicts the peak details for all
samples. Small peaks represent the elements in the composition in lower percentages.
The existence of little peaks in all of the diagrams below demonstrates the decent
wettability of ES powder with aluminium AA2024 base metal, while many little
peaks certify the non-appearance of agglomeration of ES powder in matrix.
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Fig. 3 XRD of developed composite: a XRD for 3% reinforcement; b XRD for 6% reinforcement;
¢ XRD for 9% reinforcement; d XRD for 12% reinforcement
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4 Conclusion

From this study, the microstructure characterisation is successfully been analysed
for AA2024 hybrid green MMCs using carbonised ES and SiC as reinforcements
fabricated by the technique of stir casting by SEM and XRD. The results revealed
that—

1. The ES and SiC reinforcements were uniformly distributed in AA2024 matrix.

2. Strong bonding and uniform distribution in reinforcement particles have been
observed more at 3 and 6%, respectively, that indicated good wettability of
eggshell as reinforcement.

3. The clustering and agglomeration of ES particulate along with pores and cracks
were being observed on increasing the wt% of reinforcement particles beyond
6%, respectively.

4. The X-ray and SEM diffraction images demonstrate the white spots of eggshell
(ES) powder, indicating that as porosity increases as the vol.% of ES powder
increases in the composite.
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Passive Thermal Management of a PV )
Module Using Fins of Various L
Geometries: A Numerical Study

Vipul Kumar, Vibhor Kumar Gupta, Shwetanshu Goel, and Akhilesh Arora

Abstract The working temperature of a photovoltaic (PV) module is an essential
attribute that influences both its power output and lifespan. Some of the working
challenges encountered after the installation of solar PV modules in regions with
high solar irradiance include the reduction in electrical output efficiency due to the
rise in the surface temperature. Adding fins to the rear side of a PV module is one
of the passive cooling solutions for lowering operating temperatures. In this paper,
the working temperature of a monocrystalline silicon PV module with an air-cooled
heat sink was studied numerically. The heat sink, in the form of pin fins, rectangular
fins, and rectangular fins with single step change (RFSSC), was made of copper,
because of its high thermal conductivity and attached to the bottom face of the PV
module. The conversion efficiency and cell temperature have been investigated for
these three configurations of fin geometry for varying flux conditions. The cooling
effectiveness was established by comparing numerically computed 3D models of
the module to investigate the influence of operating temperatures over the module’s
performance. It was observed that adding RFSSC to the PV module resulted in
maximum improvement in the power output to the tune of 20.85% owing to the
reduction in average operating temperature by 28 °C.
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1 Introduction

A photovoltaic (PV) solar cell is a technology that directly creates electricity from
solar energy with unlimited potential, quiet operation, and very little upkeep. PV cells
are a type of photo-electric cell whose electrical characteristics such as resistance,
voltage, or current vary when the cell is introduced to light. PV cells may be grouped
as modules to form solar panels. PV systems have applications ranging from small
rooftops mounted systems of tens of kilowatts to large-scale power plants [1].

The conversion efficiency of the PV module is 6-20%, depending on the PV cell
type, ambient temperature, wind speed, solar radiation, and installation orientation
[1, 2], with the remaining incident solar radiation being converted to heat and raising
the PV module’s temperature. The relation of operating temperature of PV cells with
power output has been a domain of much interest. Various studies have demonstrated
that efficiency decreases when operating temperature rises [1-3], with an inverse
linear relationship between the two [4]. This happens as a considerable drop in
Ve (open-circuit voltage) overcomes a slight increase in /. (short-circuit current)
[5]. This results in a decreased conversion efficiency in the range of 0.4-0.5%/°C
[6, 7]. Without any cooling, the PV temperatures can even elevate to 80 °C [§]
and the resulting thermal stress causes irreversible damages such as micro-cracks,
delamination, and deformation to the PV cells [9]. Studies have been conducted
keeping these constraints in mind to study the performance of PV systems with
various proposed solutions for better heat dissipation.

Numerous PV cooling solutions systems have been proposed in the past. Some
of the most commonly used active and passive solutions include phase change mate-
rials (PCM), natural, and forced convection using heat sinks, photovoltaic/thermal
system (PV/T), floating cooling system (FCC), thermoelectric system, hydraulic
techniques involving immersion, spraying, forced flow over surfaces, and photonic
crystal cooling and heat pipes among others [10-13]. However, the quantitative work
for the thermal performance improvement using these solutions has been scarce.

An active cooling system requires water to run continually and thus more pumping
energy is necessary. Liquid immersion cooling, spraying, and forced water circulation
are some examples of an active cooling system [14]. Using the immersion cooling
technology, photovoltaic modules can be installed underwater. Water absorbs heat
from PV panels, resulting in high-efficiency improvements. According to Mehrotra
et al. [15] this type of cooling method is not ideal for solar systems of floating
type despite its low impact on the environment and significant potential to reduce
temperature. Krauter [16] circulated water in holes drilled into PV’s surface with
the help of a pump. The PV cell’s surface was cooled and overcame the effects of
drift and dust on the cell’s efficiency and eventually improved the cell’s electrical
efficiency by 9%. However, the resulting increased maintenance and cost and the
low value of the net-power gain, considering the power losses of a circulation pump
and the PV power gain, remains a nagging issue.

A passive cooling method for PV modules and balancing systems involves
utilizing air instead of mechanical procedures. The most used cooling method is
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arguably natural convection because of its simplicity, requirement of no additional
working parts, and cost effectiveness. Convection transports heat away from PV
panels [14]. In an experimental study by Elbreki et al. [17] fins were used for
cooling PV panels. The highest performance was observed with passive cooling
employing lapping fins, with an average temperature of 24.6 °C lower than the refer-
ence PV module. Another research by Popovici proposed a computational method
for lowering the temperature of solar panels utilizing air-cooled heat sinks. Simu-
lations showed that the temperature is reduced by at least 10 °C compared to the
baseline situation [18]. Setyohandoko investigated the performance of PV panels
with aluminum fins under various heat fluxes using a computer model. As a result,
an average temperature drops of 13.1 °C was obtained, as well as an increase in PV
module efficiency of 0.8% [19]. Pin fins were employed to increase the performance
of PV panels in theoretical research conducted by Sedaghat et al. [20]. Based on
an analytical model, concluding this passive cooling method as effective, with the
panel’s yearly mean temperature of surface dropping by 2.3-7.8 °C.

2 Methodology

The PV module consisted of four layers for the simulations, i.e., glass, EVA, PVC,
and PVF. The physical properties and dimensions of each of these layers can be seen
in Table 1. The heat sink made of copper is considered to be a thin plate with the
copper fins implanted on it, and further, this plate is fixed at the bottom face of the PV
module to assist in heat dissipation and improve the module’s performance (Fig. 1).

Table 1 Layer properties of photovoltaic (PV) panel

Layer Thickness (mm) | Thermal conductivity | Density (kg/m>) | Specific heat capacity
(W/m K) J/kg K)

Glass 32 0.7 2450 790

EVA 5 0.311 960 2090

PVecell | 2 130 2330 677

PVF 3 0.15 1200 1250

3D modeling of

3D modeling of PV
it I]:\IIII.I.| DY _b variou

Feometnes

—»

fin

—’ Meshing ]

v

Defining

Caleulations ‘— Result Iterations ‘-—- Boundary

Conditions

Fig. 1 Methodology flowchart
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For the numerical experimentation, three types of heat sink geometries were
considered to study the effect of various geometry of fins over the operating temper-
atures of the photovoltaic module. The geometries considered were as follows
(Fig. 2):

e Rectangular fins
e Rectangular fins with single step change (RFSSC)
¢ Pin fins

The heat sink in the form of fin geometries and the PV module was modeled using
the design modeler and then was imported in the fluent flow module. The dimensions
of the fins can be seen in Table 2. After modeling the heat sink and the PV module,
a fluid domain of a width of 100 mm was formed around the fins’ surface.

Meshing was done with varying refinement for the heat sink, the photovoltaic
module, and the fluid domain. For the module and the heat sink, the mesh cell size
considered was of size 5 mm and that for the fluid domain was taken to be 10 mm.

The module’s thermal and fluid flow analysis was performed by considering a
steady-state condition for the control volume. The solar irradiation on the photo-
voltaic module was applied in heat flux inputs in the range of 800—1000 W/m?.

Table 2 Dimensions of fins

Specifications Size (mm)
Fin height 10
Fin length 500
Fin thickness 2
Heat sink base length 500
Heat sink base width 500
Heat sink base thickness 1




Passive Thermal Management of a PV Module Using Fins of Various ... 27

These heat fluxes were applied generally on the upper face of the glass layer of
the module. For the ambient conditions, the temperature was taken as 35 °C. The
inlet velocity through the fluid domain was considered to be 5.4 km/h, and the related
Reynolds number was found to be 13,100 [21], which was acquired from the equation
given below,

Re=pVLu

A turbulent flow regime was considered for the above Reynolds number. For the
airflow inside the fluid domain, a re-normalization k-¢ turbulence model was applied
[2] and the turbulence intensity considered was 4.8% which was found using the
equation

I=0.16-Re '8

3 Results

The results of the simulations are depicted as temperature distribution contours for
various fin geometries and different heat fluxes.

e Figure 3 represents the temp. distribution for the PV panel without the use of fins.
The average temperatures in this case reached 83 °C, 77 °C, and 72 °C for heat
fluxes of 1000 W/m?, 900 W/m?, and 800 W/m?, respectively.

e Figure 4 represents the temperature distribution for the PV panel when rectangular
fins are used as heat sinks. In this case, the average temperatures were reduced to
64 °C, 61 °C, and 57 °C for heat fluxes of 1000 W/m?2, 900 W/m?2, and 800 W/
m?, respectively.

e Figure 5 represents the temperature distribution for the PV panel when double
layered rectangular fins are used as heat sinks. In this case, the average temper-
atures were reduced to 55 °C, 53 °C, and 49 °C for heat fluxes of 1000 W/m?2,
900 W/m?, and 800 W/m?, respectively.

e Figure 6 represents the temp. distribution for the PV panel when pin fins are used
as heat sinks. In this case, the average temperatures were 79 °C, 73 °C, and 69 °C
for heat fluxes of 1000 W/m?, 900 W/m?, and 800 W/m?, respectively.

The values of average temperatures when fins are used as heat sinks show an
improvement in the thermal performance in contrast to that of the PV panel without
any fins (Figs. 7 and 8 and Table 3).

The maximum decrease in temperature was 28 °C between that of module without
fins and when RFSSC fins were used (Fig. 9).

The efficiency of a photovoltaic module, as given by Dubey et al. [2], in the form
of a linear expression for the photovoltaic electrical efficiency is given as below:
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Fig. 7 Temp. contours for a PV panel with pin fins for a heat flux of 1000, 900, and 800 W/m?
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Table 3 Influence of fin geometry on PV module

Geometry Heat flux (W/m?) Ty (°C) n P (W)

Without fins 1000 83 0.114 42.358
900 77 0.118 39.825
800 72 0.121 36.662

Pin fins 1000 79 0.117 43.619
900 73 0.120 40.961
800 69 0.123 37.419

Rectangular fins 1000 64 0.126 48.350
900 61 0.128 44.367
800 57 0.130 40.446

(RFSSC) 1000 55 0.132 51.189
900 53 0.133 46.637
800 49 0.135 42.465

Ne = nTref[l - ﬂref(TC — Te)]

As evident in the graph of heat flux vs efficiency, the rise of efficiency produced
at 1000 W/m? flux of RESSC fins was 15.78% more than that of PV module without
fins (Figs. 10 and 11).

For a photovoltaic module, the max. power produced at a given heat flux, as given
by Marion [22] in the PVFORM model, is given below:

Pmp = (S/Sref) Pmp,ref[1 + V(T - Tref)]

The power output with RFSSC was 20.85% more than that of without when the
heat flux is taken to be 1000 W/m?. The results and observations of the numerical
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Fig. 9 Efficiency under
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experimentation align with the results of various studies conducted by researchers in
an effort to improve the thermal performance of PV modules. The temperature results
of our PV module without heat sink and that with rectangular fins are similar to the
studies performed by Ahmed [23] and Egab et al. [24]. Other geometries considered
by us in the numerical experimentation improve upon these results to indicate an
increase in the thermal performance of the PV module. The use of fins resulted in an
increase of area for convection. Referring to the formula,

0 = hAAT

heat transfer rate for convection is directly proportional to the exposed surface area.
Consequently, the heat transfer from the bottom layer of the solar panel was enhanced
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as compared to the solar panel without any fins. This enabled the heat accumulated
due to the solar heat flux to escape to the atmosphere at a higher rate. As is evident
from the graphs, the highest decrease in temperature was found in rectangular fins
with single step change, lesser in rectangular fins, and the least in pin fins due to their
decreasing exposed surface area.

4 Future Scope

A logical continuation of this project would be the optimization of the size and design
of the fins to maximize the heat dissipation by taking a genetic algorithm approach
and then modifying this numerical study to the resultant fin dimensions. Fabrication
of a commercial-level prototype will enable the team to verify the numerical results
and make suitable adjustments, if required and also helping in studying the cost
effectiveness and structural stability of the modification made to the PV module and
convert it to a fully functional PV panel. An even further progression of this work
can be incorporation of phase change materials (PCM) inside hollow fins or the use
of other passive cooling systems such as heat pipes.

5 Conclusion

The operating temperatures of the photovoltaic module play a pivotal role in influ-
encing the conversion efficiency. This is evident from the results as the conversion
efficiency for various fin geometries increases with a decrease in the average oper-
ating temperatures of the module. Considering the results, it can be concluded that
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among the three fin geometries used in our study, the PV module that uses RESSC fins
as heat sinks has the best performance. Pin fins were the worst performing geometry
due to the lesser exposed surface area for heat dissipation compared to rectangular
and RFSSC fins. This method could be an economical solution to reduce operating
temperatures for existing PV modules.
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Abstract The demand of biocomposites has been increased in the past few years
due to their improved mechanical properties such as light weight, high strength
and thermal stability. Most of composites are not biodegradable or even recyclable
damaging the flora and fauna. Several research and modification has been done to
make biocomposites capable to stand against the conventional or synthetic compos-
ites and to increase spectrum of usability as biocomposites are non-toxic, ecofriendly
and can be recycled or decomposed under controlled environment. The present work
reports the fabrication of biocomposites from hem and hemp-linen in the form of
mat from. All the samples were prepared using hand layup technique. Fabricated
specimens will be subjected to various mechanical characterizations. It is expected
that the present class of fabricated biocomposites will be used for wide engineering
applications.

1 Introduction

The demand of biocomposites has been increased rapidly in last few years. Due to
rise in global warming and plastic waste, private and government bodies are putting
effort in development of materials that are better alternative, have all the charac-
teristics of conventional polymers and biodegradable too. Although, the modern
synthetic polymers such as carbon fiber, PLA and fiber glass are made from petro-
chemicals and other substances can be recycled using various techniques. In past
few years, it become possible to manufacture composites with natural derivatives
(natural fiber coir, hemp, linen etc.; bio matrix soy-based resin, cellulose, etc.). They
are not only biodegradable but also possess mechanical characteristics identical to
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conventional polymers [1]. Natural fibers exhibit natural acoustic and thermal insu-
lation due to specific built-in properties such as low density, typical cellular structure
and resistance against water absorption. These days, bioplastics are being used to do
the production of structural and non-structural components in construction industry,
automobile industry, etc. While the manufacturing of biocomposites, the natural
reinforced fibers in the form of matt or in random order are soaked with bioresin
uniformly layer by layer, and this process is repeated until desired dimension is
achieved. The nature of polymer matrix can be thermoplastic (e.g., lignin, teflon)
or thermosetting (epoxy, silicones), and for fiber reinforcement, there are variety of
material available such as, hemp, coir, linen and bamboo. Natural fibers not only
have significant loading bearing capacity but also can be processed at quite low cost
as compare to synthetic fibers [1, 2]. The cultivation of some of the natural fibers
such as hemp contributes in lowering down the emission of greenhouse gases as
specifically hemp is a wild plant which can grow in climate and helps in maintaining
the natural elements of soil irrespective of how many times the crop is grown on
same land. Natural fibers are reinforced with polymer matrix to develop the poly-
meric composite materials. Developed composite showed the better properties as
compared to single polymer and fiber [3].

This study is conducted to examine the characteristics of natural fiber-reinforced
composites prepared from hemp-linen and hemp in the form of matt in bi-directional
structure infused with epoxy resin. No such hybrid structure (hemp-linen) as per
author’s knowledge and literature has been tested/reviewed. The aim is to study the
upshot of hybrid structure of reinforced biocomposites on its mechanical character-
istics like tensile, flexural and impact strength and fractured regions are examined
through scanning electron microscopy (SEM) [1].

2 Literature Review

Vijay Chaudhary et al. [1] had put forward the technique to infuse the natural fibers
with thermoset polymer resin to develop natural fiber-reinforced composite having
characterization potential based on tensile strength, flexural strength, etc. The motive
of this research was to do study on mechanical and morphological characterization
of prepared natural fiber (jute/hemp/flex)-reinforced composite. According to study,
the percentage change in density was minimum in hemp/epoxy-reinforced composite
that was around 6.112% and was maximum in flex/epoxy-reinforced composite about
8.089%. This variation in change in density is due to presence of interfacial voids,
where air got trap while the fusion of reinforced fiber with resin. The quality of
fabrication due to inconsistency in the fabrication process also signifies the reason
of change in density.

Prepared flax/hemp/recycled paper-reinforced biocomposites infused with modi-
fied soybean oil in the form of acrylated epoxidized soybean oil (acrylated epoxi-
dized soybean oil) using VARTM method (vacuum-assisted resin transfer method).
Both mechanical and dynamic mechanical were done for the characterization of
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constituents of reinforced composites (resin and fibers) [4]. The research was done
to develop a reinforced biocomposites for high volume applications. Studied shown
that the recycled paper-reinforced biocomposites shown high storage modulus around
5242 MPa with lowest of flax reinforced biocomposites with 2176 MPa. Due to less
viscosity of resin, there were less voids making composite ideal for high volume
construction such as automotive and housing [5].

Devireddy et al. [6] manufactured samples of banana-jute fiber infused with epoxy
resin. The fibers were chopped with an average length of 15 mm kept in three ratios of
1:1, 1:3 and 3:1 for banana-jute fiber-reinforced composite. The motive of the study
was to review the thermos-physical properties of hybrid composites. According to
study, the composite with ratio of 3:1 showed significant percentage of voids due
to low adhesion between resin and banana fiber, while other two sample performed
well due to good interface bonding between jute fiber and matrix (resin). Based
on water absorption test, the banana-fiber sample having excess fibers showed high
water absorption due to presence of significant polar hydroxide group and voids. As
the percentage of jute fiber increased in composite, water absorption decreased as
jute is bast fiber and have more percentage of lignin which is more than cellulosic
compound. The thermal conductivity of three samples is measured by guarded heat
flow meter between 30 and 120 °C. Due to the evaporation of moisture content
in fibers, the thermal conductivity found to increase. The is a significant effect on
thermal conductivity of fiber loading in the composite sample.

with high content of jute fiber showed less thermal conductivity due to very less
water absorption tendency, whereas composite with high banana-fiber percentage
showed high thermal conductivity due to water absorption tendency, i.e., the thermal
conductivity of composite with high jute fiber content showed the decrease in thermal
conductivity by 34.16% and composite with high banana-fiber content showed the
decrease in thermal conductivity by 31.13%.

According to study, as per study, the composite material with banana-jute fiber
ratio of 1:3 exhibits appreciable thermal insulation properties which makes it suitable
for building construction and automobile components reducing the dependency on
conventional material for insulation and other applications [6].

3 Materials and Fabrication Process

3.1 Fibers and Resin (Matrix)

Natural fibers like hemp and hemp-linen hybrid of 150-170/cm? of thread count
in the form of mat bi-directionally woven as shown in Fig. 1 used to manufacture
biocomposites and were supplied by Compact Buying Services, Faridabad, Haryana,
India. Epoxy resin is used as a matrix for fabrication which was sourced by Alcos
India Pvt. Ltd., Meerut, Uttar Pradesh.
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Fig.1 a Hemp-linen mat; b hemp mat

3.2 Manufacturing Technique

For the manufacturing of reinforced biocomposites, hand layup process was used as
shown in Fig. 2. The fiber content by weight used in fabrication was around 23-26%.
In case of hybrid fiber mat, the ratio of constituents was 3:2, i.e., hemp and linen. To
create a laminated sheet of composite, two iron plates were used. Firstly, the surface
preparation before initiating the fabrication process and for that a coat of silica gel/
wax was applied on the face of mold. It acts like a releasing agent or to prevent
the sticking of the surface of the mold with resin coat. After applying the coat of a
releasing agent, a coat of resin was applied which is a mixture of resin and hardener
in ratio of 2:1. The next step was to carefully place the fiber mat/chopped fiber/long
fibers according to desired properties on the coat of the resin by a roller, the fiber
sheet was covered by resin by pushing the fiber sheet into resin coat. After making the
first fiber sheet completely we, another coat of resin was applied and another layer
of fiber sheet was placed over it [7]. Until the desired thickness achieved the process
was repeated. After this, the second plate of iron coated with silica gel is placed over
the fresh site of composite, and some weight around 10-15 kg was placed uniformly
on the iron plate to make the interface bonding between fiber and resin uniformly
and to remove air bubbles got trapped while fabrication process. Another reason of
putting some amount of weight is to fill the voids that is between the fibers and made
due to incomplete bonding between fiber and resin due to viscosity of resin which
was impossible without exerting pressure. If voids were not taken into consideration,
it may lead to the failure of composite material due to break down from the section
where voids are present. After placing the second iron plate, the wet composites
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sheets were left over for 48 h to get freeze/settle according to the curing duration of
epoxy resin. To prepare the biocomposites, four sheet of hemp-linen mat and hemp
mat of 210 * 297 mm dimension were used. The quantity of resin consumed in the
fabrication of hemp-linen composite was 465 ml and for hemp composite was 620 ml.
According to curing duration of resin, it took 48 h to get the composites prepared.
The upper plate was carefully removed as shown in Figs. 3 and 4 and the composites
were taken out. The irregular edges were trimmed out by a cutter and excess silica
gel was cleared off by tissue paper. After preparing the reinforced composite sheet,
they got cut into pieces according to ASTM dimension standards, i.e., ASTM D3039
for tensile testing and ASTM D 790 for flexural testing shown in Figs. 5, 6 and 7.
The total number of fiber mat were four used in the preparation each hemp-linen and
hemp-reinforced biocomposite to achieve thickness of 4 mm as per ASTM standard.

Fig. 2 Schematic diagram

of hand layup technique Consolidation
Roller \
Dry Reinforcement
Fabric K
Fig. 3

Hemp-epoxy-reinforced
biocomposites
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Fig. 4 Hemp-linen hybrid and epoxy-reinforced biocomposites

\T
~

< T >

Fig. 5 L =250 mm; W = 25 mm; 7 = 4 mm (specimen dimensions according to ASTM D3039)
(for tensile testing)

N L

Fig. 6 L =127 mm; W = 13 mm; 7 = 4 mm (specimen dimensions according to ASTM D790)
(for flexural testing)

Fig. 7 Hemp-linen and hemp-reinforced biocomposites according to ASTM dimension standards
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4 Mechanical Characterization

4.1 Tensile Testing

The samples of biocomposites were prepared according to ASTM 3039 (ASTM
standard D30392008) [8] which is for to measure the force required to break polymer-
based composites. To conduct the tensile test, Banbros WDW-5 was taken in use
having speed of 5 mm/min at ITS Engineering College, Greater Noida, Uttar Pradesh
as shown in Fig. 8. While conducting test, a stress-strain curve was obtained for
hemp-linen composite and hemp composite as depicted in Fig. 9.

In Fig. 9, the result of experiment done on hemp-linen and hemp-reinforced
biocomposites by Universal Testing Machine for tensile modulus elongation before
break is depicted in detail. Fusion of various reinforced fiber mat such as hybrid of
hemp- linen hemp fiber mat in with matrix (resin) increased the tensile strength to
various extant depending on interfacial bonding between fiber and resin, strength of
fiber and percentage of voids left in composite after curing.

According to experiment result, the hemp-linen-reinforced biocomposite
performed well with 53.6 kN of tensile strength while hemp-reinforced biocompos-
ites exhibited 48.00 kN of tensile strength while testing as depicted in Fig. 10. The
developed composites performed well as compared to neat epoxy biocomposites that
have tensile strength between 35 and 50 kN depending upon the polymer structure and
other parameters like thermal stability, curing time, etc. There are a variety of reasons
for the influence of the properties of composites such as good interfacial adhesion
between fiber reinforcement and polymer matrix, selection of manufacturing process,

(a) Hemp-linen/epoxy reinforced biocomposites  (b) Hemp-epoxy biocomposites under tensile
under tensile strength testing strength testing

Fig. 8 Tensile strength test of a hemp-linen/epoxy composite b hemp-epoxy biocomposites
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Fig. 9 Stress versus strain curve diagram obtained during tensile test a hemp-linen b hemp-
reinforced composites
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Fig. 10 Tensile strength of composites (neat epoxy, hemp-linen, hemp-epoxy)

percentage of reinforcement and matrix etc. Tensile test helps to determine the various
properties such as ductility and brittleness while elongation before getting break. The
hemp-linen-reinforced biocomposites showed the maximum percentage elongation
of 41.5% while hemp-resin infused biocomposites exhibited 34.6% of elongation at
max load which depicts the ductility and brittleness of materials.

Tensile strength in case of hybrid composite (hemp-linen) is affected by several
factors such as different surface properties of fibers present in the reinforced woven
mat, i.e., interaction of fiber surface with matrix and due to direction or orientation
of the applied resin while preparation of composites, the nature of composite to
respond according to the load varies at different point in composites due to the
direction of lamination in while fabrication. In case of single fiber composite, the
tensile strength depends on various factors such as, woven pattern, fiber diameter,
interfacial interaction between fiber and matrix and percentage of voids cured/left
while fabrication process.

5 Flexural Test

The three-point bending test was performed on Instron Universal Testing Machine
to calculate the various flexural properties of different biocomposites as depicted in
Figs. 11 and 12. Flexural strength of the developed biocomposites showed a good
enhancement because of expected interfacial adhesion between fiber and resin in
hemp-linen and hemp-epoxy biocomposites as depicted in Fig. 13. Hybrid reinforced
biocomposite of hemp-linen withstand the maximum load of 169.1 kN which was
more then expected while on the other hand composite of hemp fiber reinforced in
resin withstand the maximum load of 34.8 kN which is also more then expectation
as hemp fiber exhibits less tensile strength compared to linen fiber [9].
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There are certain parameters which directly influence the properties of composites
such as different reinforced woven fiber mats (unidirectional, bidirectional, chopped),
surface properties of fiber reinforcement etc. Which also affects the interfacial
adhesion between fiber and matrix.

(b)

Fig. 11 Three-point bending test of a hemp-linen/epoxy-reinforced composite and b hemp/epoxy-
reinforced biocomposites

Fig. 12 Effect of bending force in a hemp-resin reinforced biocomposite b hemp/line-resin
reinforced biocomposite
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Fig. 13 Load versus extension curve while flexural test: a hemp-linen/epoxy b hemp/epoxy
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6 Interface Observation

To study the interface behavior against fracture happened while performing tensile
test and flexural test, scanning electron microscopy was used as shown in Figs. 14
and 15. Firstly, the samples went through gold plating with the help of vacuum
gold plating apparatus to create a conductive surface for electrons in SEM. As the
gold plating was done, multiple photographs were taken of both hemp-linen hybrid
biocomposite and hemp biocomposites to study the influence of tensile test and
flexural test which led to various categories of failure as a result causing fiber rupture,
bond breakage between fiber matrix due to pulling effect and bending. SEM also helps
to pin out the basic reasons responsible for the failure of a biocomposites such as
uniformity of matrix throughout the composite, percentage of voids and distortion in
fiber orientation while fabrication process. These factors act as keywords to study the
structure of biocomposites after going through certain type of testing at microscale
level. The quality of bonding between fiber and matrix (resin) primarily depends on
the texture of fiber doesn’t matter whether it is natural fiber or synthetic [1] (Fig. 16).

The diameter of threads in fiber mat affects the surface property in good or bad
way. If the diameter of thread is less then the degree of adhesion/bonding between
fiber and matrix will be good as the percentage of voids will be less. if the dimeter of
thread in a fiber mat is more then there will be significant number of voids which will
lead to improper bonding between fiber and matrix ending with underperformance
of composite. The uniformity of bonding between fiber and matrix also usually gets
hampered by the properties of matrix (resin) such as viscosity and stability used while
preparation. If the viscosity of resin is high, then the chances of generation of voids are
higher as due to high surface tension and phenomenon of capillary repulsion which
results in formation of voids or vacuum space between the crosslinks of thread in
mat weakening the inconsistent adhesion between matrix and fiber. There is another
reason which if it is ignored can affect the performance of composite and might

Types of composites

180
160

140

—

120

100

Flexural strength (KN)

hemp-linen/epoxy hemp-epoxy

Fig. 14 Flexural strength of hemp-linen/epoxy biocomposite and hemp-epoxy biocomposite
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Fig. 15 Ruptured surface of hemp/linin/epoxy (a—c) and hemp/epoxy composites after going
through tensile testing (d—f)

not be able to withstand the expected load that is impurity. If certain amount of oil,
gel or wax is present on the fiber, it can influence the adhesion between the matrix
(resin) and natural fiber mat. This generally happens while fabrication doing surface
preparation which is very first step before putting a layer of resin and fiber in mat or
any other form. When natural fiber or resin solution encounters with hands or tools
contaminated with oil or wax, the chances of inconsistent bonding between fiber and
resin become prominent [1, 7].

To calculate the maximum flex limit of biocomposites, flexural test was performed
using three-point bending test under gradual loading with speed of 5 mm/min and as
similar to tensile strength testing, there are certain factors here too such as surface
and mechanical characteristics, woven orientation, presence of any sort of contam-
ination, etc., can influenced the performance of biocomposites sample while going



48 A. Upadhyay et al.

Fig. 16 Ruptured surface of hemp/linen/epoxy and hemp/epoxy after going through flexural test

through testing leading to distortion in matrix and fiber interface, fiber breaking,
breakdown of composite into its constituent layers and breaking of matrix into small
fragments or edgy chips. According to test result and photographs recovered from
SEM, it was noticed that hemp/linen/epoxy-reinforced biocomposites performed
while withstanding against max load of 169.1 kN with minimum layer breakdown
and fiber breakage. hemp/epoxy-reinforced biocomposite was able to cope 34.8 kN of
load before showing significant fiber breakage and layer breakdown. Through result
it was clear that the surface properties play an important role to judge the strength of
a composite. Natural composites with high thread diameter tends to fail early while
testing as the percentage of voids hampers the adhesion between fiber and matrix.
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Increasing the thread count and decreasing the dimeter of thread, adhesion between
fiber and matrix can be increased significantly.

7 Conclusion

To conduct this study, sample of hemp/epoxy biocomposite and hybrid biocomposite
of hemp/linen/epoxy was prepared using hand layup technique to conduct the testing
of various mechanical properties and to study the impact of certain types of tests on
microstructure of biocomposite using SEM.

The points which can be concluded in this study are:

1. According to experimental results, it is clear that the strength of biocomposites
can be enhanced by using hybrid structure of reinforced fibers, i.e., by doing
doping of fibers of different characteristics. Hybrid structure of hemp/linen was
used to enhance both strength and flexibility. As a result, hemp/linen/epoxy
biocomposites was able to take ultimate tensile load of 53.6 kN and flexural
load of 169.1 kN.

2. Hemp/epoxy biocomposites didn’t performed well, with 34.8 kN flexural load
and 48 kN of tensile load. There are multiple reasons behind the poor performance
such as insufficient adhesion between matrix and fiber due to vacuum space/voids
present in interface between matrix and fibers.

3. By increasing the thread count and decreasing the thread diameter, both flexural
and tensile strength can be enhanced.

4. Through SEM, the impact of tensile and flexural loading on microstructure of
biocomposites is depicted clearly.
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Al 6063 Hybrid Metal Matrix Reinforced | m)
Composites with TiC Nanoparticles L
and NEEM Leaf Ash Using Stir Casting
Method for Bicycle Frame

Umesh Kumar Vates, Nirav Khattar, Rohit Kumar, Ansh Bhardwaj,
Bhupendra Prakash Sharma, Nand Jee Kanu, Eva Gupta,
Gyanendra Kumar Singh, and Sivaraos Subramanian

Abstract Aluminium metal matrix composites (AMMCs) are the trustful materials
for marine, aerospace, defence, advanced structural, aviation applications and also
in automobile vehicles due to its favourable properties. The hybrid metal matrix
composites are manufactured using stir casting process, which is the simplest and
most convenient form of manufacturing a material. In this present research work,
aluminium alloy 6063 has been bolstered with TiC and neem leaf ash. Seven samples
have been fabricated sample 1 (Al 6063 hundred%), sample 2 (Al 6063 ninety-five%
+ TiC 4% + neem ash 1%), sample 3 (Al 6063 ninety-six and half % + TiC 2% +
neem leaf ash 1.5%), sample 4 (Al 6063 ninety-three and half % + TiC 6% + neem
leaf ash half%), sample 5 (Al 6063 ninety-seven and half % + TiC 2% + neem leaf
ash half %), sample 6 (Al 6063 ninety-five and half % + TiC 4% + neem leaf ash
half %) and sample 7 (Al 6063 ninety-three% + TiC 6% + neem leaf ash 1%). After
manufacturing these samples, the hardness test, strength and fatigue test have been
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conducted. Optimal combination of TiC and neem leaf ash particles in the Al matrix
is improving mechanical properties as per the desire for bicycle frame.

Keywords Aluminium 6063 grade * TiC nanoparticles - Neem leaf ash - Stir
casting process * Aluminium metal matrix composite + Wear properties

1 Introduction

Aluminium metal matric composites are the most widely used in automotive compo-
nents to increase their strength. MMCs are the toughened material also which do
not lose their parent properties at various environmental condition. Process methods
to make aluminium composites are the critical factors to change the mechanical,
physical and metallurgical properties of MMCs [1-3]. It possesses high strength to
weight ratio for wider applications even in bicycle frame application. MMCs are
being reinforced with various nanofillers to further improve the specific properties.
Properties of composites are mainly concern on the properties of their constituent
materials, their distribution in the matrix and the interaction among them. Metal
matrix composites (MMCs) generally offer higher specific strength, higher stiff-
ness and better wear resistance resulting in increasing use in the aerospace, auto-
motive and biomedical industries [4—6]. Popular reinforcement materials for these
composites are silicon carbide, silicon nitride, boron carbide, alumina particles, with
aluminium, titanium and magnesium being the most common matrix materials [7—
10]. The aluminium-based composite materials having ceramic reinforcements are
found to reveal improved quality, specific strength, higher temperature properties,
higher wear resistance and lower thermal expansion coefficient with better corro-
sion resistance in comparison with their base alloy matrixes [11-13]. At present,
more research consideration is being directed towards identifying hybrid composites
having more than one reinforcing component.

2 Experimentations

In present work, hybrid reinforcements like TiC and neem leaf ash have been explored
to improve the aluminium metal matric composite. Figure 1 represents that A16063
aluminium alloys strips for matrix were arranged for the experimental purpose and
neem leaf were burned and ash prepared. Neem ash was also ground for the hybrid
reinforcement.

In this study, aluminium have been taken as a matrix, and TiC is primary rein-
forcement particle. TiC is one of the best reinforcements in making composite with
aluminium which has already been proved by many researchers. Neem leaf is being
used as hybrid reinforcements [14—16].



Al 6063 Hybrid Metal Matrix Reinforced Composites with TiC ... 53

———— --L._ —

A16063 Strips (a) Neem leaf (b)

Fig. 1 Al 6063 matrix and neem leaf

Stir Casting (a) Boll milling Chamber (b)

Fig. 2 Stir casting setup

Figure 2a is the stir casting setup to perform the stir casting process to make the
metal matrix composite at various conditions as the design of experiments. Figure 2b
is the ball milling setup it being used to mixing of the reinforcements like TiC and
neem ash at different ratios. Both the reinforcements were taken at various weight
ratio and mixed at various speed and total span of time as per the design of experiments
[17-20].

Itis evident that the reinforcement quantities of TiC and neem leaf were calculated
in weightratio in milligram and performed the weighting process as Fig. 3a. Figure 3b
is the preheating chamber to remove the moisture contents in the reinforcements.
Preheat processes were generally performed for 30 min and at 250 °C, and it was
constant for every samples. Moisture contents and foreign particles were generally
removed from the mixed reinforced particles [21-23]. Figure 3c is the stir casting
setup which are having the provision of for pencil heater having capacity 1 KW each.
Figure 3d is concern to live stir casting process at 1150 °C.

Figure 4a is the live demonstration of molten material in crucible and it is pouring
in designed die to make the desire shaped specimen as shown in Fig. 4b. Generally,
it is heated as per the designed temperature limit and after successfully pouring it
may be allowed sufficient time for proper solidifications with constant cooling rate
[24-26].
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Starting the casting (c) Stir (d)

Fig. 3 Weighing and stir casting

Adjusting Die (a) Pouring in Die (b)

Fig. 4 Pouring of molten materials in die

3 Result and Discussion

Experiments were conducted using specific components for each sample and passed
through stir casting process.

Stir casting process parameters were also selected critically depending on the
literature. Conducted process with their responses were given in Table 1.
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Hardness test (a) Travelling microscope for hardness test (b)

Fig. 5 Conducting hardness test

Figure 5a indicates about hardness test of produced samples. It has provision to
apply pressure and produced indentation on the test sample under the given condi-
tions [27-30]. Depending on the available hardness of sample, indentation diame-
ters generally appear on the surface [31-37]. This indentation diameters are being
measured with help of travelling microscope as shown in Fig. 5b.

The universal testing machine where tensile and compressive strength test is being
conducted for all the specimen is shown in Fig. 6.

Figure 7 is the live demonstration of fatigue test which have been conducted for
all the samples. Round per minutes were recorded for each sample where it was got
failure. Test was conducted on the available setup where provision available to hold
the sample at one end of motor and supporting end. RPM was recorded at the failure
points.

Figures 8,9 and 10 are the scanning electron microscopy test results for the optimal
sample at various magnification stages. It is directly indicating the homogeneous
distribution of the reinforcement and its hybrid reinforcements in the composite.
Sometimes the white spots are the carbide formed due to rapid cooling rate which are
the very hard structures. Gold sputtering was made on the optimal sample as shown
in Fig. 13. It helps to fill the peak and bellies appeared on the test sample surface.
Gold sputtering is also done because there are some non-conducting reinforcements
added in it. Figure 11 indicates the percentage distribution of the elements inside the
test sample. Figure 12 and Table 2 are concern to the macrograph of test sample and
its percentage distributions with atomic weight.

Figures 14, 15 and 16 have been plotted between critical stir casting process
parameters, material properties and responses like harness, compressive strength
and fatigue strength. It is evident from Fig. 14 that hardness is increasing with
low value of stir temperature, high stir time, low Al percentage, high percentage
of TiC combination and moderate value of neem ash to revile the high hardness.
Similarly, in Fig. 15, it is indicated that compressive strength may be increased with
low value of stir temperature, high stir time, low Al percentage, high percentage of
TiC combination and moderate value of neem ash. Also in Fig. 16, fatigue strength
are increasing with low value of stir temperature, high stir time, low Al percentage,
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Fig. 6 Conducting tensile strength test on UTM

Fatigue test setup (a) Sample for fatigue test (b)

Fig. 7 Conducting tensile strength test
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Fig. 9 Scanning electron microscopy 2
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Fig. 10 Scanning electron microscopy 3



Al 6063 Hybrid Metal Matrix Reinforced Composites with TiC ... 59

(] 2 - a L -] "2 14 1L 18 2
ul Scam 0437 ctea Cursar 0 00D LA

Fig. 11 EDX micrograph for the sample for optimal result
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Fig. 12 SEM image for the sample giving optimal result

Fig. 13 Gold sputtering on optimal composite sample
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Table 2 Composition in the

Element Weight% Atomic%
test sample

CK 23.55 42.16
OK 6.55 8.80
AlK 60.21 47.98
TiK 0.03 0.01
AuM 9.67 1.06
Totals 100.00

Main Effects Plot for Hardness (BHN)
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Fig. 14 Main effect plots on stir casting parameters versus hardness (BHN)

high percentage of TiC combination and moderate value of neem ash. In Fig. 17, all
the above relations are also represented in terms of surface plot.
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Fig. 15 Main effect plots on stir casting parameters versus comp. strength (KN)
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Fig. 16 Main effect plots on stir casting parameters versus fatigue (RPM)
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Fig. 17 Surface plots on stir casting parameters versus selected responses

4 Conclusion

It has been observed that bicycle frame generally get failure due to fatigue loading
condition and road jerks. In this work, it was depicted that higher the TiC amount
reinforcement makes sample higher compressive strength, high hardness and lower
chances to fatigue failure. Similarly higher the neem ash amount plays an impor-
tant role in increasing the mechanical properties as required for bicycle frame. It is
suggested that high amount of TiC nanocomposite with neem leaf ash will be more
suitable composite materials for bicycle frame applications.
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Microwave Sintering of Aluminum m
Composite e

Vishal Naranje ©, Sachin Salunkhe, Vinod Kumar Shukla,
and Purushottam Sharmad

Abstract Microwave heating has a long history in the industry, most notably in
the food processing industry. Furthermore, it is used in the processing of organic
and inorganic materials. This technology is increasingly being used in the manu-
facture of sintered composite materials. In this paper, the properties of aluminum
alloy powders—microwave sintering at a temperature of 5500 C (Al-SiC-B4C)—
are investigated. The influence of various Al, SiC, and B4C compositions’ mechanical
and physical properties are also investigated. It is observed that as apparent density
increases, the tendency to shrink during sintering appears to decrease. Boron carbide
has a greater tap density (93%) than silicon carbide (90%), which is greater than the
tap density of aluminum. The microhardness of the metal matrix composite increased
linearly with increasing boron carbide content.

Keywords Microwave sintering - Al composite + Tap density - Microhardness
first section

1 Introduction

Due to the high microwave susceptibility of water molecules in food, microwave
heating is the most common method of heating food. A growing number of mate-
rials—including plastics, ceramics, metals, minerals, and various chemicals—are
being heated using microwaves. Other potential uses for microwave heating include
remediating contaminated soil and repurposing various waste materials. The growing
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body of literature on the microwave processing of various materials, on the other
hand, shows that microwave processing has recently gained increasing attention.
The process is sped up by volumetric and rapid processing. Unlike other methods,
this can process a wide range of materials, including novel materials that cannot be
processed conventionally. As an added benefit, microwave heating can improve the
properties of materials that have already been processed. Reinforcement materials
such as SiC and B4C are the most commonly used in Al alloys. Due to its high metal-
lurgical and hardness properties, it is also becoming more popular for reinforcing
purposes. Aluminum composites have been the subject of several studies in recent
years. Physical and mechanical properties of Al/B4C composites with a reinforce-
ment content of 5 and 10% were studied by Yusof et al. [1]. Aluminum alloys and
silicon carbide particles reinforced with solid lubricants were studied by Asif et al.
[2] for their tribological properties. The mechanical properties of three distinct Al
composites (A1 6061, Al 6063, and Al 7072) reinforced with silicon carbide particu-
lates were examined by Reddy and Zitoun [3]. B4Cp/2024 Al composite morphology
and microstructure were studied by Nie et al. [4]. The mechanical properties of an
aluminum composite reinforced with silicon carbide and boron carbide particles were
studied by Bodukuri et al. [5]. Aluminum alloy composites reinforced with B4Cp
and SiCp particles were studied by Ceren [6] to determine the effect of Zr on the
microstructure as well as the wear properties. Carbon-containing Al-SiC(n) hybrid
composites were studied by Hekner et al. [7] for their tribological properties. Several
researchers in aluminum matrix composites have studied copper additives. The most
common sintering methods in powder metallurgy are microwave sintering and spark
plasma sintering (SPS) (Hu et al. [8] and Manohar et al. [9]). To avoid the formation of
intermetallic compounds, quick and low-temperature sintering times and processing
conditions are used in these mechanisms (Viala et al. [10] and Azarniya et al. [11]).
High-temperature plasma regions are formed in the SPS process by spark discharges
between adjacent particles. Boron carbide (B4C) and silicon carbide (SiC) particles,
the most commonly used reinforcement materials in aluminum matrix composites
(AMC:s), have been discovered by numerous researchers to reinforce the matrix struc-
ture and provide high resistance, good wear resistance, and high thermal stability.
An Al composite’s microstructure and mechanical properties will be studied using
microwave sintering parameters and varying SiC and B4C content. SiC and B4C,
two commonly used reinforcing materials, have unique properties. In the author’s
information, no research has been done on the mechanical properties of microwave
sintered SiC, B4C composite. Al-SiC-B4C composite sintering mechanisms were
studied in this study. Additional work was done to determine the microstructural
analysis of various Al-SiC-B4C percentages.

2 Experimental Procedures

Figure 1 presents the procedure for experimental design with the help of flowchart.
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Fig. 1 Flow chart for experimental design

Al powder was combined with various weight fractions of SiC and B4C to make
Al composites, with the resulting chemical compositions shown in Table 1.

Using BSS pans numbered 144, 100, 120, 200, and a lid, the particle size of
aluminum powder was determined. Simultaneously, the same-sized pans were used
to characterize silicon carbide powders. A variety of BSS pans were used to examine
the properties of boron carbide powders. All of the combined powders were milled
for 2 h at a speed of 200 rpm in a planetary ball mill to achieve a homogeneous particle
distribution. This stage was completed without the use of balls. Cold compacting of
the blended powders into cylindrical pellets with a uniaxial pressure of 150 MPa
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';‘iaé)l:n}i BYgfvhittgf‘lf:mS of  Batch Al (Wt%) SIC (Wt%) B4C (Wt%)
chemical compositions A 95 5 0

B 923 5 2

C 91 5 4

D 89 5 6

E 87 5 8

Fig. 2 Sample of produced
Al composite

into billets was used. For homogeneous mixtures, a BCR of 5:1 is maintained. The
compacted cylindrical billets were sintering at 550 °C for 30 min. Similarly, the
other metal matrix composites were prepared in the same manner. This procedure is
repeated for every three compositions, and the powders’ apparent and tap densities
are determined once more.

The samples were sintered in a graphite bed without soaking time using a single-
mode microwave furnace. Figure 2 illustrates a sintered sample. Following sintering,
these rods were used for characterization experiments.

3 Result and Discussion

3.1 Microstructural Analysis

SEM was used to analyze the morphology and microstructure of advanced composites
containing a variety of reinforcements. SEM micrographs of A, B, and C composites
are shown in Fig. 3. Figure 3a—d shows typically, homogeneous distribution of B,C
reinforcements in the Al matrix; however, A composite, compared to B composite,
exhibits some porosity around the B4C reinforcement particles as shown in Fig. 4. It
appears as though the addition of Co improves the adhesion of the Al matrix to B4C
particles. SEM of an Al—20% B4C—2% Co sintered composite at 850 °C.
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Fig. 3 SEM micrographs of Al composite
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Fig. 4 Porosity of Al composite
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3.2 Densification

The tendency to shrink during sintering seems to decrease with the increase in
apparent density. The greatest increase in tap density occurs during the initial tapping
period and eventually, the tap density becomes constant as shown in Fig. 5. The tap
density of boron carbide is more than silicon carbide which is more when compared
to that of aluminum as shown in Table 2. Tap density of 90% Al 5% SiC 4% B4C
is greater than tap density of 90% Al 5% SiC 6% B4C which is greater than that of
90% Al 5% SiC 2% B4C. Green density of 90% Al 5% SiC 2% B4C is greater than
green density of 90% Al 5% SiC 4% B4C, which is greater than that of 90% Al 5%
SiC 6% B4C. Sintered density of 90% Al 5% SiC 6% B4C is greater than that of
90% Al 5% SiC 2% B4C, is greater than that of 90% Al 5% SiC 4% B4C.

Aill

Al+5%SIiC  Al+ 5%SiC+ Al+5%SiC+ Al+5%SiC+ Al+ 5%SiC+  Al+ 5%SiC+
2% B4C 4% B4C 6% B4C 8% B4C 10% B4C

94

93

92

91 1

90 -

Density kg/m?

89 -+

88

Fig. 5 Density of Al composite

Table 2 Density (green and sintered) of Al composition

S.No. Microwave sample Green density Sintered density
1 Al + 5%SiC 4.75 7.75

2 Al + 5%SiC + 2%B4C 4.76 7.76

3 Al 4 5%SiC + 4%B4C 4.76 7.717

4 Al + 5%SiC + 6%B4C 4.77 7.78

5 Al + 5%SiC + 8%B4C 4.78 7.79

6 Al 4 5%SiC + 10%B4C 4.78 8




Microwave Sintering of Aluminum Composite 73
62 1

60 -

58 1

56 -

52 1

) “__I

48 - . . . .

Al459SiC  Al+ 5%SiC+  Al+5%SiC+  Al+59%SiC+  Al+ 5%SiC+  Al+ 5%SiC+
2% B4C 4% B4C 6% B4C 8% B4C 10% B4C

Microhardness
w
r

Fig. 6 Microhardness of Al composite

3.3 Hardness

Hardness measurements are used to determine the mechanical properties of sintered
samples. Microhardness or Vickers hardness tests are used in this study. An applied
load of 250 gf and dwell of 15 s is used to measure the hardness. The recorded data
points are separated by 0.3 mm on the two orthogonal axes (X and Y axes) with a
point of intersection at (0, 0) at the center of the disk. Ninety percentage hardness
AlS percentage SiCi6 percentage B4C has a higher melting point than 90% SiCi6
percentage B4C. Al 5 percentage SiCi 54 percentage B,C has a higher melting point
than 90% AlS percentage SiCi2 percentage B4C. The hardness value decreases as
the percentage of boron carbide increases (Fig. 6).

4 Conclusion

The investigation was carried out using microwave sintering on Al-SiC-B4C
composites in this study. As a result, shrinkage during sintering has been found
to decrease as apparent density increases. The sintered density of 90% Al 5% SiC
6% B4C is higher than that of 90% Al 5% SiCi 2% B4C. The addition of B4C rein-
forcement increases the composite’s microhardness. As the percentage of B4C in
the metal matrix composite increases, the microhardness of the composite increases
significantly. Due to their high stiffness values due to SiC content, these composite
materials can be used in the industrial, defense, and aviation sectors because graphite
acts as a lubricating medium.
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Analysis of Energy-Efficient Copper )
Mining Processes Using Solar Energy: L
A Review

Prem Nath Suman, Ravindra Kannojiya, Manish Kumar Ojha,
and Anoop Kumar Shukla

Abstract The copper mineral processing sector faces challenging circumstances
due to rising demand, volatile cost of energy, declining grade ore that lead to higher
resources usage, and greater public awareness of the GHG emission. In this paper,
state of solar technology now is describe. It explains how solar thermal and solar
photovoltaic technology are used in copper mining processes to provide electricity
and heat. While solar thermal technologies can be used to provide electricity, heat, in
copper extraction PV technologies can be used to generate energy for crushing and
grinding machines and electrolysis. The research also takes a more comprehensive
look at the usable applications of these techs in the management and development of
novel sun energy in copper extraction. The researchers came to the conclusion that
integrating sun energy into copper extraction processes can be done in a number of
practical ways. The major objective of the article is to advance knowledge of sun
energy technology and its use in copper mining sector so that people can deal with
energy and environmental problems more pro-actively and strategically. In this study,
current advances in solar energy for the mining sector are discussed.

Keywords Energy efficiency * Solar technology - GHG emission + Energy
costing + Mining

1 Introduction

Copper mining processes rely heavily on renewable energy sources to extract copper
from its ore. Copper is used extensively in automobiles, computers, household appli-
ances, and consumables. High grade and low grade energy is needed in the copper
mining to extract and produce copper from its ore [1]. Energy costs are currently
high due to their widespread use in various industries. Various clients have noticed a
significant increase in CO, emissions during copper mining procedures, which is not
good for the environment, and scientists have warned that it could lead to massive
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greenhouse emissions [2]. Since a few years ago, copper production has been rising,
but the demand for energy and power has increased six times more quickly than
copper production as a result of a continuously dropping ore grade that necessitates
more energy [3]. Sun energy can be input to power extraction processes activities in
order to determine variation in energy usage caused by ore properties [4].

There are two ways to get copper out of the ground: underground mining or open
pit mining. When copper ore is not discovered near the earth’s surface, underground
mining is employed to obtain it. Copper ore is extracted through open pit mining
close to the earth’s surface [5]. However, the majority of copper is currently mined
using open pit methods. These both techniques for copper mining processes use fossil
fuels to operate. As of now most of world primary source of energy production is
fossil fuels, but our target is to replace it from solar, or we can say that copper mining
methods should incorporate solar energy [6]. As fossil fuels largely contribute in
greenhouse gas emissions, it pollutes the environment; so clean energy like solar
energy should be used to tackle the reduction of greenhouse gas emissions [7].

The two main methods for harvesting solar energy are solar thermal, which typi-
cally take the form of CSP and PV cells, which convert sun radiation directly into
electricity to produce heat [2, 5]. Most of mining areas are located in remote areas
which are far away from grid which makes mining industry to mostly relay on fossil
fuels for electricity to operate the mining [8]. As copper mining industry is located
in remote areas, we can use sunlight radiation to generate electricity, and to produce
heat in the form of solar energy, this way we can replace fossil fuels with solar energy.
We find that the usage of concentrated solar power (CSP) and solar photovoltaic (PV)
significantly reduces greenhouse gas emissions [9].

Renewable energy sources have recently been thought of as a fossil fuel alterna-
tive because of the sharp rise in energy usage. Due to its clean energy, safety, and
sustainability, solar energy has been examined more recently as a potential alternative
for fossil fuels [10].

Many nations have been working on creating their own solar power generating in
recent years. Each nation has a national policy that outlines how much solar energy
will cost, how much will be demanded, how it will be integrated into the economy, and
other factors [11]. To this end, governments are taking steps to cut their greenhouse
gas emissions [12].

This paper tries to incorporate energy from sun into the copper mining sector. The
current work in this paper consists of the following:

e A review of solar technology or, more precisely, a study of solar technology
integration in copper mining processes.

¢ Examine the solar technology and resources that can be incorporated into different
copper mineral processing methods.

e Provides some insight into potential problems and studies into the usage of sun
energy in mining operations.

The summary of the processing of copper ore is given in Sect. 3 after that. The
technologies used for solar energy now are described in Sect. 4. The state of solar
resources and technologies that can be used in various copper mineral processing
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is given in Sect. 5. Section 6 discusses upcoming difficulties and research toward
incorporating solar power in the mining industry. The paper is concluded in Sect. 7.

2 Recent Trends and Method Adopted

Figure 1 shows the current trends, the approach to be taken, and the work that
needs to be done to include solar energy in copper mining. The literature review
was conducted based on the copper mining business by in-depth investigation and
thorough searching in ScienceDirect, which contains a wide variety of journals and
proceedings, as well as through the Google search engine. This essay seeks to give
the readers essential knowledge in easy-to-follow instructions. After highlighting
the issues facing the copper mining sector, particularly those pertaining to energy,
we included the major trends and difficulties affecting the mining sector and stoking
interest in the use of solar energy in mining operations.

Understanding sun energy and how it can asset in the mining sector requires under-
standing of both copper extraction and sun energy technology [13]. The study and
challenges of incorporating sun energy into the mining business were also explored.

This paper highlights how sun radiation can be applied to the mining sector using
solar energy.

COPPER MINTNG

o

EXTSTING RENEWARBLE
TBECHNOLOGIES

COPPER MINERAL
PROCESSWG

OVERVIEW CP SOLaR
RESOURCES aAND
TRECHNOLOGY

PUTURE RESEARCHAND
CHALLENGES

Fig. 1 Recent trends and method to be adopted in copper mining industry
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3 Copper Mineral Processing

Because copper ores are complicated, several mining and extraction techniques are
needed to produce pure copper, which is measured at 99.99% [ 14]. Electricity, explo-
sives, heat, hydrocarbon fuels including diesel, natural gas, coal, and fuel oil, as well
as the energy equivalent of materials consumed, are all needed for the manufacture of
copper [15]. There are two main processes used to treat copper ores: hydrometa llurgy
and pyrometallurgy [16]. In hydrometallurgy oxides ore are generally processed to
obtain Cu-minerals. It is a less expensive process. Hydrometallurgy uses aqueous
solution in simple we can say electrolysis for extraction of copper from its oxides
ores, to obtain 99.99% pure copper [17]. In pyrometallurgy sulfide ores are gener-
ally processed to obtain Cu minerals. It is just a pricey process. High temperatures
are necessary in pyrometallurgy to extract and purify copper from copper sulfide
ores, and this process typically entails the following steps: froth flotation, smelting,
converting, anode and refining and casting (electrolysis), and electro-refining. High
temperatures and extensive electricity use are needed in these processes to produce
pure copper [18].

4 Existing Renewable Technologies

In this section, information of current renewable technology can be used to produce
heat and energy.

4.1 Photovoltaic Solar

Sun cell or a photovoltaic cell is an energy harvesting technology that converts
sunlight directly into electricity with no moving parts and is operated quietly with no
emission [19]. It required little maintenance. PV modules which are commercially
available convert sunlight into energy with approximately 5-15% efficiency [20].
Majority of photovoltaic solar cells are made of silicon, which is used in materials
ranging from amorphous to poly crystalline silicon forms with increasing efficiency
and decreasing cost shown in Table 1. Unlike electric generators, solar cells use sun
energy to generate electricity without the need for fuel [21]. The PV plant that is
highlighted is the most widely used in Chile [3]. Solar photovoltaic cells may be
deployed on small, big, or both scales. Because of the size of its installations, the
copper mining sector requires large-scale applications. First-generation polycrys-
talline silicon solar cells The copper mining sector now uses solar PV technologies
[5]. Solar photovoltaic cells may be deployed on small, big, or both scales. Because
of the size of its installations, the copper mining sector requires large-scale appli-
cations. Off-the-shelf PV technology is affordable and provides a clear solution
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Ezliiicypjfrzzrllg%V cell [5] Different solar PV cell Percentage (%)

Polycrystalline cell 15-18

Monocrystalline cell 16.5-19
Polycrystalline PERC cell 17-19.5
Monocrystalline PERC cell 17.5-20
Monocrystalline N-type cell 19-20.5
Monocrystalline N-type cell 19-21.7
Monocrystalline N-type IBC cell 20-22.8

for mining and mineral processing. The manufacturing of copper uses high-energy
electrolysis techniques based on PV electro-refining and electrowinning, where the
currents generated are supported by massive transformers and powerful rectifiers.

4.2 Solar Thermal

Various solar thermal collector types, including concentrating and non-concentrating
collectors [22]. A method called solar thermal power collects and concentrates
sunlight to create the intense heat (thermal) required to produce electricity [23].
Utilizing solar energy for thermal energy is involved (heat). Solar thermal methods
typically use parabolic or flat collectors that focus sunlight onto a receiver, mostly
employing mirrors to gather and focus sunlight [24].

Flat plate collectors are the most widely utilized solar thermal technique in Europe.
The most often used solar thermal technology worldwide is evacuated tube collectors.
In general, evacuated tubes will be more expensive than flat plate collectors [25].

4.3 Solar-Hybrid Photovoltaic Thermal

To promote the advantages of solar radiation and PV efficiency, a PV thermal hybrid
solar collector was proposed [26]. When used independently, PV thermal is more
efficient than both PV and thermal collector systems. PVT is appropriate for areas
with restricted surface area [6]. Uncoupled and coupled PV-T systems are the two
different configurations for PVT systems. A PV thermal hybrid solar collector was
suggested to promote the benefits of solar radiation and PV efficiency [27]. PV
thermal is more effective than both PV and thermal collector systems when used
alone. PVT is suitable for spaces with less surface area [28]. The two different PV-T
system configurations are linked and uncoupled PV-T systems [13].
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5 Overview of Solar Resources and Technology that Can
Be Integrated in Various Copper Mineral Processing

Mineral extraction and processing account for 20% of the energy used in copper
mining activities, while the global energy consumption is just 10% [14]. In the
mineral sector, solar energy is frequently used since it is economically viable, lowers
our reliance on fossil fuels, and has been shown to cut greenhouse gas emissions [29].
Integration of solar technology depends on the solar resources that are accessible at
every given place [30]. On specific location, the amount of sunlight can be measured.

In Fig. 2, there are numerous methods for capturing solar energy. Each solar
energy collecting technique’s technical and operational viability at every location so
it is reliable on the available sun energy resource [31].

Electrolysis involves electro-refining and electrowinning is a high energy
consuming stage in copper extraction [32]. As a result, it contributes significantly
to the copper mining industry’s high GHG emissions [2]. The use of sun energy in
electrowinning and electrorefining has a lot of potential [14]. When a system has
two loops, the indirect heat idea is used. After going through many case study, full
utilization of solar energy is yet to be done in copper mining industry; few of them
have integrated solar energy but not at its full potential like Chile has implemented
solar technologies in copper ore process like in electrowinning [33].

COPPER MINERAL SOLAR TECHNOLOGY

PROCESSING

CRUSHING & GRINDING SOLAR PV

FROTH FLOTATION SOLAR PV
ROASTING SOLAR THERMAL
SMELTING SOLAR THERMAL
ELECTROLYTIC SOLAR PV
REFINING

Fig. 2 Technology that can be integrated in copper mineral processing
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6 Future Challenges and Research in Integrating Solar
Energy in Mining Industry

Governments, customers, and other important stakeholders are increasingly
requesting that the mining industry operates in a sustainable manner [1]. Energy
security concerns and resource efficiency are driving changes in the sector’s energy
mix [17]. The rising cost of conventional energy sources and the availability of alter-
native energy sources will undoubtedly speed up the transition [20]. Moreover, taking
into account the extensive timeframe for While “bridging” fuels like shale gas and
nuclear power are desirable in the short run, it is not obvious if these technologies
can appeal in long duration [34]. For mining companies operating in distant areas
with limited energy resources, solar energy holds out a lot of promise. The possibility
for utilities to become more financially viable, for mining businesses to dramatically
reduce their energy costs, and for the general public to gain from a speedier grid devel-
opment are what the future holds [35]. The primary issue for future research will be
to create environmentally conscious, safe, and effective solar systems. Electrolysis
produces high purity copper for commercial use. 20% of the annual production of
copper uses electrowinning [36]. Existing copper mining techniques can be greatly
improved and modified to make better use of solar energy. Minor modifications were
made to the hybrid PV-T system to enable it to power processes like electrowining
and electro-refining [37]. The requirement for current copper mining techniques
could be satisfied by a few cutting-edge solar energy technologies [38]. PV thatisn’t
little—Self-contained hybrid renewable energy plants that integrate biomass, wind,
and solar power could also be a viable option, particularly in dry mines [39].

7 Conclusion

The copper mining processing sector has the potential to employ solar energy to
address current energy problems, especially green house gas emissions. An intriguing
approach for extensive sun energy integration might help to optimize alterations to
current procedures to take into account the availability of solar resources. Solar tech-
nology can assist mining companies in making financial savings since power is one
of the most expensive components. More installations will be driven in large part
by the expansion of the solar sector as well as the declining cost of solar technolo-
gies. In order to spread cutting-edge technologies from the energy sector, transfer of
technology should also be supported. Technology development and research into the
behavior and transformation of solar energy will be crucial in upcoming year.

This paper aims at integrating sun energy in the copper mining industry, gives
information about technologies which can be integrated furthermore in mining
industry, and makes it possible to full work solar energy, thus also reducing the
GHG emission and lowering the consumption of fossil fuels. Technology can always
be upgraded.
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At different location, copper mining industry is situated, and there are different

ways to integrate solar technologies at different location on the basis of its energy
requirement for copper mining industry to extract copper.

After going through various case studies, sun energy used in copper mining is

not fully utilized, there is lot of scope of improvement, and very few copper mining
industry have used solar energy.
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Effect of Notch on Strength and Ductility | M)
of a Martensitic Stainless Steel in Tensile | e
Test

Jai Singh® and S. K. Nath

Abstract Tensile properties characterize the quality of the product and forecast the
performance for design purpose. There is no clear evidence that the tensile results
obtained from a different type of specimen are comparable or interchangeable. This
study investigates the effect of notch on the tensile properties of stainless steel by
conducting uniaxial tensile tests on notched and round specimens at room temper-
ature. A flat specimen was also tested to compare the tensile properties of notched
and round specimens. The ultimate tensile strength (UTS), while being higher for
notched specimen, was found to be consistent with the type of specimens. The tri-
axial stress at the notch root was responsible to the increased UTS of the notched
specimen. The higher strain hardening in flat specimen attributed to the reduced
ductility. The tensile results of flat stainless steel specimen were found to be more
consistent with the standard (round smooth) specimen. The formation of dimples
on the fractured surfaces identified a ductile type of fracture for all three types of
tensile specimens. Local strain hardening and cracking in notched specimen might
have resulted in facets on the fractographs.

Keywords Tensile test - Tensile specimens * Notched tensile specimen - Flat
tensile specimen - Ultimate tensile strength - Ductility

1 Introduction

Tensile test characterizes the mechanical properties of the materials which include
yield strength, yield point phenomenon, ultimate tensile strength, young’s modulus,
and ductility (% elongation). These properties define the quality of the material and
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forecast its performance, e.g., wear performance [ 1]. Further, these can be utilized for
design, analysis, simulation, and opportunity for property improvement. The shape,
size, and type of the tensile specimens are prescribed by some standards/documents
[2, 3]. These documents specify the shape and the relationships between different
dimensions of the specimens; for example, a round smooth specimen should have a
gauge length to diameter ratio as 5 [2]. Generally, round and flat (rectangular) spec-
imens are used in practice. Sometimes, it is not possible to adhere to the prescribed
standard size due to scarcity of material. Miniaturization of specimens is also being
approached rapidly. Modern engineering is very much starving for weight reduction
of the components. In this scenario, maintaining an appropriate strength is the key.
Also, strength (tensile) tested with the help of specimens having conventional stan-
dard sizes may not represent the actual strength required used in thin applications.
In such circumstances, the question of inter-comparison of results obtained from a
different type of tensile specimens remains unclear.

Many studies addressed the effect of sizes on tensile properties for a particular type
of tensile specimens. The effect of thickness on tensile properties of a rectangular
specimen was investigated for structural steels (X80, and FH550) [4], ultra-fine
grained copper [5]. Strnadel and Brumek [6] investigated the effect of thickness for
rectangular and effect of diameter for round specimens. Different sizes of rectangular
tensile specimens for titanium alloy were studied by Masete et al. [7]. All these studies
identified the independence of YS and UTS on the size of the specimens. In other
studies, the effect of specimen diameter on round tensile specimens was investigated
[8,9]. Yanget al. [10] compared a miniature and standard specimen of 1.25Cr—0.5Mo
steel and found the influence of geometric size of the specimen in the post-necking
region. Small punch test and micro-tensile test specimens were compared for mild
steel [11]. The research on the size effects of tensile specimens is well established.

Literature has addressed the effect of sizes for a particular type of specimen, while
the studies on a different type of specimen are scarce. This study investigated three
types of tensile specimens including round, flat, and notched. The round (smooth)
specimen was prepared as per the ASTM standard. Flat stainless steel (ss-3)-type
tensile specimen [12—15] is also gaining importance in many circumstances of limited
material or thickness. Notched tensile specimens are being widely used for testing
the weldments [16—19]. CA6NM steel (turbine steel, 13-4 MSS) is taken as research
material in this study. This steel is an important material for hydro turbine underwater
parts including buckets, guide vanes due to its high wear, and corrosion resistance
[20]. As enough research is being carried out on 13-4 MSS [21, 22], it is worth to
study the interchangeability of tensile results for various kinds of tensile specimen.
The obtained tensile results of round smooth (standard) specimen were compared
with the results of the other two. The investigations on the influence of notch on
UTS and ductility are emphasized. Furthermore, the interchangeability of tensile
test results for different types of specimens is elucidated.
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2 Materials and Experiments

CAG6NM steel (turbine steel, 13-4 MSS) is tested in this study. Spark emission spec-
troscope (Thermo Jarrell Ash) was used to determine the chemical composition of
13-4 MSS. It consists of 0.07% C, 13.51% Cr, 3.35% Ni, 0.06% Cu, 0.32% Mo,
0.62% Mn, 0.64% Si, 0.01% P, and rest Fe. The optical micrograph of 13-4 MSS
having a typical lath morphology is shown in Fig. 1.

The three different types and different size tensile specimens were cut to exact
dimensions using CNC wire cut electric discharge machine (EDM). The schematic
geometries of all the three tensile specimens are shown in Figs. 2, 3 and 4. Figure 2
shows the schematic geometry of round smooth specimen which is round in shape.
The smooth specimen is having a 20 mm gauge length and 40 mm total length.
Tensile tests for smooth specimen were conducted on Tinius Olsen H25KS machine
with a cross-head speed of 0.01 mm/s. Load versus elongation data were converted to
engineering stress and strain. The smooth tensile specimen is designated as ‘Smooth’
in this article. Three samples were tested, and the mean values along with standard
deviation are reported.

Figure 3 shows the schematic geometry of notched tensile specimen. This is
designated as ‘Notched’ in the article. This is a round specimen (70 mm length and
10 mm diameter). It consists of a round notch of a 3 mm radius in the middle of the
length. The minimum radius inside the notch was 6 mm. The tests for the notched
specimen were conducted on Tinius Olsen H75KS machine with a cross-head speed
of 0.01 mm/s. Three samples were tested, and the mean values along with standard

Fig. 1 Optical microstructure of 13-4 MSS having a typical lath morphology
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Fig. 4 Geometry of flat specimen (ss-3 type) having 4 mm gauge length

deviation are reported. Notched tensile data were recorded while performing the test.
This data, along with the shape factor, was further utilized to get engineering tensile
data. All the tests for all types of specimens were conducted at room temperature.

The geometry of flat specimen (ss-3 type) [23, 24] is shown in Fig. 4. This spec-
imen is designated as ‘Flat’ in this article. The flat specimen is having a 4 mm gauge
length and 11 mm total length. The thickness of the specimen was 0.76 mm, and the
width was 1.62 mm. Tinius Olsen H25KS tensile testing machine was utilized to test
the flat samples, and the cross-head speed was kept 0.01 mm/s. Load and extension
data were recorded during the test. Engineering stress and strain data were obtained
from the load versus extension data. In the case of flat specimen, the length (total)
was so small that a specimen may not represent the actual behavior in such a small
length. So, for better accuracy, five samples were tested, and the mean values along
with standard deviation are reported.
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To visualize the difference in the fractographs and identify the fracture mecha-
nism of different tensile specimens tested, fractography was performed by using FEI
QUANTA 200FESEM. The hardness at various locations was measured by UHL
VMHT microhardness tester. A load of 50 g was applied for a 15 s dwell time.

3 Results and Discussion

The results of ultimate tensile strength (UTS) and yield strength (YS) are shown
in Fig. 5a. Load versus elongation data were converted to engineering stress and
engineering strain for smooth and flat specimens. The notched tensile data were
converted to engineering tensile data with the help of shape correction factor (G) as
in [25]. The calculation of UTS and ductility was performed for notched specimen,
and yield strength was not performed in this study.

The UTS is somewhat consistent for smooth and flat specimens while there is a
significant difference in the yield strength (YS) for the concerned specimens. The
UTS for notched specimen is quite on higher side. Though the UTS results for notched
specimen is comparable with the UTS of flat, it is not consistent with the UTS of
smooth specimen. This is owing to the existence of tri-axial state of stress due to the
presence of notch [26]. Therefore, larger force is required to cause the deformation.

The percentage elongation term is defined as ductility for smooth and flat speci-
mens. The strain percentage (i.e., ductility) for the notched specimen was calculated
as in [25] which is found to be 27 £ 1. The ductility for smooth specimen was found
to be 23.4 £+ 0.3 while for flat specimen 21.0 & 0.5. It can be perceived that the
ductility for flat specimen is somewhat consistent with the ductility of the standard
specimen (smooth). But, as the ductility of the notched specimen was calculated by

(a) (b)
= Ultimate Tensile Strength (UTS) 105 -m— When average of three is considered
10004 = Yield Strength (YS) =— When results of smoath is considered as average
= 92310 5 8
sol 8774 8971
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= 6001 G451+ 14 & .
£ ]
2 =
] w 4
& 4004
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Fig. 5 a Results of ultimate tensile strength (UTS) and yield strength (YS), and b deviation (%
error) of UTS from the mean value for various specimens
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utilizing the initial diameter and the diameter after fracture, it cannot be directly
compared with the ductility results of the other specimens tested in this study.

To compare the results of UTS for various specimens, the error % was calculated
using the average value. The average value was calculated by using the results of all
three specimens, and deviations from the average (mean) value were computed as
per Eq. (1).

(1)

error % — (IAverage value — Obtained valuel) « 100

Average value

The error % for UTS of the three specimens are illustrated in Fig. 5b. Initially,
the average value was computed by taking the results of all three specimens and
the calculated error %. Finally, the results of the standard specimen (smooth) were
considered as average value, and the error % was computed likewise. The UTS for
all three specimens falls in the & 2.67% range when the average was computed by
taking all the three values. From that, it can be concluded that the UTS obtained is
within a permissible range. The error % results of the flat specimen are much closer
to the average value.

As the results of smooth specimen are considered the average value (in the second
case), the error % for smooth specimen is zero. The UTS for notched specimen has
quite deviated (5.24%) but still looks considerable while little deviation (2.28%) can
be observed for flat specimen. Overall, the UTS results fall within £ 5% error and
can be considered consistent.

To better understand the tensile behavior of all the specimens, the deformed spec-
imens were investigated for microhardness at various locations and fractographic
analysis. The microhardness was measured at four different locations (base metal
(0), start of the gauge length (1), onset of necking (2), and close to fracture point (3))
of each specimen and the results for which are presented in Fig. 6. It can be observed
that the notched specimen has undergone quite lesser strain hardening particularly in
post-necking region. This may be due to the presence of tri-axial state of stress present
at the root of the notch and local strain hardening [26]. While the flat specimen under-
gone higher strain hardening at all locations which might have limited the plastic
deformation. Therefore, the flat specimen possessed lesser ductility as compared to
the round specimen. It can also be noted that the difference in ductility was mainly
caused by the post-necking deformation owing to strain hardening capability of the
specimens.

The fracture morphologies of the tensile tested specimens for all the specimens are
shown in Fig. 7. The formation of different size dimples can easily be identified on the
fractographs of all the specimens. The fractograph of notched specimen, along with
the dimples, consists of facets over a small region which adds little brittleness. This
owing to the high local strain hardening and cracking due to the presence of notch
which may restrict the deformation and lead to somewhat brittle fracture. Therefore,
the actual ductility of the notched specimen should be lesser irrespective of the larger
dimple size. The dimple sizes were computed using quantitative metallurgy that are
shown in Table 1. As the dimple size is generally considered as a measure of the



Effect of Notch on Strength and Ductility of a Martensitic Stainless ... 91

340
—s— Smooth B
/ Bl Lo 2333
—a— Fla =R
i R 2333
Smooth WNES
OZwvwom
= omE Y
T 310+ 2288
W fa %3
2 300+ e 7
[= o B P S
B El Am @
& 290 a §§
Notched TF
280 &
-
270 -
260 T T T T
0 1 2 3
Flat Location points

Fig. 6 Microhardness variation at different location of deformed tensile specimens

ductility of a specimen [27]. The larger the size of the dimples the more the ductility
is. The dimple sizes from Table 1 clearly support the ductility results of various
specimens.

Fig. 7 Comparison of fractographs of different specimens: a smooth specimen, b notched tensile
specimen, and c flat ss-3 type specimen

Table 1 Average dimple size calculated from the fractographs of various specimens

Specimen type Smooth Notched Flat
Dimple size, mean =+ s.d. (um) 0.68 £+ 0.08 0.87 £0.17 0.72 £ 0.1
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4 Conclusions

Three different types and sizes of tensile specimens were investigated for the inter-
changeability or comparability of tensile results. The results were compared with
each specimen, and the following conclusions can be made:

e The notched specimen has higher UTS than the counterparts of flat and smooth
specimens. This is due to the tri-axial state of stress at the notch root. Still, the
UTS results for flat and notched tensile specimens fall within a considerable limit
(5%) when compared to the standard (smooth) specimen. The yield strength (YS)
results were not conclusive.

e The ductility for flat specimen is less consistent with the ductility of the round
(standard) specimen, while the ductility of the notched specimen cannot be directly
compared. The higher strain hardening in flat specimen reduced its ductility.

e The fractured surfaces were found to have dimples on the major area and ductile
fracture mode for all the specimens. The fractograph for notched specimen
consisted facets along with the dimples which can increase the tendency of
somewhat brittle fracture.

e Itis concluded that these specimen types tested in this study may be interchange-
ably used according to the application and the available resources within specified
limits.
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Effect of Substitution of Fly Ash )
on the Strength of Geopolymer Concrete | @i

Arun Kumar Parashar, Prashant Sharma, and Neha Sharma

Abstract Concrete is most often used construction material for infrastructure, which
includes structures such as buildings, bridges, roads, dams, and a variety of other
structures. To fulfill the increased demand for constructing infrastructure, worldwide
output of ordinary Portland cement (OPC) is increasing. This suggests that concrete
will continue to be the most widely used construction material for a long time.
Cement production consumes a lot of energy and emits a lot of CO, into the atmo-
sphere. Another ecologically friendly concrete option is to utilize geopolymer, which
is an inorganic alumina silicate polymer created from natural or waste resources
such as fly ash, which is high in silicon and aluminum. Geopolymer is an inorganic
alumina silicate polymer that may be manufactured from natural resources or waste
products such as fly ash. This research looked at how various elements impact the
mechanical characteristics of concrete and how the concrete mix behaves. To do this,
concrete mixtures were created. There are many factors to consider when designing a
geopolymer manufactured from fly ash, including how much cement it contains, how
much cement it replaces, and how much activator solution it contains. The testing
revealed that utilizing a fly ash-based geopolymer instead of fly ash improved the
durability of concrete. Concrete with a 50% replacement ratio is more durable than
other forms of concrete. It outperforms other kinds of concrete in terms of splitting
tensile strength, compressive strength, and flexural strength.

Keywords Fly ash - Compressive strength + Cement - Flexural strength

1 Introduction

The major building materials utilized in reinforced concrete constructions are ordi-
nary Portland cement and steel. Manufacturing of Portland cement and concrete, on
other hand, are both energy demanding and produce significant CO, emissions [1—
4]. Cement manufacturing alone is estimated to be responsible for 4-8% of all CO,
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emissions globally, with 1 tonne of cement creating 1 tonne of CO,. Because Portland
cement is made in large amounts across the globe, even a slight decrease in output
might result in huge CO, emission reductions. However, since Portland cement is
currently the most often used cementitious binder in concrete building, research into
ecologically acceptable alternatives is becoming more important [5-8]. Inorganic
waste materials from various industrial sectors have long been utilized as partial
substitute for Portland cement. A substantial amount of research on these materials
combined with Portland cement in binary and ternary combinations has recently been
published, highlighting the increased mechanical and durability qualities above plain
Portland cement. The goal of modern cement and concrete material development is
to achieve great strength and durability while retaining a reasonable energy cost
of manufacturing. There is a lot of possibility for the development of cement-free
binders since Portland cement has a high embodied energy and contributes consider-
ably to global CO; emissions. This is an area where the drive for more ecologically
friendly construction materials and practices might have a substantial influence [9—
11]. This project aims on employing chemical pre-treatment of fly ash to make a 19
geopolymer that will set and harden and might be utilized as a viable alternative to
Portland cement. It is well-known that adding alkali to fly ash or slag can induce
these materials to set and harden on their own, resulting in alkali-activated systems.
It differs greatly from other alkali-activated materials in that it produces a polymer
rather than a C-S-H gel (such as activated slag).The development of geopolymeric
binders and their characteristics has received a lot of attention in recent years [ 12—14].
The geopolymer produced, on the other hand, come in a variety of mix patterns and
activators. The focus of previous study has been on the qualities of these materials,
with notable differences in performance. There has been limited research into how the
fly ash and activators interact and how their relative amounts affect the performance
and quality of the geopolymer concrete formed, as well as the underlying chemistry
that causes these changes. As was indicated before, one possibility is to use binders
that are activated by alkali and are manufactured from industrial byproducts that
include silicate minerals [3]. Fly ash is a typical example of an industrial byproduct
that is put to use in order to improve the cements and concretes’ ability to improve
their physical, chemical, and mechanical qualities. In the European Union (EU), a
cement alternative called fly ash is employed, and it makes up roughly 30% of the
overall output. Calcium silicate hydrate, also known as C-S-H, is produced when the
Ca(OH), produced during the hydration of Portland cement reacts with fly ash [15,
16]. Therefore, the reaction between Portland cement and fly ash will not start until
the Portland cement first starts to hydrate. Because of this lag, the strength of mixed
Portland cements develops at an earlier age and at a slower rate than that of Portland
cement by itself. As a result, an upper limit of 40% fly ash substitution for Portland
cement may be employed while preserving adequate strength and durability [17].
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2 Materials

The study used BIS 8112: 2013 [18] standard grade 43 ordinary Portland cement.
Care has been taken to ensure that the same cement company and quality are used
throughout the research. Local river sand, devoid of organic pollutants and compliant
with IS: 383-1970 [19], was used for the purpose of the fine aggregate. All three
of the aforementioned properties of the fine aggregate—its bulk density, specific
gravity, and fineness modulus—were determined in accordance with IS: 2386-1963
[20]. The coarse aggregate that was used in geopolymer and OPC concrete was
typically spherical in shape, was well graded, and had a maximum size that was
smaller than the coarse aggregate that was utilized in standard 64 concrete. The coarse
aggregate utilized ranged in size from 10 to 20 mm. Graded aggregate is especially
crucial for casting concrete in severely crowded reinforcement or small-diameter
formwork. In this study, crushed granite metal with diameters ranging from 20 to
10 mm was procured from locally accessible quarries. In the building industry, fly ash
is one of the most often utilized additional cementitious materials. It is an inorganic,
noncombustible, finely split residue that forms from any industrial furnace’s exhaust
gases. Solids, cenospheres, and plerospheres are among the particles found in fly
ash. Typical size of fly ash particles is less than 20 m, although they can be as small
as 1 m or as large as 100 m. Its surface area varies between 300 and 500 m?/kg.
Silica, alumina, iron, and calcium are the main components of silicate glass, which
constitutes most fly ash. Fly ash has a grey hue and a specific gravity of between
1.9 and 2.8. Commercially accessible sodium silicate solutions come in a number of
grades, while powdered water glass performs less effectively than liquid water glass.
A silicate solution with a SiO, to Na, O ratio (by mass) of 2.0, along with an 8-16 M
activator, should be mixed 24 h before usage for optimal effects. In the manufacturing
of geopolymers, NaOH is often utilized as an alkaline activator. The properties of
the paste are determined by the concentration and molarity of this activating solution

(Fig. 1).

3 Methodology

The process of developing concrete mixes is a laborious one that is frequently deter-
mined by the required level of performance. In the process of designing a mix, the
performance factors that are selected include the workability of new concrete and
the compressive strength of concrete after it has had time to set. In the course of
this investigation, 12 M sodium hydroxide was utilized. The compressive strength of
geopolymer concrete was influenced, both directly and indirectly, by the quantities
and qualities of the component elements that make up the geopolymer paste. The
geopolymer paste is produced as a result of the reaction between the alkaline liquid
and the silicon and aluminum oxides that are present in the low-calcium fly ash. The
loose coarse and fine aggregates, as well as any extra components that have not yet
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Fig.1 a Fly ash b NaOH flakes

reacted to generate the geopolymer concrete, are subsequently bound by this paste
after it has been applied. In the same way as they do in OPC concrete, coarse and
fine aggregates make up around 75-80% of the mass in GPC concrete. This is like-
wise the case with polymer-modified concrete (PC concrete). The flakes of sodium
hydroxide were first dissolved in distilled water at least one day before their applica-
tion in order to facilitate the production of a solution with a concentration of 12 M.
Fly ash and aggregates were mixed together in a pan mixer with a capacity of 80 L,
and the mixture was churned for close to three minutes. After thoroughly combining
the 12 M sodium hydroxide with the extra water, it was added to the dry components,
where it was stirred for about four minutes. The mold was filled with new concrete.
The specimens were crushed using a rod to place three layers and press them down.
This was followed by a 10-s vibration on a vibrating table, after which the molds
were held at room temperature for ambient curing. In this study, fly ash was used to
substitute cement to the tune of 0 to 100%. Table 1 shows the fly replacement level
with cement.

Table 1 Sample ID of

concrete mix Sample ID Cement (%) Fly ash (%)
C100F0 100 0
C80F20 80 20
C50F50 50 50
C20F80 20 80
COF100 0 100
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4 Testing

The amount of uniaxial compressive stress that a material is subjected to before it
completely gives way is referred to as its compressive strength. In this investiga-
tion, cube specimens with dimensions of 150 mm on each side and 150 mm on top
were analyzed in accordance with the international standard IS: 5161969 [21]. The
compression testing was carried out with equipment that had a capacity of 200 tonnes
when it was being compressed. The split tensile strength test is one example of a
technique used in indirect tension testing. During the compression test, a cylindrical
specimen was put horizontally between the loading faces of a compression testing
machine, and a load was applied until the cylinder failed along the vertical diameter.
This continued until the force was released. When the cylinder did not work properly,
the test was considered successful. A concrete cylinder with a diameter of 150 mm
and a height of 300 mm was subjected to a compressive force that was delivered
to two sides that were opposite to one another. The 87 cylinder was compressed at
the loaded section, and uniform tensile stress was applied across the length of the
cylinder. For all of the grades, 100 x 100 x 500 mm beams were produced. The
flexural strength test is performed using a 100 kN capacity flexure testing equipment
under two point stresses.

5 Result and Discussion

5.1 Compressive Strength

The compression strength of all kinds of samples was evaluated using compression
testing equipment in accordance with IS: 516-1959. Figure 2 depicts the results of
testing for ordinary concrete, partial cement replacement concrete, and complete
cement replacement concrete.

Compressive strength, which is a component of mechanical strength, was
measured after 7 and 28 days of curing in ambient air, respectively. The results
of the compression strength test are displayed in Fig. 1. After 7 days of testing,
C100F0 samples had compressive strengths of 22.75 MPa, whereas after 28 days of
testing, those same samples had compressive strengths of 29.34 MPa. The compres-
sive strength of C80F20 samples was 25.41 MPa after 7 days and 32.25 MPa after
28 days, respectively. Compressive strengths of samples made from C50F50 range
from 27.48 MPa to 35.1 MPa, respectively. At 7 days and 28 days, the compressive
strengths of C20F80 and COF100 samples were 26.98 MPa and 25.85 MPa, respec-
tively. C20F100 samples exhibited a compressive strength of 32.5 MPa. According to
the findings, compressive strength improved up to the point where 50% of the cement
was substituted with fly ash; however, when the amount of fly ash was increased,
compressive strength began to decrease.
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Fig. 2 Compressive strength
of standard and fly ash
concrete
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5.2 Split Tensile Strength

The splitting test or the indirect tensile test was used to measure the tensile strength
of the geopolymer concrete that was based on fly ash. We used different amounts of
cement to make thirty cylindrical specimens with diameters of one hundred millime-
ters and heights of two hundred millimeters. Each specimen had a height of two
hundred millimeters. The results of the tests are shown in Fig. 3, which compares
conventional concrete to concrete with partial cement replacement, complete cement
replacement, and no cement replacement at all.

Fig. 3 Split tensile strength
of standard and fly ash
concrete
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Split tensile strength, which is a component of mechanical strength, was tested
before, after seven days of curing in ambient air and then again after twenty-eight days
of curing. C100F0 samples were found to have a strength of 1.86 MPa after 7 days of
testing, and after 28 days of testing, they were found to have a strength of 2.21 MPa.
After seven days, the split tensile strength of C80F20 samples is determined to be
2 MPa, whereas after 28 days, it is determined to be 2.35 MPa. Both the split and
tensile strengths of the C50F50 samples came in at 2.11 MPa, with the latter sample
coming in at 2.49 MPa. After 7 days and 28 days, the split tensile strength of C20F80
and COF100 samples was 2.09 MPa and 2.03 MPa, respectively, while at 14 days
and 28 days, it was 2.43 MPa and 2.36 MPa, respectively. According to the findings,
the strength rose all the way up to a cement replacement rate of fifty percent when
using fly ash; however, after increasing the amount of fly ash, split tensile strength
started to drop.

5.3 Flexural Strength

The outcomes of flexural testing for a range of cement replacement percentages
are illustrated in Fig. 4. In geopolymer concrete, the optimal tensile strength of the
material is determined by using the flexural strength of the first crack in the material.
The influence that the replacement ratio has on flexure strength is illustrated in Fig. 3.
When the replacement ratio is increased up to fifty percent, it has been demonstrated
that flexural strength rises; however, after this point, there is no substantial difference
evident.

The flexural strength of the material was evaluated after 7 and 28 days of curing
in ambient air. This evaluation was included in the analysis of the material’s overall
mechanical strength. After 7 days of testing, C100F0 samples showed flexural
strengths of 4.48 MPa, and after 28 days of testing, those strengths increased to

Fig. 4 Flexural strength of
standard and fly ash concrete
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5.09 MPa. The flexural strength of C80F20 samples was 4.73 MPa after 7 days
and 5.33 MPa after 28 days, respectively. Flexural strengths of samples made from
C50F50 range from 4.92 MPa to 5.56 MPa, respectively. The flexural strength of
C20F80 and COF100 samples was measured to be 4.88 MPa, 4.77 MPa, and 5.47 MPa,
5.35 MPa, respectively, after 7 and 28 days of curing. According to the data, flexural
strength increased up to a replacement of 50% of the cement with fly ash; however,
as the quantity of fly ash grew, flexural strength began to decrease.

6 Conclusion

1. The impact of varied levels of fly ash on geopolymer concrete was investigated
in this research. When the percentage of fly ash substituted with cement was
increased to 50%, the strength of the geopolymer mix increased. The following
are some of the conclusions that may be derived from the study.

2. The compressive strength, splitting tensile strength, and flexural strength of mixes
prepared with 0—-100% cement replacement ratios were found to be the highest
at 50% cement substitution ratio 2.

3. The compressive strengths of C100F0 and C80F20 samples were 29.34 MPa
and 32.25 MPa, respectively. At 28 days of testing, the compressive strength of
C50F50 samples was 35.1 MPa. At 28 days, the compressive strengths of C20F80
and COF100 samples were 25.85 MPa and 32.5 MPa, respectively. When 50%
of the cement was replaced with fly ash, the compressive strength increased to
19.63.

4. The strength of the C100F0 and C80F20 samples was 2.21 MPa and 2.35 MPa,
respectively. At 28 days, the strength of C50F50 samples was 2.49 MPa. At 28
days, the strength of C20F80 and COF100 samples was 2.03 MPa and 2.36 MPa,
respectively.
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Abstract Fiber metal laminate has outperformed aluminum alloys and fiber-
reinforced polymer composites due to its superior mechanical characteristics and
reduced density. They are commonly employed in aerospace applications. This paper
investigates the damping capacities of fiber metal laminates, including stainless steel,
glass fiber, and jute ply, as well as their virgin counterparts. The hand layup method
is used to create laminates with eleven plies, which are subsequently compression
molded. The plies are held together by epoxy adhesive. Tensile strength, modulus,
and damping properties of composite laminates are all tested. The damping ratio
and modal frequencies are also determined using experimental modal analysis. The
influence of hybridization is investigated for modal and damping parameters obtained
from damping experiments under fixed-free boundary conditions. The results of the
experiments show that as the free length increases, the modal frequency decreases.
The bigger the number of jute pies at the extreme ends, the better the damping
properties. These compositions have a greater damping ratio as compared to other
configurations.
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1 Introduction

Fiber metal laminates (FML’s) are hybrid materials made up of thin metal sheets
laminated together with layers of composite materials. Fibers integrated into adhe-
sive system make up the composite layers. The FML takes the advantage of metal and
results in enhanced properties like low density, metal fatigue, corrosion resistance,
impact resistance, etc. The FML’s advantages include its lightweight and strong
strength-to-weight ratio [1-3]. Conventional metals such as aluminum and iron are
replaced by the fiber metal laminates for manufacturing [1, 4, 5]. The combination
of low density fiber and high density stainless steel sheet results in the requisite
thickness and improved characteristics. The comparatively high density of stainless
steel renders it unsuitable for aeroplane applications. Despite the fact that stainless
steel has a specific stiffness comparable to aluminum alloys, its uses result in a thin
sheet thickness and a high sensitivity to compression molding. Fiber metal laminates
are high-performance and adaptable materials used in the aerospace sector. In tech-
nological applications, components are frequently subjected to a wide spectrum of
vibrations. As a result, materials with good damping properties are preferred. Vibra-
tions are designed into stiff and lightweight constructions. Because of their improved
fatigue performance, fiber metal laminates are used for lightweight applications.
The most challenging aspect of any fiber metal laminate is to create an adhesive
bond between the metal and the fiber. To solve this problem, numerous researchers
used a combination of chemical and mechanical treatments [6, 7]. The metal surface
can be mechanically treated using sand paper to increase its adhesion. As a result, the
roughness of the metal surface provides peaks and valleys that promote adhesion [7].
The removal of metal oxide from the metal surface is essential during mechanical
treatment for better adhesion. Acetone is used to remove dirt and greasy contami-
nants from metal surfaces. Various types of surface treatments are used, among which
the sandblasting stainless steel surface shows better adhesion [8, 9]. The mechan-
ical treatment is followed by the chemical treatment. The most common treatment
is based on nitric-hydrofluoric acid etch. Stainless steel sheets are immersed in a
nitric acid and hydrofluoric acid solution at 18 °C in this procedure for 12 min [10].
Delamination is the first failure which results in a decrease in overall strength and
stiffness. Studies are reported, where FML is prepared using SS304 and glass fiber,
and the results are studied under tensile load. It concludes that the surface treatment
of metals shows a remarkable effect on fracture toughness [11]. Another researcher
investigated stainless steel-based FML with glass fiber and concluded that it had
improved corrosion resistance and peel strength. This study focuses on the use of
stainless steel grade 304, as well as glass fiber and jute ply. Stainless steel shows good
tensile strength. The use of stainless steel as the outer layer protects the fabrics inside
the composite. This gives overall increase in the resistance to foreign object’s impact
and environmental effect on the fabrics. Fiber metal laminates are also used, consid-
ering the vibration characteristics. The fibers have increased viscoelasticity due to
enhanced fiber matrix interaction at the microstructure level. As a result, composites’
damping capacity increases. The modal frequency and damping characteristics are
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influenced by the different parameters such as the stacking sequence and fiber orien-
tation. The study uses a fiber metal laminate with eight fiber plies and three stainless
steel sheets. An increase in jute fiber content leads to an increase in natural frequency
of vibration. Pre-treatment of the fiber with acetic acid, silane, or sodium hydroxide
results in an improvement of mechanical properties [12]. The natural frequency, and
damping capacity can be affected with improvement in the mechanical properties
[13]. The study by Daoud et al. [14] explores the vibration and damping charac-
teristics of flax fiber reinforced composites with a natural viscoelastic layer through
experiments and finite element modeling, yielding close alignment with experimental
results and insightful parametric insights.

The purpose of this research is to develop a fiber metal laminate with SS304,
glass, and jute fiber as reinforcement and to investigate its damping properties. The
jute fiber based composite have been studied earlier for their performance under
static and impact loading conditions [15-18] and found to be effective. In this study,
eight plies of glass fiber and jute with different stacking sequences and three sheets
of SS304 of 0.3 mm thickness are used to prepare the laminates. The hand layup
method is used for the process, followed by compression molding. Tensile tests were
carried out for mechanical properties. The modal frequency and the damping ratio
are evaluated from the vibration tests. The vibration tests are carried out on different
lengths to find out the effect of free length on the damping factor and frequencies.

In the current work, fiber metal laminate with SS304 and woven jute fiber as
reinforcement with epoxy (Bond Tite) as an adhesive is prepared and studied for
its mechanical and vibration properties. To the best of author’s knowledge, this
study is been reported first time. The outcome of this research work will provide
valuable information to research community for developing low cost FML’s for low
and medium end structural applications.

2 Materials and Manufacturing Methods

2.1 Composite Constituents

Jute and glass fiber were procured locally in Pune, India, and were used to reinforce
plain weave in the FML. Glass fibers weighing 360 GSM (grams per square meter)
were employed in the method. The epoxy adhesive (Bond Tite, fast, and clear) and
SS304 were acquired locally. Sand paper is utilized to prepare the stainless steel sheets
of 0.3 mm thickness employed in this investigation for adhesive bonding. The fiber
metal laminates were prepared by hand layup followed by compression molding and
curing for about an hour at room temperature. The laminates developed demonstrate
good adhesive bonding between metal and fibers without any chemical treatment.
Equation (1) is used to calculate the volume fraction for each laminate. Variations
in the volume fractions of the fibers and matrix are caused by resin impregnation
provided by fibers, as well as their architecture and manufacturing flaws. Laminate
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Table 1 Volume fraction of FML and its virgin composites

Laminate configuration Thickness | Density | Volume fraction
(mm) (Kgé Stainless | Glass | Jute Matrix
mm) | greel 304

SS-GGGG-SS-GGGG-SS | 4.3 2453 0.131 0351 |- 0.516
SS-JJJJ-SS-111J-SS 9.8 1186 0.162 - 0.296 |0.541
SS-JGGG-SS-GGGIJ-SS 4.9 2318 0.187 0.374 1 0.086 |0.353
SS-JJGG-SS-GGJJ-SS 6.5 1916 0.175 0.234 |0.160 |0.429
SS-JJJG-SS-GJJI-SS 7.9 1732 0.156 0.104 0215 |0.523
AAARARRR) 5.6 1234 - - 0.376 |0.629
GGGGGGGG 2.0 1805 - 0.389 |- 0.607

configurations and corresponding volume fractions are shown in Table 1.

me/ pg

VF; =
mg/ P + M/ pm + ms/ ps

(D

where VF; = Volume fraction of fiber, m¢ = mass of fiber, m,;, = mass of matrix, m
= mass of steel, pf = density of fiber, p,, = density of matrix, and ps = density of
steel.

2.2 Mechanical Characterization

Tensile tests were conducted using Universal Testing Machine with a 100 kN
capacity, as shown in Fig. 1, to obtain tensile strength and modulus of FML. Tensile
tests were performed on specimens measuring 250 x 25 x t mm. ASTM D3039
was used to determine tensile strength and modulus. The mechanical properties of
hybridization and stacking sequence were examined.

2.3 Vibration Characteristics

Vibration test specimens with dimensions of 340 x 50 x t mm were cut from the
laminates and analyzed under fixed-free boundary conditions with a free length of
300 mm and a clamping length of 40 mm. The modal frequencies are obtained using
the fast Fourier transform (FFT) analyzer to obtain and understand the damping
behavior of the prepared composite specimens. The diagram of the experimental
setup and the cantilever beam test specimen for modal analysis is shown in Fig. 2.
The signal for acceleration versus frequency and acceleration versus time is captured
with the help of Briiel & Kjar accelerometer mounted on the cantilever composite
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Fig. 1 FML under tensile test

specimen under test. The inherent mass of the accelerometer has minimum effect
on the vibration specimens. Only one channel of the accelerometer is connected to
the fast Fourier transform (FFT) to obtain a frequency domain signal from the time
domain acceleration signal. The modal frequencies are represented by the peaks in
the acceleration versus frequency graph. To convert the time domain signal to the
frequency domain signal, the Briiel & Kjaer data gathering system is utilized in
conjunction with the RT Pro Photon software.
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(b)

Fig. 2 a Test setup for modal analysis of cantilever beam using FFT analyzer, b Cantilever beam
test specimen used for modal analysis

The damping ratio is evaluated using logarithmic decrement method and half
power bandwidth method.

(i) Logarithmic Decrement:

1 .
5= —In2 )
n Xnti
and
1
(= ——— 3)
L+ (5)

where § = Logarithmic decrement, x; = ith acceleration amplitude, x,4; =
(n 4 i)th acceleration amplitude, and ¢ = damping ratio.
(i) Half power bandwidth method:

Wy — Wi

(= “)

2w,

3 Results and Discussion

3.1 Experimental Test Results

Tensile Properties

Tensile test specimens are shown in Fig. 3a and Fig. 3b depicts the specimens that
failed in tensile test. During the tensile test of FML, the specimen breaks due to
delamination at the weakly bonded surface of metal and fiber. The stress—strain
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curves for fiber metal laminates and their virgin equivalents loaded at a rate of 2
mm/min are shown in Fig. 4. The modulus and tensile strength changes are shown
in Table 2. Glass/epoxy composites have the maximum tensile strength of 373 MPa
among virgin composites, whereas jute/epoxy has the lowest strength of around 46
MPa. The fiber metal laminate with the stacking sequence (SS-GGGG-SS-GGGG-
SS) observed a tensile strength of 277 MPa. This configuration’s lower strength
as compared to pure glass/epoxy composite is due to inadequate bonding between
glass fiber and SS304. The FML with jute ply and stainless steel has a low tensile
strength. The composite structure with glass fiber as the inner layer has a higher
tensile strength.

The FML with the stacking sequence: SS-GGGG-SS-GGGG-SS has a tensile
strength of 277 MPa, which is greater than the jute fiber reinforcement, which has a
40% loss in strength by adding jute ply at the extreme end following stainless steel.
This study shows that the external layers play an important role in damping. The
modulus of the FML is increased by 26% when jute plies are added at the extreme
ends following stainless steel.

Table 2 Tensile properties of fiber metal laminates and its virgin composite

Laminate configuration Tensile strength Young’s modulus Breaking strain %
(MPa) (GPa)
SS-GGGG-SS-GGGG-SS 2717 297 10.37
SS-JJJI-SS-JJI3-SS 90 0.98 9.01
SS-JIGGG-SS-GGGIJ-SS 167 1.90 9.23
SS-JJIGG-SS-GGJJ-SS 91 1.23 7.99
SS-J1JJG-SS-GI1J-SS 160 2.24 7.86
JI333333 46 1.15 4.35
GGGGGGGG 373 431 9.35

o

(a) (b)

Fig. 3 a Tensile test specimens, b FML specimen failure after tensile test
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Fig. 4 Stress—strain curve for fiber metal laminate and its virgin composites

Natural frequency and damping ratio

The damping ratio and first modal frequency of the FML for various free lengths are
shown in Tables 3 and 4, respectively. It indicates that as the free length increases,
the modal frequencies decrease. In terms of free length, all of the pieces have the
same relative performance. The frequencies and damping behavior of FML depend
on volume fraction of the matrix, fiber, and SS304. Additionally, it can also depend
upon the surface treatment of the metal surface. The composition: SS-JJJJ-SS-JJJJ-
SS, SS-JJGG-SS-GGIJ-SS, and SS-JJJG-SS-GJJJ-SS shows an increase in damping
factor due to the presence of high viscoelastic natural fiber at the extreme end after
stainless steel that dissipate more vibration energy. The composition: SS-JGGG-SS-
GGGIJ-SS, SS-GGGG-SS-GGGG-SS shows lower damping capacity due to increase
in stiffness. The effect of free length of the cantilever beam over the frequency is
shown in Fig. 5.

The damping capacity and stiffness act inversely in FML, which means that
increasing the stiffness reduces the damping capacity of the FML.

Table 3 Damping factor of composite specimen for different free length

Free length (mm) 100 150 200 250 300
Sequence Damping ratio

SS-GGGG-SS-GGGG-SS 0.0554 0.0290 0.0340 0.0355 0.0330
SS-11JJ-SS-JJJJ-SS 0.0715 0.0590 0.0670 0.0514 0.0538
SS-JGGG-SS-GGGIJ-SS 0.0234 0.0239 0.0332 0.0214 0.0230
SS-1IGG-SS-GGJI-SS 0.0860 0.0464 0.0478 0.0273 0.0344
SS-JJJG-SS-GJJI-SS 0.0771 0.0753 0.0512 0.0548 0.0469
LAARARRA) 0.0645 0.0202 0.0197 0.0245 0.022
GGGGGGGG 0.0411 0.0465 0.038 0.0234 0.0293
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Table 4 First modal frequency of composite specimens for different free length

Free length (mm) 100 150 200 250 300
Sequence First modal frequency
SS-GGGG-SS-GGGG-SS 226 110 68 46 32
SS-JJ1J-SS-111J-SS 262 155 91 68 52
SS-JIGGG-SS-GGGIJ-SS 256 140 82 57 39
SS-JJGG-SS-GGIJJ-SS 218 140 83 55 37
SS-J1IG-SS-GJJJ-SS 193 99 65 47 32
13333313 98 49 30 21 15
GGGGGGGG 55 27 16 11 9
300
o
250 M
N
N
S
_ WS - .+ St-GGGG-St-GGGG-St
z K - E- SISt
E 150 RN "'\-v..\:\ —4— ST-JGGG-S-GGGI-St
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100 = xj\; . - == SEIIG-St-GI-St
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Fig. 5 Frequency versus free length for different fiber metal laminates compositions

3.2 Numerical Results

To study the vibration characteristics of the fiber metal laminate, the finite element
method is used. The parameters such as metal thickness, number of layers, fiber
thickness, and their effect on damping is studied. The natural frequencies of the FML
specimens were obtained numerically using ANSYS. The obtained frequencies and
analyzed results are represented in Table 5 and Fig. 6, respectively. The theoreti-
cally calculated frequencies using the Euler Bernoulli equation are compared to the
numerical data. The theoretically calculated frequencies are closer to the numerically
evaluated frequencies.

The experimentally obtained frequencies are verified through analytical approach
using Euler Bernoulli beam theory as shown in Eq. (5).
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Table 5 Theoretical and numerical obtained frequency

Theoretical frequency (Hz) Numerical frequency (Hz)
Stacking sequence Model |Mode2 |Mode3 |Model |Mode2 |Mode3
SS-GGGG-SS-GGGG-SS | 1.80 11.30 31.64 1.55 9.70 27.14
SS-111J-SS-11JJ-SS 2.40 15.31 42.86 2.45 9.79 4245
SS-JGGG-SS-GGGJ-SS 0.87 5.45 15.27 0.93 5.85 16.38
SS-IIGG-SS-GGJIJ-SS 1.82 11.45 32.06 1.84 11.51 32.16
SS-J1J1JG-SS-GIIJ-SS 2.95 18.54 51.91 2.99 16.02 52.12
AAAAAARAS 1.92 12.05 33.75 1.95 12.20 34.17
GGGGGGGG 0.87 5.49 15.37 0.87 5.50 20.55

(©

Fig. 6 Numerically obtained modal analysis results
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Table 6 Natural frequency

obtained experimentally Experimental frequency (Hz)

Stacking sequence Mode 1 |Mode?2 |Mode3
SS-GGGG-SS-GGGG-SS |1 17 24
SS-JJJJ-SS-1111-SS 1 14 46
SS-JGGG-SS-GGGIJ-SS 1 6 23
SS-JJGG-SS-GGJJ-SS 1 22 28
SS-JJJG-SS-GJII-SS 1 40
1311111 1 7 23
GGGGGGGG 1 3 15

where @ = natural frequency, A = area of cross-section, L = free length, p = density
of specimen, £ = Young’s modulus, / = moment of inertia, § = 1.875, 4.694
and 7.854 for the first, second, and third mode, respectively. The experimentally
determined frequencies fall within the range of theoretical and numerical frequencies,
as indicated in Table 6.

4 Conclusion

The vibration characteristics, such as modal frequency and damping factor, of FML
made of SS304, glass, and jute fiber, were examined in this work. The tensile strength
of FML with greater number of glass plies and stainless steel in the core having a
configuration of SS-JGGG-SS-GGGJ-SS is greater than that of other stacks. The
greater the number of jute plies at the extreme end (SS-JJJG-SS-GJJJ-SS), the better
the damping. Furthermore, when free length decreases, the modal frequency and
damping ratio rise in FMLs with different stacking. The FML adhesive bonding
demonstrates that no chemical treatment is required. Mechanical treatment of stain-
less steel using sand paper can improve adherence. Using ANSYS, modal anal-
ysis simulation on fiber metal laminates yields satisfactory modal frequency results.
Higher frequencies were seen in the FML, with more glass fibers in the middle and
less at the extremes. Among the virgin composites, the jute/epoxy composite shows
a higher frequency. When jute plies are added at the extreme ends of the FML, the
modulus increases by 26%.
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Human-Computer Interaction: )
Comparison of Different Contributions oo
Based on Opinion and Survey

Krishnakant Dixit and Kanchan Yadav

Abstract Human—computer interaction (HCI) has a long and contentious history
of “technology.” The academic and consistent status of HCI is regularly called into
question, resulting in hollow rhetoric. In the 1970s, it grew quickly from research
laboratories, coinciding with the term of the Decennial conferences. Since its incep-
tion, there have been concerns regarding his standing as a normal academic object, on
which many of them have concentrated their attention. In this paper, a comparative
study was conducted between the main parameters of human—computer interac-
tion, which are analytical and theoretical contribution. Three types of discoveries
are described here: the first is conceptual, the second is operational, and the third
is analytical. HCI is widely recognised as an interdisciplinary study topic. It takes
years and years for new types of knowledge and information to arise, integrate, and
stabilise in HCI. Several sorts of study findings have evolved over time, and the gaps
in this research were identified using opinion datasets and survey contributions. This
makes it easy to comprehend how much human—computer interaction is feasible in
real time.

Keywords Multi-disciplinary + Human computer interaction cognitive study *
Technology + Conceptual + Operational + Analytical

1 Introduction

The study and creation of interactive technologies is referred to as HCI stands for
human—computer interaction, and it has a strong and diverse scientific community
[1-5]. Discussions on different roles of technology in HCI may be outlined the
talks between Campbell, Card, Newell, and Carroll in beginning of the 1980s on the
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Fig. 1 HCl-related research
fields \
Computer Science
Engineering
Design

Psychology

Cognitive sciences

application of cognitive psychology in the design and development of the science
of the interaction between human and computer [6—10]. Subsequently there have
been intermittent assertions of a wish to create some kind of technical disciplinarity
for HCI. This may be seen in recent years at ACM CHI conference, which has
featured workshop and lectures on themes like scientific imitation and collaborative
science when compared to other true examples, HCI is a bad scientific field. HCI is
discovered to be lacking of central motor themes, which are believed to be hallmark
of through scientific fields, implying that the HCI program has failed. More work is
needed to make HCI “more scientific, as Greenberg and Thimble noted in 1992.” This
study covers a number of cognate themes in HCI, including science, disciplinary, and
design, in addressing these complicated disputes and point out in this work that the
concern of HCI as an academic’s goal is a consequence of the first stages of research.
This way, cognitivist perspective was used to scientific reasoning with the design
notion of Simon in order to generate a particular research idea known as the space
of science design. This informs both our understanding of and our exploration of
human—computer interactions. Figure 1 shows HCI-related research fields.

In this paper, a comparison is made between the current contributions to the field
of human—computer interaction, namely analytical research, artifact contribution,
and theoretical contribution, and then, the conclusions are validated using various
datasets and expert opinions.

1.1 Analytical Study

The foundation of science is analytical studies. The survey and collection of data
adds to new knowledge. Data might be qualitative or quantitative, objective or non-
population-based in laboratories or in the field. Experiments, test users, surveys,
surveys, target groups, journals, ethnography, field observations, and surveys all
contribute to the analytical contributions from HCI (Fig. 2).
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Fig. 2 Flow chart indicating comparative parameters of conceptual and analytical contributions

Table 1 Analytical data distribution

Percentage distribution Analytical study of system use Analytical study of people
Percentage of submission 44 29
Percentage of program 45 32
Acceptance rate 24 26

Analytical research is mostly used to assess the significance of their findings
and the soundness of their methodologies [11, 12]. Table 1 shows analytical data
distribution, and Fig. 3 shows analytical data distribution graph.

2 Artifact Contributions

The conception and deployment of interactive artifacts is driven by HCI [13-15].
Artifacts are created through generative design activities, whereas analytical contri-
butions are obtained from descriptive discovery (science) activities (invention). New
systems, archaeologies, tools, toolkits, technologies, skits, mock-ups, and settings,
often prototypes, open up new opportunities, facilitate new explorations, and drive
us to contemplate future potential. The objects and materials that come with them
become part of and manifest new knowledge. The value of artifact research contri-
butions is determined on the type of item. They often go with analysis, but not
always. They are often combined with analytical investigations. The evaluation of
novel systems, architectures, techniques, and techniques in reference to what has
been done and what has not been done. On the other hand, new input and interaction
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Fig. 3 Analytical data distribution graph
Table 2 Artifact’s data . .
N Percentage distribution Artifacts
distribution
Percentage of submission 23
Percentage of program 24
Acceptance rate 21

strategies are thoroughly and scientifically examined in order to extract their human
advantages. Images of fresh design expressions that are intelligent, compelling, and
innovative are examined, including drawings, mock-ups, and visions. How you nego-
tiate trade treaties and balance opposing agendas is crucial to consider. Table 2 shows
artifact’s data distribution, and Fig. 4 shows artifact’s data distribution graph.

3 Methodological and Theoritical Contribution
3.1 Methodological

The contribution of methodological research produces fresh knowledge that guides
how our work is carried out [16]. This has the potential to improve research or prac-
tice. You have the ability to influence our approach to science and design. You
can improve the way things are detected, measured, analysed, created, or built.
For methodological research contributions, the usefulness, reproductivity, depend-
ability, and legitimacy of an original process or process improvement are evalu-
ated. Approaches for reproducing and providing reliable and valid results are rated
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positively. To understand a method’s properties, it must be validated repeatedly.
Table 3 shows methodological data distribution, and Fig. 5 shows methodological
data distribution graph.
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Fig. 4 Artifacts data distribution graph

Table 3 Methodological data .
R J Percentage distribution Methods
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Fig. 5 Methodological data distribution graph
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3.2 Conceptual Contribution

Conceptual research contributions include new or better concepts, definitions,
models, principles, or frameworks. They are thought-generating vehicles. While
methodological contributions have an impact what is done, what we do, why we
do so, and what we desire influences conceptual contributions. Qualitative or quan-
titative theories can be employed. It can be both descriptive and predictive; it can
also show how this phenomenon works by the distillation of the key features of a
phenomenon. Fully developed theories not only examine it, but also explain why
accounts of explanation. Theories must be testable and forgery-proof; otherwise,
they should not be considered. Table 4 describes conceptual data distribution, and
Fig. 6 shows conceptual data distribution graph.

Table 4 Conceptual data

S Percen istribution n 1
distribution ercentage distributio Conceptua
Percentage of submission 6
Percentage of program 4
Acceptance rate 18
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Fig. 6 Conceptual data distribution graph
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Table 5 Dataset distribution

Percentage distribution Dataset
Percentage of submission 1
Percentage of program 0.9
Acceptance rate 17

4 Results and Discussion Based on Different Parameters

4.1 Opinion Dataset and Survey Contribution Results

4.1.1 Dataset

A dataset contribution gives the research community a fresh and relevant collection
of data, and it is often accompanied by a description of its features. Datasets may be
accompanied by the standardisation of comparison benchmark tests. These datasets
enable the evaluation of new algorithms, systems, or methods for shared reposito-
ries. The value of datasets in research is proportional to extent which the research
community can test and measure a useful and representative. To allow scientists to
work with new corpus, datasets are frequently published using new tools. Contribu-
tions to datasets are frequently accompanied by methods for executing the dataset
in which a new method is intended. Table 5 shows dataset distribution, and Fig. 7
shows dataset distribution graph.
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Fig. 7 Dataset distribution graph



124 K. Dixit and K. Yadav

Table 6 Survey data

distribution Percentage distribution Survey
Percentage of submission 3
Percentage of program 2
Acceptance rate 18

4
0

Percentage of

SUDMIssIon

Fig. 8 Survey distribution graph

4.2 Study Contributions

In order to discover patterns and gaps, survey studies and other meta-analysis assess
and create literature on certain issue. After a certain level of maturity has been
reached, survey contributions are appropriate. Hundreds of references are not unusual
in surveys. The periodical ACM Computing Surveys mostly publish survey inves-
tigations. Regularly in the journal Foundations and Trends in HCI. In basic terms,
survey contributes and meta-analyses are assessed in order to organise and identify
novel research paths, which is previously known about a subject. Table 6 shows
survey data distribution, and Fig. 8 shows survey data distribution graph.

4.3 Opinion Contribution

Contributions to opinion research, also known as essays or arguments, attempt to
persuade people to change their minds. Despite the fact that the word “opinion”
may refer to a less scientific endeavour, it is founded on all of the aforementioned
contributions. Opinion is considered a separate category of research contribution,
whether or not it lacks a research foundation, but because its aim is to convince
instead of merely educating.



Human—Computer Interaction: Comparison of Different Contributions ... 125

5 Conclusion

The current contributions to the field of human—computer interaction, including
analytical research, artifact contribution, and theoretical contribution, are compared
in this study, and the conclusions are validated using diverse data sets and expert
opinions.

As the HCI area evolves, the information it generates and the forms it takes should
be acknowledged. Reflection can be tough in a wide variety of subjects, and while
we should avoid limiting our creativity, it can be challenging. The purpose of opinion
and argument submissions is to stimulate thought, dialogue, and discussion. Opinion
analysis submissions are rated according to their assertion. Strong claims rely on
objective evidence to present opposing opinions. They address matters of widespread
interest and should be readily accessible. This handy map can help newbies navigate
the HCI sector as they take their first steps. Certainly, these newcomers will expand
our horizons and enrich our experience. All of these studies and opinions aid us in
analysing the real-time feasibility of human—computer connection and the public’s
acceptance of it.
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Abstract In satellite communications, as in other businesses, the demand for broad-
band has increased. Satellites carry global client information, including satellite TV,
radio, and the Internet, via spacecraft. Satellite communication also provides global
speech delivery. They are also vital for the recovery of natural disasters and other
emergencies, as communications following natural disasters are crucial. While some
spacecrafts are used primarily for data delivery, all spacecraft require communica-
tions systems. For example, remote satellites may collect environmental data, but
both the data gathered and the satellites’ locations are unknown. The limited storage
capacity on board necessitates a high-speed data connection in order to prevent
data loss when collecting massive amounts of information. The use of satellites to
communicate with others, such as (interplanetary) space, necessitates the creation
of new algorithms and protocols for each network tier; satellite communication is
constrained by the relatively narrow bandwidth and high transmission power required
for satellite transmission. The rising demand for high-speed data impacts the whole
telecoms and satellite communications industry. Continuing demand growth and
dynamically shifting markets are the key drivers of satellite communication trends.

Keywords Broadband - Satellite communication + Remote sensing + Links + Data
distribution

1 Introduction

For many decades, satellites have been used for communication. Satellite networks
have frequently been added to terrestrial infrastructure-based fixed, wireless, or
mobile communications systems. For example, early satellite communications
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networks were technically and geographically unavailable to the maritime industry on
any ground-based network. As the need for all-encompassing personal communica-
tions increases rapidly, satellites are filling the void in rural areas not served by either
fixed-line or mobile networks. Moreover, when all other lines of communication fail
during natural disasters, satellite communication has become indispensable. Satellite
communication networks must surmount a number of obstacles in order to achieve
widespread consumer adoption. From a network perspective, satellite communica-
tion is plagued by challenges relating to both the height of the network and physical
layers. Long-term delays, packet losses, and intermittent connection and connection
disruptions are examples of high-level difficulties for which well-known network
protocol stacks such as TCP/IP are inadequate solutions. New network architectures,
such as the delay and interrupt network tolerance (DTN) architecture, may present
an alternative solution [1, 2]. Physical layer constraints include the requirement for
satellite line-of-view (LOS), which limits user access to the satellite network, partic-
ularly in congested urban regions where LOS requirements are not met. Furthermore,
Table 1 displays customer data for three major satellite telephone companies (as of
the end of the third quarter of 2010) [3]. The figures show how satellite services
compete with cellular networks.

Within the next five years, mobile data demand will climb by 25-50 times current
levels, and while technology will continue to advance, the spectral performance

Table 1 Important satellites comparative information

Cost Operational | Services Life- time | Satellites | Orbit Name

N/A 1995 GPS N/A 21 MEO Glonass

Receiver: 1995 GPS 18 years 33 MEO GPS

$600—-40,000

Terminal: 1998 5 years 36 LEO Orb-comm

$2000

Terminal: 2000 Broadband | N/A 80 Broadband | Sky Bridge

$800 LEO

Air-time:

$40-50/min

N/A Est. 2008 Broadband | 11 years 288 Broadband | Tele desic
LEO

Hand-set: 2000 V,D,E P 13 years 10 MEO 1CO

$800

Air-time:

$0.70—4/min

Air-time: 1999 V,D,E P, 11 years 48 B-LEO Global Star

$2-1.50/min GPS

Hand-set: Nov, 1998 V.D,E, P 6 years 66 B- LEO Iridium

$4000

Air-time:

$2-2.50/min
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of existing 4G orthogonal frequency-division (OFDM)-based solutions approaches
maximum predicted bounds. The Federal Communications Commission (FCC)
predicts that mobile broadband will be technologically and economically viable [4].
Although satellites are only a small portion of the telecommunications industry, they
are a significant financial sector. The satellite industry, worth more than US$190
billion, accounts for almost 60% of the total in both the telecommunications and
space industries. In terms of the responsibilities of those in orbit today, around 38%
are commercial communications satellites, 20% are for civilian or military communi-
cations, and satellites play the most prominent role. As previously indicated, commu-
nications technology should be employed by people whose primary responsibility is
not communications [5].

2 Architecture of Communication Satellite

This consists of two halves, space and ground, also known as uplink and downlink.
Space segment: the space segment is comprised of three major systems: (a) the fuel
system, (b) the satellite control and communications system, and (c) the transponders.
Utilizing the fuel device, the satellite is operational for years. It is equipped with solar
panels that provide the energy required to power the satellite. The telecontrol system
and satellite are used to transmit satellite commands and information about on-board
systems to ground stations. The transponder is a communication device that functions
as an interplanetary transmitter. The transsponder collects, amplifies, and transmits
ground station signals [6, 7]. There are a number of terrestrial stations in the ground
sector. In a network with a star structure, there will be a central station called the
center and a number of distant stations. At each remote station, a very small aperture
terminal (VSAT) antenna measuring between 1 and 2.5 meters will be accessible. In
addition to the antenna, an external device (ODU) containing radio equipment will
be utilized to transport and improve the signal. The radio signal is transmitted to an
IDU, which modulates and performs the required baseband processing. The IDU is
the radio transmission. IDUs are linked to a PC, LAN, or PBX-like apparatus. At the
central station, a huge antenna (ranging from 5.5 to 12 meters) and the corresponding
equipment are located. In addition, there will be a network control center (NCC) that
executes all management tasks, such as remote station configuration, remote station
database maintenance, remote station healthcare management, and traffic analysis.
According to the needs, the NCC’s primary task is to transfer the appropriate channels
to various remote systems. The path between a ground station and a satellite is known
as the uplink. The connection between a satellite and a ground station is known as
the contact connection. Utilize distinct frequencies for uploading and downloading
(Fig. 1) [8, 9].
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Fig. 1 Satellite communication block diagram

2.1 Operational Frequencies

C band, Ku band, and Ka band are the three frequency bands most widely used in
satellite communication systems. As frequency increases, antenna size decreases.
However, at higher frequencies, the effect of rain is greater. For broadcast purposes,
the Ka band is utilized with an uplink frequency strip of (27.7-30.8) GHz and a down-
link frequency strip of (17.9-21.1) GHz. Direct satellites provide video programming
to the home directly (rather than via cable TV networks). Due to the higher service
frequency of the Ku band, the antenna size would be significantly smaller than that of
the C band. Rain has a greater impact on the Ku band as opposed to the C band. For
some years, satellite communication has been limited to the C band. As a result of
advancements in radio components such as amplifiers, filters, and modulators, rain
impacts on the Ku band can be mitigated with the necessary amplification. Currently,
the Ku band is widely used for communication (Table 2) [10, 11].

Table 2 Various bands of

. Downlink frequency Uplink frequency Bands
operation
(11.9-12.1 GHz) (14.1-14.4 GHz) Ku Bands
(3.9-4.1 GHz) (6.025-6.325 GHz) C Bands
(17.9-21.1 GHz) (27.7-30.8 GHz) Ka Bands
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3 Mobile Satellite System

Fixed satellite services (FSS) and mobile satellite services (MSS) are the two types
of satellite communication services (MSS). MSS will examine the future of global
satellite communications in this article. Since the late 1970s, mobile satellite tele-
phone services have been available. In terms of penetration, however, the competi-
tiveness of mobile technology, a safer and less expensive alternative that approaches
global coverage, makes a significant difference in comparison with satellite-based
telephone. In addition, satellite networks require LOS, which is difficult to accom-
plish indoors in urban settings and very impossible to secure. In the early twenty-
first century, satellite network operators were able to persuade telecom regulators in
several parts of the world, including North America, the European Union, and Japan,
to grant their authorization to integrate ground elements into a number of previously
discussed issues, thereby making satellite communication more appealing to the
mass market. On the inclusion of the soil section, more information is offered. The
use of keywords close to mobile networks may constitute a satellite spot beam. The
user’s travel through cellular cells necessitates a handoff from one base station to the
next. In the case of non-geostationary satellites, however, cells are not geographically
stable because they move to a specific spot-on Earth. As a result, stationary users
must also transfer from one satellite to another [12]. In modern MSSs, the satellite
uses relatively small antennas with modestly low power transmission, whereas the
client uses a high-power device with a comparatively large antenna. Future MSS
satellites will contain enormous antennas so that user terminals can transmit with a
high level of power (Table 3).

Traditional satellites, specifically GEOS, function like curved pipes. This means
that they are essentially a buffer between two geographical locations. In contrast,
some satellites facilitate OBP’s use of channels and increase bandwidth. OBP

Table 3 Various parameters of satellite communication

Life |Mass Frequ | Attitude |Inclination |Orbit | Number |Num ber | Mobile
time ency range |of orbital |of satellite
band planes satellites | system
4-10 |45-172 |L 670-825 |45 LEO |8 59 Orbcomm
15 700 C,L,S | 1400 52 LEO |8 24 Global star
15 6910 L 35,200 4 GEO |2 2 Terre Star
15 5390 L 35,7717 0,2 GEO |2 Light
squared
15 3200 L 35,800 0 GEO |1 2 Thuraya
10 6100 L,S 35,786 0 GEO |1 12 Inmarsat
10 4500 C 35,900 0 GEO |1 1 Aces
15 860 L,K |781 86.4 LEO |6 66 Iridium
Next
8 690 L, K |781 86.4 LEO |6 66 Iridium
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also enables direct connection between satellites within the same constellation,
enabling the provision of Intersatellite Links (ISL) directly via ISL for faster calling.
This reduces the typical latency in the field of satellite voice transmission-based
space diversity. Multiple satellites (usually two) communicate with user devices to
improve satellite visibility. In order to provide a range of connections, OBP must
integrate signals from both satellites. The spatial diversity of forward linkages is
another alternative. However, the fundamental satellite diversity can suffice in this
circumstance.

4 Challenges and Issues of Satellite Communication

Satellite communication has surely altered the manner in which people throughout
the world connect with one another. It has contributed in the eradication of physical
barriers and the creation of a massive global information society by giving people
from all over the world a strong voice and access to communication. However, there
are still places in the world, particularly in rural areas, where phone and Internet
connections are not available. According to one estimate, only 40% of the world’s
population has access to the Internet. Satellite communication has the potential to
alleviate the accessibility problem if the following obstacles to its development and
acceptance are appropriately addressed (Table 4).

Table 4 Issues with satellite communication

Satellite Aerial platform Terrestrial Issue
Complex Substantial Substantial Indoor
MEO/LEQ: in stages | Minimum of one In stages Deployment timing
GEO: 1 platform/ground station
Stand—alone
Upto 15 years Upto 5 years Long term Lifetime
50-500 km 0.5-10 km 100 m-2 km Cell diameter
GEO/MEQ: high Very Low Varies Propagation delay
GEO: large regions Upto 400 km per Few Km per BS Geographical coverage
MEO/LEO: Global > | Platform
500 km
Land and sea Land and Sea Land and coastline | Coverage
1,2,4,6, 12-18, 1,2,4,6,12-18, Few GHz Frequency band
27-40 GHz 27-40 GHz
750-36,000 km 0.1-20 km Upto 250 m Altitude above ground
Solar panels Fuel, propellers, and Electricity Power supply

solar panels
Low Low High Power consumption
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4.1 High Expenses

From developing equipment to establishing a link, satellite communication is a
pricey affair. In addition, the price of satellite communication services is projected
to increase as satellite technology becomes more complex. Thus, it is impossible for
underdeveloped nations to afford such an expensive communication medium.

4.2 Delay in Spreading

Delay in propagation is the time required for a satellite to link with the Earth.
This delay may vary greatly depending on the satellite’s distance from the location.
Furthermore, this delay can echo telephone connections.

4.3 Slow Speed

Current web experiences are mainly focused on faster uploads and downloads,
making satellite communication on the front somewhat deceiving. The current
average satellite speed is approximately 1Mbps, frequently impeded by interference
and noise.

4.4 Facilitating Right Solutions of the International Sky
Group

International Sky Group (ISG) is a one-of-a-kind initiative aiming to address the
aforementioned satellite communication challenges, hence granting users more
seamless and cost-effective access to phone and Internet services. The network has
built an efficient ‘Satellite Communication System’ that is compatible with both the
existing telecommunications network and can function independently. The system is
also based on a constellation of low-orbit satellite communications that enables the
global dissemination of high-speed information to consumers.

5 Conclusion

Increasing useable bandwidth, adapting to rising consumer demands, and improving
satellite fleets to efficiently transfer data over worldwide coverage areas are the
primary trends.
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Combined with the increased longevity of satellites, this need for adaptability
drives the desire for technology that enables satellite operators to transfer satellite
capabilities between coverage areas.

As the industry strives for additional bandwidth, it extends beyond the Ka band and
into higher frequency bands, which offer larger capacity. Work is undertaken to gain
a deeper understanding of the channel’s characteristics and the mature techniques
that permit the usage of specific frequency bands. These include GaN, which has the
potential to produce extremely reliable solid-state power outputs, but experiments
are currently being conducted in practice.

New channelers, phased display antennas, reflector antennas, and reflect arrays
are a few of the technologies that allow improved adaptation and diversity in the
distribution of broadband data throughout coverage zones. Clearly, satellite commu-
nication offers numerous opportunities to improve communication. The aforemen-
tioned difficulties are crucial to their development and acceptance by the general
populace. However, the International Sky Group provides a forum for effectively
addressing the challenges and providing solutions for enhancing the effectiveness,
reliability, and security of satellite communications.
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Abstract Development of Mg-based degradable implants for several medical appli-
cations is an active research field in biomedical engineering. Owing to its biocom-
patibility, degradability, and non-toxic nature, Mg has gained tremendous attention
among material engineers across the globe to use as a potential candidate for manu-
facturing medical implants. In spite of its promising properties, degradation control
is an important area of research to tailor Mg as promising implant material. Alloying
of any metal significantly alters its bulk properties and performance during the
application. Several Mg alloys were developed for biomedical applications. Among
them, rare earths (RE) containing Mg alloys occupy a prominent place. Different
RE elements have been used to improve several properties of Mg. The objective of
the current review is to present a brief summary of the developments in Mg-RE
alloys targeted for biodegradable medical applications. The role of these alloying
elements in enhancing the essential bulk properties required for medical applica-
tions is presented. The promising future perspectives and challenges involved in
developing Mg-RE alloys for medical applications are also briefly discussed.
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1 Introduction

The growing demand for novel materials and processes to counter the present prob-
lems and to improve the performance of the existing biomedical implants led the
material scientist to develop novel engineered materials in the biomedical field.
Research on developing Mg-based implants is one such potential area that has gained
tremendous attention in the past two decades [1]. Being a metal, Mg can be a better
choice for manufacturing bio-implants due to its biocompatibility and safe degrad-
ability [2]. The potential applications of Mg implants include screws, nails, bone
fixing plates, and scaffolds for short-duration orthopedic implants. However, its rapid
degradation is a limitation that leads to a mismatch in the new bone formation rate
and the implant degradation rate and eventually results in a gap at the implant—tissue
interface and affects the mechanical integrity, as schematically shown in Fig. 1.
Alloying of metals helps to enhance several properties, including mechanical perfor-
mance, electrical properties, corrosion resistance, tribological behavior, creep, and
fatigue properties. Alloying of Mg also has been proven as a potential strategy to
improve the aforementioned material properties [3]. Particularly, alloying with suit-
able elements is a promising strategy to enhance the performance of Mg, as reported
in the literature [4].

Initially, commercial-based alloys, including AZ series alloys, were widely inves-
tigated. Later on, several other alloy systems were developed with specially designed
chemical compositions. Based on the alloying elements, the properties of Mg alloys
are significantly altered. Depending on the microstructural factors, Mg alloys can be
classified as Zr-free alloys and Zr-containing alloys. The addition of Zr influences the
microstructure, and hence, the classification from the microstructure perspective can
be done considering Zr presence [5]. On the other hand, by considering the toxicity

Implant-tissue interface

Implant

Mg implant

New bone Implant
formation degradation

Fig. 1 Schematic representation of new bone formation and Mg degradation at the implant-tissue
interface
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effect associated with Al, Mg alloys are also classified considering the Al presence
[4]. Besides, rare earths (RE) containing Mg alloys were also studied for biomedical
applications, as seen from the recent works [6, 7]. The present paper summarizes
the developments in biodegradable RE containing Mg alloys with a discussion on
the advantages and challenges. Rare earth (RE) elements include lanthanides on the
periodic table plus Sc and Y. RE elements such as Ce, La, Pr, Nd, Ga, Eu, and Dy
are widely used in several industries, including cosmetics, high-performing alloys,
electronics, medical, and aerospace applications [8]. Using RE elements in appro-
priate amounts in Mg enhances the mechanical performance and electrochemical
properties. However, a few elements, such as La, Pr, and Ce, induce toxicity effects
at higher concentrations which must be considered while designing the composition
of the Mg alloy for biomedical applications [9].

2 Mg-RE Alloys as Biomaterials

Binary and ternary Mg alloys with RE elements that were investigated for biomedical
applications can be widely seen in the literature. In binary alloys, Mg with any
one of the RE elements is added to produce the Mg alloy. Ce, La, Gd, Nd, and
Gy are examples of such binary Mg-RE systems. Willbold et al. [10] studied Mg
binary alloys with Ce, Nd, and La as the alloying elements as implant materials by
conducting in-vivo experiments using rabbit as the animal model for four weeks.
From the results, the evolution of gas was not detected, and the healing was found
to be excellent. Gd and Dy, known as heavy RE elements, were also alloyed with
Mg to produce binary alloys for medical applications [9]. From the literature, it is
understood that the stress shielding effect can be minimized by using Mg—Gd and
Mg-Dy alloys which possess mechanical properties close to the bone compared
with the other alloys [11]. Yang et al. [12, 13] studied Mg—Dy alloy, and excellent
corrosion was observed after solutionizing heat treatment followed by aging against
cell culture medium. Y is another promising alloying element to develop Mg alloy,
which promotes corrosion resistance in the aggressive physiological environment
[14, 15]. Peng et al. [16] also produced Mg—8Y binary alloy, and better corrosion
resistance was observed.

Ternary alloys and multi-element alloys with Zn, Ca, Al, and Li as the main
constituting alloying elements are the other Mg alloy systems widely investigated
in the literature. Mg—Zn system with additional RE elements in different fractions
was prepared as potential implant material and investigated. The presence of Zn as
an alloying element in Mg promotes better mechanical properties. It is a common
observation that the Zn is added to several commercial Mg alloys. The presence of Zn
in Mg alloy does not cause abnormal issues as the human body needs Zn on a regular
basis for metabolic activities [17]. Additionally, RE elements are used to produce
ternary alloys with Mg—Zn base system. It can be learned that the presence of Gd
in Mg-Zn—-Gd alloy [18] and Y in Mg—Zn-Y alloy [19] has a profound effect on
improving the mechanical performance of Mg—Zn system. From the works of Bian
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et al. [20], the corrosion resistance of Mg—Zn—Gd alloy was observed as higher in the
in-vitro studies. Furthermore, better cell activities were also reported against VSMC,
MG63, and L1929 cell lines. From the in-vivo experiment, the alloy was observed
with excellent structural integrity with the host tissue. In other words, adding Gd to
the Mg—Zn system has shown better degradation resistance against Hank’s solution
and improved mechanical performance [21]. The presence of Y and Zr was also
found to be beneficial in enhancing the mechanical performance and controlling the
corrosion rate of Mg alloys [22-25]. Adding Nd to the Mg—Zn system in smaller
amounts in view of its toxicity associated with higher fractions was also reported in
the recent literature [26]. Niu et al. [27] developed Nd containing Mg—Zn alloy, and
safe degradation was noticed from the in-vivo studies carried out for 18 months.

Mg—Ca alloys with additional RE elements are the other alloys investigated for
biomedical applications. Basically, Ca promotes grain refinement in Mg and also
contributes to increasing the corrosion resistance when used in smaller quantities. Li
et al. [28] produced Mg—Ca-Y alloy, and better mechanical properties and increased
corrosion resistance were observed. You et al. [29] also studied the role of Y while
developing Mg alloy on the mechanical performance, and from the results, higher
UTS and % elongation were observed. From the studies of Tong et al. [30] and
Zhang et al. [31], adding La and Ca to Mg—Zn—Ca alloy has shown a significant
role in enhancing mechanical performance. With the increased fraction of La and Ce
from 0.5% to 1%, the degradation rate of the alloys was noticed to be significantly
decreased. Mg—Al system is another type of Mg alloy that can be used to produce
wrought products if the Al content is limited to less than 3%. Studies on RE containing
the Mg—Al system for possible implant applications can be seen in the earlier reports.
Yokobayashi et al. [32] developed a ternary alloy of Mg—Al-Gd, and precipitation of
Mg5Gd intermetallic was observed after heat treatment. From the works of Lu et al.
[33], Mg—Al-Gd alloy has shown better corrosion properties after the heat treatment
due to the MgsGd precipitates. Toxic issues are the important limitation with the
combination of Al and Gd in Mg alloy. The presence of Al in higher concentrations
leads to neurological health issues. On the other hand, the presence of Gd also must
be in the lower amounts in view of the toxicity in the presence of the biological
system [34, 35].

Mg-Li alloys are the other group of RE containing Mg alloys studied for medical
applications. Among these alloys, LAE442 with the chemical composition of Li (4
wt. %), Al (4 wt.%), Ce (1.3 wt.%), Nd (0.37 wt.%), La (0.5 wt.%), and remaining
being Mg has been widely studied in the scientific literature. Witte et al. [35] carried
out degradation studies of LAE442 alloy and AZ91D alloy by in-vitro and in-vivo
routes. From the in-vitro studies, corrosion resistance of AZ91D has been observed
as better compared with LAE442 alloy. On the contrary, from the in-vivo studies, the
LAEA442 alloy exhibited higher corrosion resistance compared with the AZ91D alloy.
In another study, Witte et al. [36] produced MgF, coatings on LAE442, and a further
decreased corrosion rate was observed from the in-vivo studies. Krause et al. [37] also
used LAE442 alloy as an implant material and compared the performance of WE42
(Mg-Y-RE) alloy by carrying out in-vivo experiments for 6 months. Zhou et al. [38]
also investigated the mechanical behavior, corrosion properties, and bioproperties
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of Mg—Al-Li and Mg—AI-Li-RE alloys. Interestingly, the presence of RE elements
significantly enhanced the strength of the alloy, and the intermetallics deteriorated
the corrosion performance. Several other Mg—RE alloys with other alloying elements
were also investigated to develop biomedical implants. Among them, the Mg—Y-RE
alloy system occupies prominent space. WE43 is the best example for such alloy
which has a great potential to manufacture degradable implants. Yttrium enhances
the mechanical strength and improves the corrosion performance in Mg alloys [39].
Several reports demonstrated increased corrosion resistance due to the yttrium oxide
(Y,03) produced on the heat-treated WE43 Mg alloy when exposed to a corroding
environment [40-42]. ZE41 and ZK60 are the other RE containing Mg alloys inves-
tigated to understand the degradation behavior, which exhibited better mechanical
performance and lower corrosion rates [43, 44].

3 Properties Influenced by RE Elements in Mg Alloys

The majority of the properties which are significantly affected by alloying Mg with
RE elements can be grouped into three categories which include mechanical proper-
ties, corrosion properties, and bioproperties. Table 1 presents the effect of individual
RE elements on different material properties. Mechanical properties are the first
group of bulk properties significantly altered due to alloying Mg with RE elements.

Table 1 Effect of RE elements on material properties of Mg alloys

S. Element | Influence on material properties Reference
No

1 Ce

Induces grain refinement [9, 45]
Higher amount of Ce decreases the corrosion resistance and
increases the toxicity

)
Q
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More soluble in Mg compared with the remaining RE elements | [9, 46]
Improves mechanical properties

More soluble in Mg similar to Gd [9, 12, 13]
Improves ultimate tensile strength and yield strength
Enhances corrosion resistance
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Acts as the best grain refiner compared with other RE elements | [47, 48]
Improves corrosion resistance
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Improves corrosion resistance [14, 16, 37]
Improves new bone formation rate

[o)}
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Improves corrosion resistance [9, 35]
Higher amounts induce toxicity
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Enhances mechanical properties and corrosion resistance [26, 27, 49]
Improves stress corrosion cracking resistance
Higher amounts of Nd induce toxicity
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It has been observed from the reported literature that the range of tensile strength
varies from 70 to 350 MPa, yield strength varies from 45 to 300 MPa, and the %
elongation is varied from 1% to more than 50% with different alloying elements. Mg-
RE binary alloys exhibit improved mechanical properties. However, the ductility is
significantly decreased, as reflected in the lower % of elongation. Among all the
RE containing alloys, WE43 with aging conditions exhibits higher ductility (60%
elongation). Next comes the most promising ZW21 and ZEK100 Mg alloys with
higher ductility (round 35% elongation) [6]. Furthermore, the alloys subjected to
mechanical processing followed by heat treatment have shown improved mechan-
ical properties [50]. Corrosion properties are also significantly affected due to the
added RE elements in Mg alloys. For degradable implant applications, the material
is intended to function well with good mechanical integrity with the host tissue for
at least 4-6 months until the new bone formation is completed. In this context, RE
containing alloys exhibit relatively longer life span in the biological environment.
Among all the alloys, WE43 and LAE442 alloys exhibited lower corrosion rates, as
observed from the reported works [37]. Usually, the mechanical properties deterio-
rate when the material is subjected to corrosion. Corrosion-initiated pits and cracks
accelerate the mechanical failure of Mg alloys when used as bio-implants. Since the
targeted application is orthopedic implants where the implant material is subjected
to mechanical loads, understanding the role of degradation on the mechanical failure
of the Mg alloys is important. WE43 Mg alloy has shown better mechanical perfor-
mance after 3 months of exposure to a corroding environment in bending tests [51].
However, a few studies also suggested producing surface coatings to minimize the
degradation process of Mg alloys during the initial days [52, 53]. The toxicity of
RE containing Mg alloys has been investigated against different cell lines, including
L1929, MC3T3, VSMC, and ECV304 [10, 20]. From the detailed preliminary studies,
RE containing Mg alloys exhibited non-toxic nature, as reported by several authors
[54, 55]. The cell culture studies clearly established the non-toxic nature of body
tolerance of RE containing Mg alloys. However, detailed studies on the level of
allowable concentration of these elements in Mg alloys in the context of localized
toxicity and the effect on the functioning of other organs are essentially required.

4 Future Scope and Challenges

Compared with pure Mg, the toxicity of RE containing Mg is lower. The evolu-
tion of hydrogen gas as a byproduct during the corrosion of Mg—RE alloys is lower
compared with the degradation of pure Mg, which is the prime reason behind the
higher cell availability with the Mg—RE alloys. Therefore, the increased cell viability
as observed in the Mg—RE alloys is claimed to be the localized favorable conditions
from the absence of hydrogen gas perspective rather than the effect of the alloying
element. A few RE elements, for example, Nd, Gd, and Dy, are allowed in smaller
fractions in view of their toxicity with higher concentrations. Hence, detailed studies
on the toxicity of different RE elements are required to fully get benefited from RE
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elements in developing Mg-based implants. Some of the alloys exhibited more than
100% cell viability. This can be possible with the cell growth during the incuba-
tion period, as also reported by the other authors with the other Mg alloys, where
the presence of Mg ions helps toward cell growth and proliferation [45, 46]. From
the economic perspective, the cost of RE elements is relatively higher compared
with the other alloying elements, and therefore, the overall cost of the Mg alloy is
increased when multiple RE elements are used to develop these alloys. In addition
to alloy development, adopting subsequent thermo-mechanical treatments to refine
the microstructure can be adopted to improve the performance of the Mg alloys [56—
58]. Furthermore, heat treatment processes, particularly for the alloys, which can
be hardened by aging treatment, improve the mechanical and corrosion properties
by precipitating fine intermetallic phases. Using Mg—RE alloys as matrix materials,
highly bioactive phases such as Ca/P phases can be dispersed to develop metal matrix
composites to achieve hybrid properties coupled with a higher level of bioactivity,
which increases the healing rate and controls the degradation rate. Additionally, by
providing surface coatings from an external source or by developing surface oxide
layers from the substrate itself, the degradation can be controlled, and special proper-
ties such as antibacterial and antimicrobial properties can be imparted to the Mg—RE
implants.

5 Conclusions

Mg-RE alloys occupy a special place in developing Mg-based degradable implants
due to their excellent mechanical performance and lower degradation compared
with other Mg alloys. Among them, WE43 alloy and LAE442 alloy were observed
with better corrosion resistance compared with all other Mg—-RE alloys. Every RE
element has its advantages and limitations with respect to enhancing mechanical and
corrosion properties but induces toxicity if they present in higher concentrations.
Elements such as Y, Gd, and Sc result in higher grain refinement compared with
other elements. On the other hand, La and Ce are relatively toxic compared with the
other elements. WE43 Mg alloy exhibited higher % of elongation (60%) compared
with the other alloys. Even though the in-vitro studies establish the potential of these
alloys, additional studies to assess the consequences of leaching of these REs on
individual organs and the effect of these ions on the other health conditions are
required. Furthermore, studies on the effect of RE elements in the physiological
environment for longer periods are also required to be carried out. The status of the
research in developing Mg—RE alloys for biodegradable implants is promising, and
further research efforts will certainly bring development to witness the commercial
implants in the medical industry in the near future.
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Abstract A brake pedal is a significant pedal after the acceleration pedal as it is used
in controlling the vehicle’s speed. An optimized brake pedal is designed to improve
the design and other parameters. FEA analysis shows that several test cycles are
performed very well. In this paper, an analysis of the design of the brake pedal of a
vehicle and testing the strength of the brake pedal are performed and tested according
to the criterion. Brake pedal models are designed and constructed using SolidWorks
2018 software. Aluminum alloy is selected as the material for analysis. Itis concluded
that aluminum is good for the vehicle brake pedal at the beginning of the test. The
test is performed on the pedal physical as well as internal buildup characteristics in
the material as well as in the design. This study reveals more strength and durability
in design with material placed at the required location.
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1 Introduction

A significance of a braking system is to enhance thermal efficiency and driving
stability with security. An optimized design geometry of the brake pedal is designed
to improve energy economy and with other parameters [1]. A vehicle must acquire
appropriate braking techniques for actual control of the brake pedal under certain
operational conditions. The comparative study was taken out to identify the pedal
material and design of the pedal under the different operating conditions concerning
the environmental condition [2]. The application of pedal while accidental braking
was predicted during the sudden application of the brakes by the person. The study
was conducted when various simulation strategies with the accidental behavior of
the person were predicted [3]. The acceptance of the tolerance of force applied on the
brake pedal concerning a person’s behavior and material strength. The identification
of rapid force exerted on the pedal design concerning the safety measures was created
[4]. Demonstrating the utilization of a one-pedal drive system for managing both
braking and acceleration, alongside the incorporation of regenerative algorithms
employed in braking, is pivotal in heavy-duty and electric vehicles. This application
holds relevance in modern vehicular systems [5].

Employing varying brake pedal ratios is a common practice, both during normal
driving conditions and in panic situations, as controlled by the driver. Enhancing its
efficiency while considerably reducing the cost of the pedal can be achieved through
the implementation of optimization techniques during the manufacturing process [6].
The software test of the pedal was conducted which was manufactured using a new
effective as well as the more efficient process of design in the additive manufacturing
field which is available. The designed pedal was tested in more practical condition
imitation that can be possible with software [7]. An average comparative analysis/
study was performed on drivers and brake operation on the mountain slope and the
connection of their heart-beating time-concerning sudden brake application. Force
comparison of the acceleration pedal and the brake pedal was conducted physically
by monitoring the behavior of body and wheel dynamics [8]. The making of a more
reliable and viable brake pedal used for FSAE championship and other motorsport
is taken into consideration within maximizing the strength of the pedal while signifi-
cantly reducing the cost with effective manufacturing tech [9]. To render the braking
pedal more suitable for patients experiencing knee issues or who have undergone
an operation, specific modifications are required. Different force output is recorded
with the time [10].

By employing simulations of the brake pedal encompassing various processes
inherent to a single-pedal operating system in a vehicle, improvements can be
achieved. To enhance the overall braking efficiency in electric vehicles is the intended
outcome [11]. Utilizing advanced computing to analyze instances of inadvertent
brake pressing during panic conditions by the driver, along with the control offered
by the car’s computer, is the approach taken [12]. Incorporating the additive manu-
facturing process to develop a more complex and lightweight brake pedal design/
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geometry. This process to optimize the structure by design, strength, and performance
characteristics in this study [13].

The study of this paper is conducted on stress, strain, and other physical analyses
on the brake pedal designed in a virtual analysis and design software to find the impact
on the specified material (Aluminum alloy) by providing the actual condition for the
test by specifying it in the software boundary conditions and as well as physical
condition and analysis results were added in the study.

2 Brake Pedal

A brake pedal is used in vehicles to control the speed of the vehicle, and when it is
fully pressed, it stops the vehicle completely. It is located at the left foot of the driver.
Pressing the brake pedal by the driver automatically applies the optimum pressure
to stop or slow the vehicle down.

2.1 Methodology

Designing and modeling on the software (SolidWorks 2018).
Specifying material and setting parameters.

Conducting the analysis of the model as required.
Generating Results and noting them down.

2.2 CAD Model

A model brake pedal is designed and then drawn in SolidWorks. The made brake
pedal has a pedal ratio of 6:1, a total length of 6 inches, and a thickness of 1 inch.
The CAD model of the brake pedal can be seen in (the isometric view) in Fig. 1.
Also, the properties are specified in the software as required to be.

2.3 Material Selection

In most, modern-day vehicles material used to construct the brake pedal is some iron
alloy with nylon to cover it with short fiber but due to material availability and cost
factor. Aluminum 6065 is used for the brake pedal. Properties of aluminum 6065 are
defined in Table 1.
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A

Fig. 1 Brake pedal

Table 1 Material properties

of aluminum 6065 [14] Failure analysis on: Max von Stress
Max. tensile strength: 1.240841 e 4 008 N/m>
Max. yield strength: 5.514851 e 4 007 N/m?
Material Poisson’s ratio: 0.331
Modulus of elastic: 6.91 e + 010 N/m?
Material shear modulus: 2.6 ¢ + 010 N/m?
Material mass density: 2700 kg/m>
Coefficient of thermal expansion: | 2.4e-005 /Kelvin

Volumetric properties aluminum 6065:

Mass of material: 0.254468 kg
Volume occupied: 9.424731 e-005 m?
The density of material: 2700 kg/m?
Weigh of material: 2.493781 N

2.4 Meshing

Solid Mesh is provided to the brake pedal, with reference to Table 1 and volumetric
properties as mentioned in material selection. Shown mesh details after meshing was
noted in Fig. 2.
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Element Size Tolerance Total Nodes | Total Elements
0.152338 in 0.00761691 in 22193 13823

A

Fig. 2 Mesh brake pedal

3 Result and Discussion

3.1 Static Analysis

For this analysis, considered that the pedal experiences the force of 200 N on its
surface. The force is provided as it is provided during the operation of a vehicle by
the person who is driving it. For this given force, various parameters are taken as an
essential criterion for the preferred analysis which the study shows. The following
as

Stress,
Displacement,
Strain,

Factor of safety.

These factors are calculated in the simulation software known as SolidWorks
which has helped in analyzing it up close with a great deal of actual operation-like
environment.

3.2 Simulations

The simulations are conducted in the order as mentioned in Fig. 3 the shown below
shows the test for “stress” which the pedal has experienced during the test run. The
color blue shows the least stress in the point areas, and the color green shows the
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stress value in the areas which is higher than the blue area that experiences it with
the maximum limit at the red area on the scale.

The same is performed in Fig. 4 for the displacement, and the colors show the
displacement change of the material on the points of the color change in the simulation
for the pedal.

The strain analysis for the maximum is also performed in the same manner in
Fig. 5 for the pedal with strain development shown/depicted with change in the
colored area according to the effect on the pedal during the test run.

In Fig. 6, a measure of the safety factor is analyzed for the pedal and the depiction
for the test outcomes remains as the change in color within the required parameters
for the pedal to be safe when constructed by the specified material within the limits
described for the pedal.

A compilation of the results is presented below that can be gathered from the
above simulation:

Name of factor Min. Max.

Stress 1.401e + 003 N/m? 3.295¢ + 007 N/m?
Displacement 000e + 000 mm 5.667e-001 mm
Strain 1.011e-007 3.677e-004

Factor of safety 1.674e + 000 3.937e + 004

e The stress developed is 3.295 x 107 which is less than tensile and yields stress
on the material.
Displacement and strain are also within the permissible limit.
The factor of safety is between 3 and 5.
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Fig. 4 Brake pedal displacement

Fig. 5
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Fig. 6 Factor of safety

4 Conclusion

In this test simulation for the pedal, some interesting factors were revealed, which can
help in defining a better brake pedal design. This included design based on different
thicknesses in the pedal design according to the force buildup at a different location
during application. It is more practical and efficient to use a pedal constructed out
of aluminum alloy. The pedal analysis also tests the limits which are offered by the
material with the design and the working analysis for the pedal.

The results concluded that the pedal has effectiveness according to the design of
the pedal with a maximum tensile stress yield of 3.295 x 107 which is offered by
the material. The pedal design has a lower yield of tensile stress in the design. But
the displacement and strain are within the permissible limit with a factor of safety
between 3 and 5 points on a 5-point scale.
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Recent Advancements and Challenges m
of Abrasive Jet Machining: A Review L

Bhaskar Chandra Kandpal, S. P. Singh, Nitin Johri, Khalid Nafees,
Ajay Singh Raghav, Arshad, and Amit Gupta

Abstract Advanced processing methods such as abrasive jet machining can perform
various processing such as deburring, polishing, and cutting, and can process even
minute dimensions effectively and efficiently. This research paper provides a compre-
hensive overview of the work done in this area and highlights the complex analysis
that has been done to date. This paper provides an overview of the latest tech-
nology used in this machining and also discusses the issues related to machining. The
review also highlights different materials and methods used under different condi-
tions. Various optimization techniques to improve material removal rate (MRR) and
improve kerf width and surface finish are also discussed. This review paper may
represent current research challenges and also foresee the development of scopes in
this area of advance machining.

Keywords AJM - AWJIM - Sandblasting -+ Mechanism of material removal *
Nozzle wear

1 Introduction

The industrial revolution from Industry 1.0 to Industry 4.0 has dramatically changed
human life. Industrialization with high productivity, zero defect quality, increased
efficiency, significant time savings, and much better connectivity are some of the
main advantages, but at the expense of environmental damage. To overcome the
challenges, sustainable manufacturing processes are of great importance worldwide.
The term sustainability is the ability of a process, system, product, or service to
function efficiently without impacting the environment. Sustainability measures are
taken from the processing of raw materials to the delivery of the final product.
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Sustainability interventions include a range of strategies and techniques to conserve
natural resources and protect the environment. Machining is an important segment in
manufacturing for producing technical parts and components of capital and consumer
goods using typical processes. These processes ultimately lead to a high ecological
footprint. It required the development of green machining techniques such as hybrid
machining such as abrasive jet machining, green lubrication methods, dry cutting, and
energy efficient auxiliary machining methods. Environmentally friendly processing
technology is expected to contribute to the success of the industrial revolution.

In abrasive jet machining, jet of inert gas and fine abrasive particles strike the
workpiece at a very high speed (300-500 m/s). The material is removed by the
erosive action of abrasive particles. The kinetic energy of an abrasive particle converts
into force and erodes the material. AJM process is commonly used for cutting,
deburring, etc. This process is effective on hard/brittle materials. It can produce fine
and complicated details.

Principle of AJM

In the AJM process, fine particles are accelerated in a gas stream. The particles
are directed toward the focus of machining (less than 1 mm from the tip). As the
particles impact the surface, it causes a small fracture, and the gas stream carries
both the abrasive particles and the fractured particles (wear) away.

Mechanism of AJM

In the AJM process, cavity dimension changes with the change of NTD. The abrasive
particles repeatedly hit on the workpiece. A brittle fracture separates tiny particles to
produce a cavity. In the AJM process, the cavity width will be greater than or equal
to the nozzle inner diameter (depending on NTD). During the brittle erosion process,
particle impact produces different types of cracks and chips, with negligible plastic
deformation. In the case of ductile materials, the material is removed by plastic defor-
mation and cutting wear, or plastic strain and deformation wear. Different types of
abrasives are used in the AJM process for different applications, such as Al,Os3, SiC,
and glass beads. Abrasive jet machining (AJM) is an efficient method of machining
employed for brittle and hard materials employing fine abrasive particles focused
stream with striking of the workpiece by highly pressurized air. This results in the
removal of material from the surface on account of mechanical erosion. Abrasive
particles get high kinetic energy from high-pressure air leaving the nozzle thereby
impacting the workpiece and resulting in material removal from small fractures on
impact. Fractured material and abrasive particles are carried away by the air stream.
Wide application of AJM both on the macro-scale as well as microscale like micro-
machining generating microholes, microchannels, and microdevice manufacturing
is seen. Process parameters of the AJM process need to be optimized for enhanced
material removal rate (MRR) with good surface quality.
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2 Parameters of AJM

The impacts of feed rate, nozzle angle, pressure, grit size of abrasive grain particles,
SOD, and MRR were studied. Glass specimens were machined using aluminum and
carbide powder. AJM readily machined these specimens, but only compressive layers
of toughened glass could be machined; no holes could be drilled. The exit nozzle
was severely worn; although the mixing chamber and entry nozzle were a little worn
[1]. A study on the shape of the surface [2] generated by AJM was done using an
analytical approach as given in Table 1 to generate a semi-empirical equation to
obtain the shape of the surface generated by AJM. They investigated the effects of
grain size SOD, center line, and peripheral velocities of the jet on produced shape.
It examined [3] the influence of pressure and viscosity on MRR and surface polish
in abrasive flow machining in their research work. The material of the workpiece also
plays arole in the AJM process. Surface quality increased considerably over the first
few cycles, according to scanning microscopy. The near-surface profile derived by
wavelength decomposition improved surface formation mechanics. They studied [4]
the susceptibility of alumina particles’ impact on AJM. The application of abrasive
grits has a considerable influence on the material responsiveness to impact. Exper-
iments found that aluminum oxide abrasives roughened surfaces, whereas carbide
abrasives smoothed them. Synthetic diamond abrasive produced more roughness on
impact. This study examines the processes that impact surface roughness. To deter-
mine the influence of operating parameters on hole creation on GFRP ceramic mate-
rial, the research was conducted [5]. The study used a statistical method called DOE.
Abrasive flow and jet pressure were employed together with nominal hole diameter
and SOD. The appropriate cutting feed, abrasive MRR, jet pressure, and SOD are
all crucial for high-quality cuts, dimensional tolerances, and profitability, according
to an assessment of the parameters. Abrasive water jet cut aluminum plates were
investigated for surface [6] roughness by utilizing cutting abrasive of the appropriate
mesh size. The surface roughness changed as the abrasive flow mass rate changed,
affecting the bottom cut transverse speed and other abrasive water jet cutting param-
eters. Materials cut with an abrasive water jet have two surface textures, according
to scientists. The first texture had a smooth start and a rough finish. They studied [7]

Table 1 Results at different parameter levels [1]

Effect of input parameters | Results Reasons

Increasing particle size

Increase MRR and penetration
rate

The increased kinetic energy of
the particles

Increasing standoff distance

Increased entry side diameter

Increased equivalent jet radius

Increased peripheral
velocity

Increased MRR and edge radius

The increased kinetic energy of
the particles

Increasing jet centerline
velocity

Increased penetration depth
and MRR

Erosion is proportional to V2
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machining of aluminum oxide (Al,O3) due to its ductile and high tensile properties
given in Table 2.

Different abrasive water jet machining (AWJIM) processes are reviewed [8], on
basis of parameters like work materials, factor influences, and modeling process.
Parameters influencing AWJIM process were categorized as hydraulic, abrasive,
mixing, and cutting parameters. Modeling process for AWJM like neural network,
statistical, numerical, dimensional, analytical, and differential equation model were
investigated. Comparative analysis among different research works on basis of their
experiment and subsequent performance was done. Challenges like low penetration
depth and low rate of material removal along with their future scope were addressed.
Pressure applied, NTS, MRR, offset distance, nozzle angle, and additional processing
constraints were employed in this investigation. This study’s major objective was
to assess the design’s productivity and machining accuracy. It was found that [9]
aluminum oxide as corundum as an abrasive powder to drill a glass workpiece. To
test MRR and overcut, SOD and pressure were used as OC. The impact of MRR and
OC was studied using the Taguchi design. The findings show that SOD and applied
pressure are critical for material removal percentage, whereas only applied pressure
is significant for OC. Individual parameter modifications reduce OC and increase
MRR. They employed an experimental method to study the impacts of rate offered,
nozzle angle, applied pressure, abrasive mesh size, SOD, and MRR. Corundum and
carbide powder was used to machine glass specimens. AJM readily machined these
specimens, but only compressive layers of toughened glass could be machined; there-
fore, drilling was not possible. The exit nozzle was severely worn, whereas the mixing
chamber and entry nozzle were a little worn. It was observed [10] the influence of
material thickness on drilling time using abrasive jet machining on fragile glass,
ceramic, and fiber sheets in their research work. Various-sized holes were drilled
into each material. They observed that drilling time is not directly linked to mate-
rial thickness, and that material machinability has a significant influence on drilling
time. It was discovered that when SOD diminishes, the cut breadth decreases, and
so drilling time increases as kerf grows. The machining parameters were discussed
in Tables 3 and 4.

It explored [11] process parameters such as the space between the nozzle face and
the work surface. The diameter of the hole rises with the space between the nozzle
face and the work surface. Because a longer nozzle tip distance permits the jet to
expand before impingement, it is more susceptible to external drag. Shorter nozzle

Table 2 Limitation values of the control factors [6]

Control factor Label Low High Unit
Pressure A 1300 1800 Bar
Nozzle transverse speed B 2 3 Min/sec
Abrasive flow rate C 6.38 13.62 g/min
Offset diameter D 0.15 0.20 Mm
Impact angle E 0 15 degree
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Table 3 Parameters used in AJM [10]

Medium of fabric Air, nitrogen, and oxides of carbon
Type of abrasive SiC, Al; O3, and glass beads
Abrasive flow 3-20 g/min

Flow velocity 150-300 m/min

Pressure 2-8 kg/cm?

Nozzle specification 0.05-0.40 mm

Material used (Nozzle) | Sapphire and tungsten carbide

Lifespan (Nozzle) Max. 300 h

SOD Maintain between 0.25 and 15 mm (The most appropriate distance is
8 mm)

Workpiece material Glass, granite, ceramics, alloys of silicon, germanium, etc

Application Cutting, cleaning, drilling, and deburring

Table 4 Limitation values of the control factors [9]

Control factor Label Low High Unit
Pressure A 1300 1800 Bar
Nozzle transverse speed B 2 3 Min/sec
Abrasive flow rate C 6.38 13.62 g/min
Offset diameter D 0.15 0.20 Mm
Impact angle E 0 15 degree

tip distances result in a smoother surface owing to enhanced K.E. The connection
is between nozzle tip distance and hole bottom surface diameter at 5.5 kg/cm?. In
this case, the NTD is 0.79 mm. The hole diameter is 1.50 mm for NTD 10.01 mm.
They investigated [12] CFD, the flow field resolution, and the physical interactions
between carrying and abrasive media. The anticipated particle velocity improved as
the abrasive medium sharpness was adjusted from 1 to 0.6. The sphericity of the
particles did not influence the air jet flow field. They used [13] the novel shadow
mask technology to control particle size and SOD. Experiments employing shadow
mask and clamped mask technologies were used to analyze the X-sectional shapes of
channels for numerous jet passages. Mask depth and SOD were studied to produce
an adequate mask for cutting a form. It investigated [14] the demand for energy in
AJM. They studied the influence of input process variables on machining energy. An
experimental approach combining MARS and GP was used for computer simulation.
Choosing the optimal machining time and abrasive type is crucial to enhancing
environmental performance.
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3 Optimization of AJM Process

One of the versatile processing techniques for materials “Abrasive jet bombard-
ing” finds application in abrasive jet machining, fast cleaning, deburring, polishing,
surface preparation erosion testing, and shot-peening [15]. Current issues in R&D
are identified as specific operation types like microchannel polishing and micro-
machining. Critical issues involving material processing using an abrasive jet are
subsequently reviewed and presented here. Optimal process constraints like SR and
MRR are found for the water AJM process using the Taguchi method and ANOVA
[16], for the prediction of optimal parameters like abrasive flow rate, applied pres-
sure, NTS, and SOD as well as effective machining. Experiments carried out with
L9 orthogonal array combination show surface roughness being majorly affected by
abrasive flow rate, whereas MRR is affected by SOD, respectively. Carrier media is
seen to play an important role in material removal using abrasive jet machining [17].
Hot air is attempted to be used as this carrier media, and robust design analysis using
a modified Taguchi approach is attempted for optimal process parameters combi-
nation. The roughness of the machined surface and material removal rate is seen
to be significantly affected by air temperature along with good agreement among
experimental and predicted optimization values. Higher plastic deformation supple-
mented by brittle fracture failure at high temperatures is seen as evidence resulting
in minimal and enhanced MRR. MCDM techniques involving product assessment
and weighted aggregated sum are discussed in [18]. Responses of carbide coated
nozzle in improved air-based AJM for nickel-233 alloy are considered against abra-
sive mesh size 400 pwm, injecting pressures 0.686 MPa and SOD 9 mm, as process
variables for MRR maximization and SR minimization along with minimization of
taper angle. Brittle material glass is machined by abrasive jet machining with high-
speed abrasive particle stream application carried through a gas medium via nozzle
[19]. Gas pressure impact using abrasive jet machining on the material removal rate
is also emphasized. AJM as an untraditional industrial process for increased produc-
tivity is shown as a means for enhancing the manufacturer’s capability and efficiency.
Micromachining process, abrasive machining which involves processes like lapping
polishing, grinding, honing, super finishing, etc., is analyzed for improved mate-
rial removal rate and flow rate using computational fluid dynamics [20] for modified
elliptical nozzle shape instead of regular circular and rectangular nozzle shape. Anal-
ysis has shown elliptical design nozzle resulting in improved material removal rate
and flow rate, respectively, thereby enhancing design. Optimization of parametric
constraints of AJM like abrasive flow rate, applied pressure, nozzle diameter, and
SOD is attempted using the Taguchi technique and ANOVA [21], for assessment of
process parameters influence on fiberglass kerf and material removal rate, respec-
tively. Pressure is seen to have a significant effect on material removal rate along with
amajor effect on kerf by a stand of distance. L. 16 orthogonal array for varying process
parameters was utilized with the conduct of four experiments for the analysis. They
[22] made use of abrasive water jet (AWJ) machining to machine difficult-to-cut
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materials because of the fascinating feature of minimal tool wear and material inde-
pendence. When cutting through a material, however, AWJ machining has limitations
in terms of the geometries that may be produced. This constraint was overcome by
using AWJ milling procedures, which were time consuming. To address this problem,
the authors presented and investigated an improved AWJ milling operation intending
to increase the number of geometries that can be produced. It [23] evaluated the
cutting performance of the hot abrasive jet machining (HAJM) method, as well as
the machinability of hardstone quartz in terms of three parameters, viz. taper angle,
surface roughness, and material removal rate based on some control parameters. The
author(s) analyzed experimental results using analysis of variance (ANOVA) and
employed the genetic algorithm technique to carry out multi-objective optimization.
Based on all analyses and experiments, the authors have concluded that hot abrasive
jet machining has enhanced cutting performance and high material removal rate.
They [24] investigated machinability on various compositions of aluminum hybrid
composites using an abrasive water jet machining process. In this study, the effect
of variation in factors such as transverse rate, water jet pressure, abrasive flow rate,
and abrasive mesh size was observed on other parameters like surface roughness,
material removal rate, and depth of cut. All experimentation concluded that the abra-
sive mesh size results in reducing surface roughness with a higher depth of cut and
material removal rate. It [25] established the role of adding SiC super hard ceramic
to garnet and determined the best input variable that influences material removal rate
and surface finish during the process as. According to the findings, particle size was
the most important factor in achieving high MRR and low surface roughness. They
[26] made an effort to machine channels on silicon wafers. The effect of process
parameters, e.g., feed rate, air pressure, and standoff distance was studied on other
parameters, e.g., width and depth of the channel, material removal rate, and surface
roughness. Experiments showed that the machined channels have adequate depth and
a satisfactory surface polish with no heat-impacted zones and resolidification. It was
[27] investigated the effect of slicing parameters on single crystal silicon by abrasive
water jet machining (AWJM). The authors combined the gray relational analysis
with fuzzy logic to optimize the response characteristics of the sliced surface and
determine the highly preferable responses.

To identify and correlate the surface properties of the sliced silicon samples,
these were examined by a 3D optical profilometer, scanning electron microscope
(SEM), and atomic force microscope (AFM). The effect of surface irregularity on
the optical properties of sliced samples for various sizes of abrasive particles was
investigated. Variation of abrasive temperature and its effect on machining of features
like target surface reliability; stress-free defects, surface roughness, and erosion rate
were analyzed. Surface contours of the generated workpiece with the rate of erosion
are shown to be a function of constraints of machining not influence characteris-
tics of the flow of air—abrasive. Process parameters influence dimensional accu-
racy obtained in glass drilling by abrasive jet machining which is analyzed [28].
The effects of nozzle diameter, standoff distance, applied pressure, and grain size
of particles was analyzed on kerf taper while drilling holes from glass sheets. A
precise model based on the artificial neural network technique was established as a
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process paramete’s function. Optimization of the model using a genetic algorithm
for kerf taper minimization was done. Standoff distance effect on kerf taper is seen
to be major from results along with substantial reduction seen in the same on the
application of axial feed toward nozzle resulting in constant standoff distance while
performing machining. An experiment-based study of varying process parameters
on abrasive jet machining is done [29]. The use of sand as an abrasive powder is
made in drilling test series on glass workpieces. Process parameters like standoff
distance, particle grain size, applied air pressure, impact angle, and nozzle diameter
on machining performance were evaluated in terms of resulting material removal
rate (MRR). MRR is seen to be majorly based on abrasive particles’ kinetic energy
and dominant parameter as applied pressure. Optimization of the model using a
genetic algorithm with MRR maximization conditions identification was also done.
Good agreement between obtained experimental results and genetic algorithm and
artificial neural network-based predictions is seen. Process parameters’ influence on
dimensional accuracy obtained in glass drilling by abrasive jet machining is analyzed
[28]. The effects of nozzle diameter, standoff distance, applied pressure, and grain
size of particle were analyzed on kerf taper while drilling holes from glass sheets.
A precise model based on artificial neural network technique was established as a
process parameter’s function. Optimization of the model using genetic algorithm for
kerf taper minimization was done. Standoff distance effect on kerf taper is seen to be
major from results along with substantial reduction seen in the same on application
of axial feed toward nozzle resulting in constant standoff distance while performing
machining. An experimental based study of varying process parameters on abrasive
jet machining is done [29]. Use of sand as an abrasive powder is made in drilling test
series on glass workpieces. Process parameters like standoff distance, particle grain
size, applied air pressure, impact angle, and nozzle diameter on machining perfor-
mance were evaluated in terms of resulting material removal rate (MRR). MRR is
seen to be majorly based on abrasive particles kinetic energy and dominant parameter
as applied pressure. Optimization of model using genetic algorithm with MRR maxi-
mization conditions identification was also done. Good agreement between obtained
experimental results and genetic algorithm and artificial neural network-based predic-
tions is seen. Analysis of effect of electrode wear ratio, rate of material removal, and
surface finish of workpiece on process parameters of electrical discharge machining
during SKD61 manufacture was made [30]. Optimal settings for the process param-
eters were proposed by a hybrid method comprising of genetic algorithm (GA), back
propagation neural network (BPNN), and response surface methodology (RSM).
Based on Taguchi table of orthogonal array, various specimens were made under
varying processing conditions of EDM and prediction of ratio of relative electrode
wear, rate of material removal, and roughness average were done on basis of results
of experimental runs. Analysis of variance (ANOVA) implementation for signifi-
cant factor identification in EDM process parameters was also done. Comparison of
results from integrated BPNN and GA against RSM approach were made with the
results showing superior prediction and confirmation by GA approach as compared
to RSM. Surface roughness optimization for die sinking based on input parame-
ters effect using electric discharge machining was aimed [31]. Surface roughness
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values based at peak voltage and current were measured. Neuro solutions package
based model of multiperceptron neural network were developed. Weighing factors
of network were optimized using genetic algorithm. Effects of factors having rela-
tive influence on performance measure were analyzed based on sensitivity analysis.
Material type is seen to have an effective influence over performance measures.

Challenges in AJM Process

Process parameters of AJM process need to be optimized for enhanced material
removal rate (MRR) with good surface quality. Hot abrasive jet machining process
(HAJM) is a non-traditional machining process which utilizes stream of hot abra-
sive and relative high-speed air for generating tapered holes and microchannels with
high accuracy. HAJM is seen as a technique with competence over other manufac-
turing techniques on account of defect free surfaces with better surface reliability. An
approach toward computational fluid dynamics technique and experimental study in
hot abrasive jet machining is discussed [32], with an aim toward predicting extent
of erosive footprint and its constraint on target rate of surface erosion and surface
roughness of intricately generated tapered shape holes. Abrasive particles of hot
silicon carbide selection for achieving suitable holes of intricate shapes on zirconia
ceramic were done. Variation of abrasive temperature and its effect on machining
of features like target surface reliability; stress-free defects, surface roughness, and
erosion rate were analyzed. Surface contours of generated work piece with rate of
erosion are shown to be function of constraints of machining having no influence on
characteristics of flow of air—abrasive.

4 Conclusion

Throughout this discussion, a comprehensive description of AJM research and devel-
opment will be offered. Because there is so much room for experimentation, there is
a lot of room to see ideal values of critical regulating factors, such as SOD, applied
pressure, and material feed rate, for a variety of materials. Nozzle designs were often
modified to boost production speed. A wide range of experimental investigations
may be carried out to better understand the relationship between various process
factors.
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Optical, Thermal, and Mechanical )
Properties of Scheelite Molybdate L
and Tungstate Materials Using Atomistic
Simulations

Yamini Sudha Sistla, Ramesh Gupta Burela, Ankit Gupta,
and Nabila Tabassum

Abstract Solid-state Raman-active materials are instrumental in the development of
advanced eye-safe lasers, laser guide stars, remote sensing, and medical diagnosis and
treatment. Present work focuses on studying the properties of Scheelite crystal struc-
tures of BaWQ,4, CaWO,, BaMo0QO,, and CaMoO, using atomistic simulations, to
evaluate their suitability as Raman-active materials. Properties at zero external hydro-
static pressure such as band gap, dielectric function, refractive index, and thermal
conductivity were studied using plane-wave density functional theory. Mechanical
properties such as elastic constants, bulk modulus, shear modulus, young’s modulus,
Debye temperature, average sound velocity, and anisotropy index were also calcu-
lated. The calculated properties were in close correspondence with the available
experimental and theoretical literature values. A good Raman-active material should
possess high thermal conductivity, good absorption in visible and near-infrared
region, and low micro-hardness. Among the four crystals studied, CaWO,4 showed
higher thermal conductivity and lowest hardness (more flexible and therefore easy to
process) and highest fracture toughness. Further, CaMoO, showed highest refractive
index indicating its suitability for optoelectronic applications to develop transparent/
anti-reflective materials. Analysis of elastic constants and various mechanical proper-
ties infer that the barium based materials and specifically tungstate material is more
ductile. Barium-based crystals showed superior anisotropy compared to calcium
based crystals. Young’s modulus values infer that BaMoQO, is more ductile than
BaWO,, CaMoOQO,4, and CaWO,. Among the four crystals studied, CaWO,4 showed
highest thermal conductivity followed by CaMoQ,. Overall comparison indicates
the suitability of calcium-based molybdate and tungstate as Raman-active materials
which offer more ease of processing.
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1 Introduction

Ceramic materials have undergone a huge spike in popularity over the last two
decades, resulting in considerable advancements in their development and applica-
tion [1, 2]. Recently scheelite-type crystalline ceramics were reported to be promising
materials for application in optoelectronic applications such as solid-state lasers and
optical fibers due to their Raman-active nature [3, 4]. The Raman-active materials
are widely used in optical remote sensing, laser guiding star, medical diagnosis, and
treatment and coastal bathymetry to name a few. Some of the reported Raman-active
materials include CaWQy, STWO,4, BaWO,, and YVO,. The metal tungstates (WO,)
and molybdates (MoOy,) have a general formula as ABO4 comprising of A*> (A = Ca,
Sr, Ba, Ni, Mg, and Co) cations and BO, 2 (B = Mo, and W). The metal tungstates
(WO4?) and molybdates (MoQy “?) exist in various forms such as wolframite and
scheelite structures [4-8]. These materials are known as self-Raman crystals which
show laser and Raman properties. When the transition metal ‘W’ or ‘Mo’ show
tetrahedral coordination, it is known as scheelite structure while a sixfold coordina-
tion would give them wolframite structure. The coordination depends on the ionic
radius of the metal cation A*2. When the ionic radius of bivalent cation is greater
than 0.99 A, scheelite structure will form, and when the ionic radius is less than
0.77 A, wolframite structure will form [9]. The ionic radius of Ba*? is 1.35 A, and
the ionic radius of Ca*? is 1.00 A. Therefore, both Ba*? and Ca*? form scheelite struc-
tures of tungstate and molybdate. The luminescent properties of scheelite materials
have been studied by various researchers. Among the metal molybdates, BaMoO4
has a scheelite structure and produce green luminescence and therefore is reportedly
suitable for producing optical fibers [10]. Luo et al. [4] have produced BaMoQOy nest-
like nanostructures assembled with single-crystal nanosheets which exhibited green
luminescence. Pontes et al. [5] have developed thin films out of BaWO,4 and PbWOQO,
having a tetragonal scheelite structure. Marques et al. [6] have developed amorphous
and crystalline thin films of BaMoOy and studied their photoluminescence proper-
ties. They reported that the amorphous BaMoOy thin film can be a great candidate for
photo-luminescent applications [6]. The tungstate-based material BaWO, (barium
tungstate) is reportedly well suited for applications such as laser host material and
scintillator in high-energy physics detectors. Ge et al. [7] have used iridium crucible
to develop a single large crystal of BaWO, using Czochralski method. They studied
the molar enthalpy of fusion, molar entropy of fusion, thermal expansion coeffi-
cients, thermal conductivity, and micro-hardness of the BaWOQ, single crystal [7].
Among the thermal properties, thermal conductivity of the material is very important
in designing Raman lasers. The availability of thermal conductivity of single crystals
of the barium- and calcium-based molybdate and tungstate materials is very limited
in the literature. The Raman-active materials should possess good thermal properties
such as high thermal conductivity and low thermal expansion. Similarly, mechan-
ical stability of the material is also critical in developing robust Raman lasers with
low processing cost. Especially, the elastic constants of single crystals is difficult to
measure experimentally.
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Atomistic simulations provide fundamental macroscopic perspective of mate-
rials which is critical for rational development of new and advanced materials with
improved properties for a particular application. Further, atomistic simulations can
also predict such properties which are difficult to determine experimentally espe-
cially single-crystal thermal conductivity, elastic constants, and dielectric functions
to name a few [10, 11]. Therefore, the objective of the present work is to study and
compare the optoelectronic, thermal, and mechanical properties of scheelite crystal
materials BaWO,4, CaWO,, BaMo0Qy, and CaMo0Oy using first principles based atom-
istic simulations. Such fundamental studies are very limited in the open literature.
A validation of theoretical methods with experiments would be a stepping stone for
developing new materials with improved properties.

2 Computational Methods

Initially, the stable energy configurations of bimetallic oxide ceramics (BaWOy,
CaWO,, BaMo0O,, and CaMoO,) were obtained by studying the phase diagram
and various conformational structures [12]. All the density functional theory and
atomistic simulation calculations were performed using Biovia Material Studio 2022
software [13]. The geometry optimization of the crystal structures were done using
plane-wave pseudopotential method as implemented in CASTEP (Cambridge Serial
Total Energy Package). The exchange correlation function was calculated by using
generalized gradient approximation (GGA) with the functional Perdew—Burke—Ernz-
erhof (PBE). On-the-fly generation (OTFG) ultrasoft pseudopotential were imple-
mented with Koelling—Harmon scalar relativistic treatment. The integration over
Brillouin zone was done over Monkhorst—pack grid scheme by setting k-points grid
sampling at 6 x 6 x 4 in order to improve accuracy of results. The plane-wave cutoff
energy was set at 700 eV. For the geometry optimization, Broyden—Fletcher—Gold-
farb—Shanno (BFGS) minimization algorithm was used. The convergence tolerance
criteria was set as: energy—1.0 x 1073 eV/atom; maximum force—0.3 eV/atom;
maximum stress—0.05 GPA; maximum displacement—0.001 A. After the geom-
etry optimization via energy minimization, the total density of states, band structure,
thermodynamic properties, and magnetic moments were studied. The geometry opti-
mization was performed at zero external hydrostatic pressure. After the geometry
optimization, the elastic properties were studied by analyzing stress—strain curves
for a maximum strain amplitude of 0.003. The properties such as bulk modulus (B),
shear modulus (G), Young’s modulus (E), and Poisson’s ratio (o) were computed
from elastic constants (C;;). The optical properties such as refractive index were
calculated from dielectric function in the electromagnetic photon incident frequency
range of 0-80 eV (corresponding to the region of infrared to ultraviolet). Molec-
ular dynamic simulations were used to compute the thermal conductivity of the
crystalline materials using a supercell of the structure having lattice parameters of
4546 A x 2273 A x 136.40 A. The thermal conductivity was calculated by fixed
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energy exchange method between atoms of different layers of the simulation cell.
Simulations were run in a canonical ensemble (NVT) at a temperature of 500 K.

3 Results and Discussion

3.1 Electronic Properties

The metal-oxygen bond length, lattice dimensions, cell volume, density, and band
gap of the optimized structures of the crystals at zero external hydrostatic pressure are
presented in Table 1. The lattice parameters and the crystal density values computed
in the present work are very close to the reported experimental values as mentioned
in brackets of Table 1 [7, 14, 15]. In general, a band gap greater than 3 eV usually
considered as insulator property. Based on the band gap values, among the four
crystals studied, it is clear that BaWQy is a good insulator and CaMoQOy is a weak
insulator and could show semiconductor properties.

The energy bands of the crystals were analyzed with the help of partial density of
states of individual atoms each crystal made up of. Figure 1 shows the total density
of states (DOS) and partial density of states (PDOS) of the four crystals studied.
The conduction band of BaWQy is around 15 eV wide, whereas the valance band is
4.70 eV wide consisting of 2 sub bands. The conduction band is majorly created by
5d and 6p of barium (Ba) followed by 2p of oxygen (O) and 5d of tungsten (W). The
first part of valance band (—1.98 to 0.3 eV) formed purely from 2p states of oxygen.

Table 1 Lattice dimensions (a, c¢) unit cell volume V and density of the crystals obtained using
density functional method

Crystal Bond length | Lattice Volume (A3) Density (g/ Band gap (eV)
(A) dimension (a, ¢) cm?)
(A)
BaWOq4 Ba-0:2.77 |a=5.74(5.63) |424.73 6.136 (6.35) |5.159
2.75) [7] c=12.89(12.79) [7]
W-0: 1.81 [7]
(1.78) [7]
CaWOq Ca-0:2.47 |a=533(5.24) |327.50 5.896 (6.12) |4.577
W-0:1.80 c¢=11.50(11.37) [15]
[15]
BaMoO4 |Ba-0:2.79 |a=5.70 425.51 4.645 (4.94) | 4.509
(2.73) [14] c=13.07 [14]
Mo-0: 1.78
(1.78) [14]
CaMoOy4 |Ca-0:248 |a=5.31 327.07 4.116 (4.40) |3.862
Mo-0:1.78 |¢=11.59 [3]

4The numbers in the bracket are the reference values
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The second sub band (—3.96 to —1.98 eV) is also created by 2p states of oxygen
while a minor contribution from 5d of tungsten. The conduction band of CaWO4
is around 18 eV wide while the valance band is 5.00 eV wide consisting of 2 sub
bands. The conduction band majorly created by 3d and 4p of calcium (Ca) followed
by 2p of oxygen (O) and a minor contribution from 5d of tungsten (W). The first part
of valance band (—2.25 to 0.34 eV) formed purely from 2p states of oxygen. The
second sub band (—4.82 to —2.25 eV) is also created by 2p states of oxygen while a
minor contribution from 4d of tungsten. The conduction band of BaMoOyj is around
16.5 eV wide while the valance band is 4.40 eV wide consisting of 2 sub bands. The
conduction band majorly created by 5d and 6p of barium (Ba) followed by 2p of
oxygen (O) and a minor contribution from 4d of molybdenum (Mo). The first part
of valance band (—2.31 to 0.30 eV) formed purely from 2p states of oxygen. The
second sub band (—4.10 to —2.31 eV) is also created by 2p states of oxygen while
a minor contribution from 4d of molybdenum. The conduction band of CaMoOy is
around 19 eV wide while the valance band is 5.02 eV wide consisting of 2 sub bands.
The conduction band majorly created by 3d and 4p of calcium (Ca) followed by 2p
of oxygen (O) and a minor contribution from 4d of molybdenum (Mo). The first part
of valance band (—2.70 to 0.28 eV) formed purely from 2p states of oxygen. The
second sub band (—4.98 to —2.70 eV) is also created by 2p states of oxygen while
a minor contribution from 4d of molybdenum. Therefore, Fig. 1 concludes that both
the conduction band and valence band of barium-based tungstate and molybdate
crystals are comparatively narrower than their calcium-based counterparts. In all
the four crystals, the conduction band is made up of bivalent metal ion (Ba*> and
Ca*?) and the valance band is majorly made up of oxygen atoms. The tetravalent
transition metal ions do not seem to be part of conduction band or valance band to
any significant level.

3.2 Optical Properties

For solids, the dielectric constant represents optical conductivity. The optical conduc-
tivity is the electrical conductivity of the material in the alternating electric field. The
optical properties in a way represent the electronic band structure of the solid mate-
rial. The complex refractive index N is directly related to the complex dielectric
function (g and &;) derived from Maxwell relations. The mathematical relation-
ships between complex dielectric constant (¢(w)), complex refractive index (N(w)),
and optical conductivity (o (w)) are as shown below [16].

N(w) = Ve(w) = n(w) + ik(w) (1)

e(w) = e1(w) +iex(w) )
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where ‘n’ is the usual refractive index and ‘k’ is the extinction coefficient, ‘w’ is
the angular frequency of incident electromagnetic photon wave, and ‘e(w)’ is the
complex dielectric constant. Further, ‘e;(w)’ is the real part of ‘e(w)’ and ‘e;(w)’
is the complex part of ‘e(w)’. The dielectric constant typically describes a causal
response. The imaginary part (£2(w)) describes the real transitions between occu-
pied and unoccupied electronic states. The absorption and emission of photons is
caused due to transition between both filled and unfilled states. Therefore, imaginary
part (e2(w)) is obtained from the momentum matrix between the occupied and the
unoccupied electronic states as represented by the equation shown below [16].
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&(q — Oy, how) =

2 2
;E’OT 3 ((Welur| PO (E; — Ef — o) (5)

k,v,c

where ‘@’ represents the angular frequency of electromagnetic photon, ‘u’ represents
the vector indicating the polarization of the incident electric field, and ‘e’ represents
the electronic charge. Further, W and W} represent the wave functions of valance
band and conduction band at ‘k’. The real (¢;) and imaginary parts (¢;) are linked
through Kramers—Kronig transform [17]. The complex refractive index ‘N’ indicates
the difference in the propagation of an electromagnetic wave through vacuum and the
material being studied. The complex refractive index (N) in vacuum is real (n) and is
equal to unity. Further, N is merely real (n) for transparent materials. The imaginary
part (k) is related to the absorption coefficient (1) as per the formula n = 2kw/c [16].
The absorption coefficient (n) designates the fraction of energy lost by the wave when
the wave passes through the material. More details of the theory and calculations can
be found in CASTEP theory of Biovia Material Studio user guide [13].

The dielectric function (Re(¢e) and Im(¢)) against frequency (eV)) for the four crys-
tals is presented in Fig. 2. The optical properties of material in general depends on
wavelength/frequency of incident light. The real and imaginary parts of ‘e’ are calcu-
lated using Kramers—Kronig relation [17]. The frequency of infrared, near-infrared,
visible, and ultraviolet (UV) incident beam are 0.0414-0.41 eV, 0.49-1.65 eV, 1.65—
3.10 eV, and 4.15-413 eV, respectively. The refractive index of a material changes
with frequency of incident light. This is because the absorption coefficient (1) and the
extinction coefficient (k) are functions of frequency of incident light [16]. In “normal
dispersion phase/region, the refractive index of material increases with increase
in frequency while in anomalous dispersion”, the refractive index decreases with
frequency [17-19]. The calculated average refractive index of the crystals BaWO,,
CaWO4, BaM00Q,, and CaMoOQy in the absorption region of infrared to visible range
is 1.88, 1.84, 1.81, and 1.78, respectively. The refractive index versus frequency (eV)
for all the four crystals is presented in Fig. 3a, b. The optical conductivity (o (w)) of
the four crystals is presented in Fig. 4a, b. The computed refractive index values in
the range of infrared—visible region match well with the experimental values reported
by various researchers. Voronina et al. [20] have developed BaWOy crystals using
Czochralski method. They reported that the refractive index of BaWO, as 1.87 at in
a frequency range of 2—4 eV measured using goniometer. This is in close correspon-
dence with the values computed in the present study. Wang et al. [18] have developed
CaWOy single crystals using Bridgman method from CaWO, bulk crystals. They
reported the refractive index of the single CaWQy crystal in the range of 2.0-1.80
in the frequency range of 1.86-3.26 eV. This observation is in close correspondence
with the values computed using DFT method in the present study. Among the four
crystals studied, in the frequency range of 0-5 eV, CaMo0Oy has the highest refractive
index and optical conductivity, whereas BaWOy has lowest values of refractive index
and optical conductivity. Lower refractive index indicates higher speed of light in the
material, and high refractive index indicates slow travel of light through the medium.
High refractive index materials have significant applications in optoelectronic and
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Fig. 2 Dielectric function of the crystals at zero pressure

are suitable in applications of developing transparent materials. Another application
of high refractive index materials is in developing anti-reflective materials. To this
end, among the four crystals studied, CaMoOQ, followed by CaWO, could make a
better choice in terms of application is transparent/anti-reflective materials.

3.3 Mechanical Properties

The elastic properties are typically described by the elastic moduli Cj;. A tetragonal
crystal will show seven symmetry elements such as Cyj, Cs3, Cq4, Ce6, Ci2, Ci3,
and Cjg. The elastic moduli of the four crystals studies at zero external pressure
are presented in Table 2. The elastic constant C;; represents the resistance to linear
compression in the (a, b) direction while Cs3 represents the resistance to linear
compression in ‘c’ direction. The elastic constant Cy4 represents the shear elastic
modulus along (010) direction on the (001) plane. The constant Cgg represents the
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Fig. 3 Refractive index of the crystals BaWO4, CaWOy4, BaMoOy4, and CaMoOy4
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Fig. 4 Optical conductivity of the crystals BaWO4, CaWOy4, BaMo0Oy4, and CaMoOy4

shear elastic modulus along the (100) direction on the (010) plane. A crystal is
considered to show elastic stability when the following conditions of elastic constants
are met [10]: C;; > 0; C353 > 0; C44 > 0; Cg6 > 0; C1—C2 > 0; Cq1 + C53-2Cy5 > 0;
2(C11 + Clz) + C33 + 4C13 > 0.

All the four crystals studied meet the elastic stability conditions indicating that the
structures are mechanically stable at zero external pressure. For all the four crystals
studied, Cs3 is less than Cy;. This represents that the crystal is more compressible in
‘c’-axis than the ‘a’ and ‘b’ axis. The lowest C33 and C;; values of BaMoQ, indicates
that, among the studied four crystals, BaMoQO, is more compressible. The values if
Cy44 and Cgg being very less in comparison with C;; and Cs; indicate that the structures
have low resistance to the monoclinic shear distortion. Further, C44 < Cgg indicates
that [100](001) shear is more easier than [100](010) shear. It is quite clear from
Table 2 that all the elastic constants of the barium (Ba)-based crystals (BaWQ, and
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Table 2 Calculated elastic constants C;; (GPa) of the tetragonal crystals at zero pressure

Cn Cs3 Cyq Ces Ci2 Ci3 Cie
BaWwO, 90.28 81.16 24.65 (22) |30.93 48.34 41.2 10.23
(89.66) | (91)[22] | [22] (32.86) (46.4) [22] | (39.45) (9.96)
[22] [22] [22] [22]
CaWOy 139.07 115.99 32.2(33.5) | 38.94 55.91 46.09 11.12
(143.87) | (121.84) | [23] (38.7)[23] | (60.90) | (40.28) | (11.91)
[23] [23] [23] [23] [23]
BaMoOQO, | 86.76 72.35 25.99 29.64 47.13 38.32 —10.59
CaMoQOy4 | 128.58 109.49 30.1 (36.9) | 37.81 50.47 45.69 —8.33
(144.7) (126.5) [24, 25] (37.4) [24, |(66.4) [24, | (46.6) [24,
[24,25] |[24,25] 25] 25] 25]

4References are the experimental values

BaMoOy) are significantly less than those of calcium (Ca)-based crystals (CaWQOyq
and CaMoOQy), this indicates that the same external pressure should produce more
deformations to the barium-based crystals than their calcium-based counterparts.

Table 3 presents the mechanical properties such as bulk modulus (B), shear
modulus (G), Young’s modulus, Poisson’s ratio, and ductility index. The bulk and
shear modulus are calculated via Voigt—-Reus—Hill approach. The properties are
compared (mentioned in brackets in Tables 2 and 3) with some of the available liter-
ature values are observed to be in close correspondence. As per the Pugh’s approach,
the ductility of a material can be measured by the ratio of bulk modulus to the shear
modulus, B/G. In general, a material is brittle when B/G is less than 1.75 and is ductile
when B/G is greater than 1.75. The data in Table 3 shows that all the crystals are
ductile and the increase in ductility follows the order BaWO, > BaMoO, > CaMoO,
> CaWOQy,. The Cauchy pressure (C1,—Ca4) indicates the toughness of the material.
If the Cauchy pressure is positive, then the material is known to be ductile whereas
the crystal is usually brittle when the Cauchy pressure is negative [21]. All the three
Cauchy pressures Ci,—Cgg, C13—Cyq, C12—Cyq for the four crystals is positive indi-
cating the ductile nature of the crystals. Furthermore, higher the Cauchy pressure,
higher will be the toughness of the material.

Table 2 suggests that the order of materials studied in terms of toughness (Cauchy
pressure) is CaWO4 > BaWO,4 > BaMoO, > CaMo0Oy,. The Cij values computed using
DFT method are compared with the available experimental values and mentioned in
superscripted brackets in Table 2 at respective positions. Young’s modulus (stress/
strain) indicates the stiffness of the material and how easy it is to bend or stretch
the material. The crystal BaMoOyj is the most easily stretchable material among the
four crystals studied followed by BaWQO,4, CaM0Qy, and CaWOQy. This indicates that
among the bivalent metals, Ba*? gives flexibility and among the tetravalent materials
and the molybdate-based compounds are more stretchable. The velocity of sound is
highest in CaMoO, followed by CaWO,, BaMoO,, and BaWOQ, indicating the order
of the crystals as CaMoO,4 > CaWQ,4 > BaMoO4 > BaWO, based on elasticity. The
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Table 3 Computed mechanical properties of the tetragonal crystals at zero pressure
Elastic BaWO4 CaWOq BaMoO4 | CaMoOg4
properties
Bulk modulus Bulk 58.13 (56.54) |76.7 54.82 72.26
(B) modulus [25]
(Voigt) (GPa)
Bulk 57.70 (56.03) | 75.71 53.87 71.67
modulus [25]
(Reus) (GPa)
Bulk 57.92 76.2 54.34 71.97
modulus
(Hill) (GPa)
Bulk 57.71 (56.28) | 75.71 (78.5) 53.87 71.67
modulus [25] [25]
(GPa)
Shear modulus | Shear 24.78 (26.18) | 37.07 24.46 34.59
(G) modulus
(Voigt) (GPa)
Shear 22.63 (24.03) |35.45 21.76 33.52
modulus
(Reus) (GPa)
Shear 23.71 (25.11) |36.26 23.11 34.05
modulus [25]
(Hill) (GPa)
Shear 23.7 36.26 (39.8) 23.11 34.05
modulus [25]
(GPa)
Young’s 65.08 (65.68) |95.78 63.89 89.49
modulus [25]
(GPa)
Poisson’s 0.31(0.3)[25] |0.29 0.3 0.29
ratio
Ductility 243 (2.24) 2.08 2.33 2.1
index (B/G) | [25]
Fracture 0.61 0.82 0.58 0.77
toughness
(Mpa mO.S)
Universal 0.48 0.24 0.64 0.17
anisotropy
index
Elastic Debye | 251.49 344.51 (356) 282.07 400.67 (438)
temperature [15] [26]
X)
Velocity of | 2190.13 2758.57 2452.57 3203.07

sound (m/s)




180 Y. S. Sistla et al.

elastic anisotropy indicates the tendency of the crystals toward developing micro-
cracks [27]. The universal anisotropy index quantifies the anisotropy of the material.
For an isotropic crystal, the universal anisotropy index will be zero. The anisotropy
of studied crystals are in the order of BaMoO4 > BaWO, > CaWO, > CaMoOj.
The Debye temperature calculated from elastic constants is reported in Table 3. The
elastic Debye temperature of calcium-based tungstate and molybdate is higher than
the barium-based counterparts. The elastic Debye temperature of the calcium-based
crystals are in close corresponding with the theoretical values reported in literature
as mentioned in superscripted brackets of Table 3.

3.4 Thermal Properties

Thermal conductivities of the four crystals at a temperature of 500 K were computed
using molecular simulations. After geometry optimization of single unit cell of the
crystal structure, Mulliken partial charges were applied to each atom. The super-cell
of the crystal having dimensions of 45 A x 22 A x 136 A was generated and used
for further simulations. The simulation cell was initially geometry optimized. The
resulting cell was divided into 50 layers in the Z-direction. All the simulations were
conducted in canonical ensemble (NVT, constant volume, and temperature for a fixed
number of molecules). The thermal conductivity was calculated by using fixed energy
exchange method between the atoms in different layers of the simulation cell. The
energy exchange was fixed at a value of 1.0 kcal/mol [28]. Thermal conductivity of
all the materials was studied at a temperature of 500 K. Temperature was controlled
by Berendsen thermostat with a decay constant of 0.1. Universal force field was
applied for the system. Atom-based summation method was used for the long range
van der Waals interactions. During equilibration, 1000 exchange steps were run and
2500 energy exchange steps were run during production with 100 time steps between
the two exchanges. A time step of 1 fs (femto sec) was used. The initial velocities
were assigned to the atoms by running NVT simulation for 100 steps. The velocity
of the molecules depends on the temperature. During the transfer of heat energy,
the velocity of the fastest atom in one region will be replaced by the velocity of the
slowest atom in a different region. As a result, the first region becomes colder and the
other region becomes hotter due to exchange in velocities. In this manner, the atoms
in the system will interact by virtue of flowing energy from hot to colder region until
a steady state is achieved. The thermal conductivity is computed as the ratio of energy
flux and temperature gradient. The thermal conductivity of the four crystal materials
are presented in Table 4. The values from molecular simulations are compared with
some of the experimental values available in the literature. It is clear from Table 4 that
the molecular simulations were able to predict the thermal conductivity of materials.
Figure 5 shows the temperature fields along the supercell of the crystal at steady
state of the simulation at temperature of 500 K. The results from Table 4 infer that
the thermal conductivity of the four crystals is in the order of CaWQ4 > CaMoQO,4 >
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Table 4 Thermal conductivity of the crystals at 500 K

Crystal Thermal conductivity (this work) W/m K | Thermal conductivity (literature value)
W/m K
BaWOq4 1.945 2.35[29]
CaWOy4 [3.953 3.5[15]
BaMoOy4 |1.999 2.8 [30]
CaMoQOy4 |2.79
Temperature Temperature Temperalure
1.145¢3 Terﬂv;r;;l;'ez 474562 533562
ey ssse 42162 bt
9.905a2 isies 369062 4.150e2
9.132e2 - 316362 355762
536002 491862 ey 2964e2
4.098e2 . 237162
7 327502 2.109e2 177862
68142 5 deacs 158202 1.186e2
6.042e2 16302 1.05402 5.928e1
5 8.197e1 5272e1 0.000
4.496e2 0,000 0.000
(a) (h) (c) (d)

Fig. 5 Temperature fields of the crystals a BaWO4 b BaMoO4 ¢ CaWO4 d CaMoOy4

BaMoO, > BaWOy. This trend indicates that the calcium-based materials are more
conducting than barium-based ones.

4 Conclusions

The optoelectronic, mechanical, and thermal properties of the scheelite crystal mate-
rials BaWO,, CaWO,, BaMoO,, and CaMoO, were studied using density func-
tional theory and molecular simulations. All the properties of crystal structures
were studied at zero external hydrostatic pressure. Electronic and optical properties
such as lattice constants, density, band gap, dielectric function, and refractive index
were studied using plane-wave density functional theory. The mechanical properties
such as elastic constants, bulk modulus, shear modulus, young’s modulus, Debye
temperature, average sound velocity, anisotropy index, and ductility index were also
calculated. Thermal conductivity was computed using molecular simulations. The
calculated properties were compared with the available experimental and theoretical
literature values and are observed to be in close correspondence. The band gap of
the four studied materials suggests that BaWQ; is a good insulator and CaMoOy is a
weak insulator and could show semiconductor properties. The conduction band of the
studied crystal materials is majorly made up of bivalent metal ion (Ba*? and Ca*?),
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and the valance band is majorly made up of oxygen atoms. However, the contribu-
tion of tetravalent transition metal ions to the conduction band or valance band is
not significant. Further, both the conduction band and valence band of barium-based
tungstate and molybdate crystals are comparatively narrower than their calcium-
based counterparts. The crystal CaMoO, has shown the highest refractive index
whereas BaWO, has lowest refractive index. This indicates that CaMoQ, is most
suitable for optoelectronic applications while developing transparent/anti-reflective
materials. The analysis of elastic constants and various mechanical properties infer
that the barium-based materials and specifically tungstate material is more ductile.
The materials can be arranged in decreasing order of ductility as follows: BaWOy, >
BaMoO,4 > CaMoQO, > CaWO,. Based on elasticity, the studied materials are in the
order of CaMoQ,4 > CaWO, > BaMo0O, > BaWO,. The anisotropy of studied crystals
are in the order of BaMoO,4 >BaWO, > CaWO, > CaMoO,. Young’s modulus values
infer that the crystal BaMoOy is the most easily stretchable material among the four
crystals studied followed by BaWQ,4, CaMoO,, and CaWO,. Among the four crystals
studied, CaWOy has the highest thermal conductivity followed by CaMoQj. Overall
comparison of the properties indicates the suitability of the Ca*? based tungstate and
molybdate materials as Raman-active materials.
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A Comprehensive Review on Aluminium )
MMUC Fabricated by Liquid-Phase L
Fabrication Methodologies

Dinesh Chawla, Manoj Nayak, and Pallav Gupta

Abstract The need for advanced materials has always been desirable in all kinds
of industries such as mechanical, aeronautical, civil and automobile. Almost all
industries are looking for low-cost materials with better properties. These are the main
components that attract every engineer or industrialist to produce an advanced and
new material. This requirement may be attained in the form of composite materials.
The better mechanical properties and light weight of composite mainly depend upon
fabrication method and reinforcement used in the composite. This paper attempts
to review the single and hybrid reinforcement used to prepare aluminium MMCs
and liquid-phase fabrication method. Various liquid-phase fabrication methods were
discussed which is used for the production of Al MMCs but especially put effort on
stir casting technique.

Keywords Aluminium - Metal matrix composite (MMC) - Hybrid -
Reinforcement - Liquid-phase processing methods

1 Introduction

MMC was developed in the year 1970, and the main support was from aerospace
industries, but currently eighty percent of MMC is used in transportation industry,
and hence, the support for further development is from transportation industries.
Due to increase in demand in terms of both safety and fuel efficiency, industries
like automotive, aerospace and marine is expected to fuel advanced materials [1].
States laying down stringent norms to cut down vehicular weight, which affect less
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fuel consumption and further reduces the emissions of gases. This is compelling to
indulge in research and development to meet the anticipated demand of metal matrix
composite. Adding on to the existing demand is the rising disposable income of
individuals along with the increasing trade practices which is the need of passenger
car and commercial vehicle. Efficient performance requirements of aircraft ask for
light weight material in aerospace industry which may likely fuel the market growth
and anticipated demand. Therefore, high manufacturing cost and low productivity
may act as a barrier for aforesaid market expansion. Hence, major industries are
investing huge money in their research and development to produce metal matrix
composites with lightness, enhanced durability, and high strength-to-weight ratio.
Metal matrix composites are materials with a metal matrix of aluminium, magne-
sium, titanium, iron, nickel, cobalt, and silver with ceramic reinforcement of silicon
carbides, aluminium oxides, boron carbides, titanium carbides, titanium borides, and
graphite. Morphology of reinforcement material plays a significant role to determine
the property/cost combination. The various morphology are whisker fibre, particulate
fibre along with continuous fibre. There is another category of hybrid composites
primarily consisting one matrix and more than two reinforcement material of varying
properties with the existing matrix phase, thereby reducing the weight of up to 50%
in comparison with pure alloys [2]. But the aluminium matrix composites find wide
applications in use or making prototyping of space shuttle, commercial aircrafts,
automobiles, electronics substrate, which in fact requires the matrix properties of
super alloys, titanium, magnesium, and copper. Aluminium metal matrix family
covers wide range of varying composition of aluminium matrix with varying prop-
erties of stiffness, density, strength, weight, thermal and electrical properties which
can be obtained by varying the reinforcement material, the orientation and location
of reinforcement, the matrix alloy, the shape and volume of the reinforcement, heat
treatment and the production methods tailored to achieve desired properties [3].

2 Reinforcement

The use of reinforcement type plays an important part in enhancing mechanical
properties of composite, and its main use is to carry load [4]. Reinforcement type is
divided into three categories: continuous reinforcement, whiskers and particulates.
The most researched continuous reinforcement includes fibres made up of silicon
carbide (SiC), Al, O3, carbon and monofilament wires. The continuous reinforcement
showed better result in terms of strength and specific stiffness in comparison with
discontinuous reinforcement. Carbon fibres are the lightest because of low density, so
it offers greater saving in weight. The main disadvantage of the continuous reinforce-
ment is its high cost along with higher cost of composite production [5]. The mate-
rial used for making whisker includes metal, halides, carbides, oxides and organic
compounds. The main class used for preparing whiskers mainly includes SiC, Al,O3
and SizNy. The whiskers reinforcement composites are more costly as compared to
particles based composite, but it offer potential for enhanced properties. In general,
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Particle and whiskers reinforcement are less expensive than continuous fibres [6].
Discontinuous reinforcement includes particles (WC, B4C, SiC, Al,O;, TiC) and
whiskers are used [7]. Particulates reinforcement is cost effective as compared to
whiskers and continuous reinforcement. The material used as reinforcement alloying
are boron carbide, silicon carbide, graphite and Al,O3 which are less costly industry-
based particulates that showed excellent enhancement in mechanical behaviour and
wear properties. The high melting temperature reinforcement like titanium carbide
(TiC), WC, and magnesium oxide (MgO), produce advantageous properties like
better strength and hot hardness of MMCs [8].

2.1 Single Reinforced Composites

Single reinforced composites are those materials that are produced by reinforcing
single reinforcement materials within a matrix. The use of single reinforcement
within a matrix is given in Table 1.

Table 1 Literature review on use of single reinforcement in matrix

S. Matrix | Reinforcement | Literature review
no

1 LM13 SiC Khan and Dixit [9] reported a work on LM13/SiC reinforced
(0, 10, 15 wt%) particulates that were synthesized by liquid
metallurgy method

2 AA6061 | Al,O3 Singh et al. [10] worked on AA6061/Al,03 (aluminium
oxide) by 1-3 wt% based material which was synthesized and
processed via ultrasonic stir casting process followed by
ultrasonic-assisted squeeze casting process

3 AA6082 | Red mud Samal et al. [11] carried out his experimental work on the
fabrication of AA6082 composite reinforced with red mud
particles by varying 2—6 wt%. Micro-hardness, yield strength
and ultimate tensile strength increased on the addition of
particulates; moreover, there was reduction in impact strength
for both cast sample as well as sample treated by heat
treatment

4 AA6082 | Al,O3 Lukose et al. [12] performed an experimental study on the
fabrication of AA6082 based composite reinforced with
Al,O3 by varying 1-3 wt%
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2.2 Hpybrid Reinforced Composite

Hybrid reinforced composites are materials that are produced by reinforcing two or
more reinforcement materials within a single matrix. The use of hybrid reinforcement
within a matrix is given in Table 2.

3 AMC Liquid-Phase Fabrication Methodologies

In past few years, the metal matrix composite has gained so much attention over alloy
in the industries due to improved mechanical properties which make the composite
material more suitable for special application such as aircraft industry and auto-
motive industry. The processing cost of composite is high, still composite has gain
attraction towards industry. The properties of the MMC are greatly influenced by

Table 2 Literature review on use of hybrid reinforcement in matrix

S. no | Matrix Reinforcement Literature review
1 AA6061 | SiC/TiB2 James et al. [13] performed an experimental study
T6 on AA 6061 T6/SiC/TiB2 by 1-10 wt% based

material which was fabricated by gravity die
casting method. The addition of hybrid
reinforcement (up to 10 wt%) enhanced the
hardness, but reduction in strength was observed
on the addition of TiB2 only

2 ADC 12 Groundnut shell ash/ | Venkatesh et al. [14] carried out experimental work
B4C on ADC 12/groundnut shell ash/B4C aluminium
alloy-based hybrid composites was fabricated by
squeeze casting method. The reinforcement
contents were varied from 2.5 to 7.5 wt% and
enhancement in hardness of 17% and ultimate
tensile strength increased by 18.3%

3 AA 6063 | SiC/PBA (pride of Oladayo et al. [15] reported a work on AA 6063/
Barbados seed ash) | SiC/PBA (pride of Barbados seed ash) based
hybrid MMC which was processed using stir
casting technique with reinforcement variation of
10 weight percent in ratio of 0:10, 2.5:7.5, 5:5,
7.5:2.5, and 10:0

4 Al 6061 Al,O3/Bagasse ash | Chandla et al. [16] worked on hybrid reinforced
composites Al 6061/5 wt% Al,O3/4, 6, 8 wt%
bagasse ash were processed by using stir casting
technique assisted with vacuum mechanism. The
result showed max increment of 16.5% in Vickers
hardness and strength reached a value of

151.1 MPa for 5 wt%Al,03 =% wt% bagasse ash
sample
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fabrication technique. The selection of fabrication technique depends upon types of
reinforcement and matrix, melting temperature of matrix and amount of composite to
be produced. There are several fabrication techniques used in the industry to fabricate
metal matrix composite. There is no unique technique available which is suitable for
all type of composite. The fabrication method is majorly divided into two categories:

e Solid-phase fabrication method
e Liquid-phase fabrication method

Present study will discuss the liquid-phase fabrication methods, which involves
the incorporation of reinforcement into the molten material. The mixing of matrix
and reinforcement is performed with the help of some stirring mechanism and
followed by solidification process. Generally, liquid-phase fabrication apparatus are
easy to operate and cost effective in comparison with solid-phase fabrication method
because of longer processing time. Any composite fabrication technique generally
depends upon the application, type of reinforcement, distribution of reinforcement,
melting temperature of matrix and amount of composite to be produced. Number of
liquid-phase methods for the fabrication of high performance composite have been
developed and reported by various researchers. Liquid-phase fabrication method
mainly includes casting technique and infiltration technique. Various researchers
have reported a study on the fabrication of composite using liquid-phase fabrication
methods have been explained below.

3.1 Stir Casting Processing

Stir casting is a liquid-phase technique, in which discontinuous type of reinforcement
is mixed with a molten matrix material by using mechanical stirring, followed by
solidification process. Itis an economical procedure for the production of low melting
point matrix. Various researchers proposed an experimental work on stir casting
method as discussed below.

Samal et al. [11] reported a work on fabrication AA6082 based MMC reinforced
with red mud particles varying from O to 6 wt% with a step 2 wt%. The calculated
amount of matrix melted at 800 °C in electric furnace and preheated reinforcement
wrapped with aluminium foil were added into molten metal. The stirring process
was performed by three axial mechanical stirrers at 500 rpm followed by formation
of vortex field for the uniform dispersion of particles. The molten slurry was poured
into die for solidification of the composite [11].

Dolata et al. [17] fabricated AlSi;,/SiCp based MMC by using centrifugal casting
technique. Initially, the alloy was melted performed under argon atmosphere in the
PTA200/PrG station with the addition of Mg and Sr in desired wt% to improve wetta-
bility condition. The mixture was mixed under reduced pressure condition followed
by addition of preheated reinforcement SiC (10 wt%) onto vortex of molten alloy.
Then, degassing of the composite suspension was performed for 2 h and composite
suspension was cast. Afterwards, the composite ingot was again melted in furnace
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Fig. 1 Stir casting set up [20]

and the tapping of suspension was directly made into centrifugal mould rotating in
vertical axis [17].

Reddy et al. [18] worked on stir casting process to produce AA6063/TiC based
composite varying from 5 to 15 wt% reinforcement content. In this technique, the
reinforcement agent was incorporated into molten matrix followed by stirring the
mixture with the help of rotating impeller and allowed the mixture to solidify.

Dwivedi et al. [19] presented a work on stir casting technique to develop AA6061/
Al,O3/fly ash based hybrid composite with reinforcement variation of 0-15 wt%.
This method involves the mixing of preheated ceramic particles and then reinforced
into molten material at 700 °C. The stirring was performed by mechanical stirrer
for proper mixing of reinforcement particles into molten metal and was poured into
metallic mould for solidification of composite [ 19]. The layout diagram of stir casting
set up is shown in Fig. 1 [20].

Singh et al. [21] fabricated AA6063/SiC composite by using advanced vacuum
mould stir casting set up. This method involved the preheating of alloy matrix in the
inbuilt crucible set up at 700 °C for 1 h and subsequently reinforcement was preheated
at 500 °C. After preheating, complete melting of matrix was done at 800 °C and then
temperature lowered to 575 °C to maintain slurry in semi-solid state. The mixing
of reinforcement into slurry was performed by mechanical stirrer rotating at 350—
500 rpm, and inert argon gas was injected into molten metal. The degassing process
was performed at 800 °C to remove impurities followed by pouring of slurry into
mould for solidification of composite [21].

Khan and Dixit [9] prepared LM 13 alloy based composite reinforced with SiC (0,
10, 15 wt%) by using liquid metallurgy method. This method involves the incorpora-
tion of preheated reinforcement on the vortex of the molten alloy. The reinforcement
particles was preheated at 200 °C and dispersed on the vortex of molten alloy at the
temperature of 800 °C. The vortex formation was performed by mechanical stirrer
rotating at 600 rpm, and after dispersion of particles, molten alloy was poured into
mould to get solidified casting [9].

Senemar et al. [22] presented an experimental work on Al AMC/HTYV silicone-
based composite prepared by stir casting technique assisted with pyrolysis of HTV.
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This method involves the addition of vulcanization silicone was gradually added into
molten metal at 750 °C followed by stirring process with impeller at 600 rpm. The
radiation and gas was released from the melt on each addition of reinforcement which
indicates its reaction duration. Then, the slurry was poured into die and allowed to
solidify [22].

Vinod et al. [23] presented a work on double stir casting method to fabricate
hybrid composite A356/RHA/fly ash with different weight fraction from 0 to 12.5%.
In this experimental study, initially the matrix was heated above liquidus temperature
(>650 °C) in a furnace with preheating of reinforcement particles to 250 °C in
a separate crucible to improve wettability. The inert argon gas was charged into
furnace and cooling of molten metal was allowed to semi-solid state at 600 °C.
This was followed by mixing of reinforcement particles into semi-solid state alloy,
and stirring process was performed on the slurry for 10 min manually. After this,
it was followed by second process mechanical stirring at 400 rpm for 15 min with
superheating of mixture to 750 °C for the uniform distribution of reinforcement
particles [23].

Singh et al. [10] performed an experimental work on AA6061/A1,03 based MMC
fabricated by combination process of ultrasonic stir casting process and ultrasonic-
assisted squeeze casting process. In ultrasonic squeeze casting process, the molten
metal was mixed with preheated reinforcement and then poured into preheated die
which was placed on the platform of the press. Afterwards the desired pressure
was applied on the molten metal by using punch until complete solidification. The
ultrasonic stir casting process involved the mixing of preheated reinforcement into
the vortex of molten metal at 800 °C. The mechanical stirring was performed at
200 rpm by using stirrer for proper mixing of reinforcement particles. After stirring,
the stirrer was replaced by ultrasonic probe for the uniform dispersion of particles in
the matrix [10].

James et al. [13] presented a work on fabrication of AA 6061 T6/SiC/TiB2
based hybrid MMC by using gravity die casting process. This method started with
preheating of reinforcements and then added into the molten metal at 750 °C followed
by stirring process at 350 rpm. Afterwards, molten metal was poured into mould by
gravity casting and then solidified [13]. The results obtained of the various composite
material fabricated by stir casting technique are presented in Table 3.

3.2 Squeeze Casting Processing

Squeeze casting is a hybrid technique that combines a process of casting and
forging. This method involves the pouring of molten material in specific amount
into a preheated bottom half die which is closed at ends, and subsequently pres-
sure is applied by upper-half die to the solidified metal to get the final shape. Some
researchers proposed an experimental work on squeeze casting method as discussed
below.
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Table 3 Matrix, reinforcement and metallurgical properties of AMCs fabricated by stir casting

technique

Sr. | Matrix/ Fabrication | Properties/result

no |reinforcement |technique

1 | Aluminium Stir casting | Wear resistance and abrasion are higher for composite, yield
(99.6% process strength, toughness and tensile strength improved [24]
purity)/waste
colliery shale
material

2 | A356/ZrO, Stir casting | Hardness, UTS and dislocation density improved with

process reinforcement content [25]

3 | AA 6061 T6/ |Gravity die | Tensile strength decreased, wear resistance improved; SiC
SiC and TiB2 | casting addition improved the tensile strength [13]

4 | AA6082/ Stir casting | Hardness reduced with Gr addition to A16082, addition of Gr
graphite process is advantageous for wear properties. Non-uniform

distribution of Gr [26]

5 AA6063/ Two step Hardness decreased with addition of RHA and Gr, tensile
Al O3, rice stir casting | strength and toughness higher at 0.5 wt% Gr, wear resistance
husk ash, Gr | process decreased with Gr content [27]

6 | AAT075/ Stir casting | UTS and YS increased with increasing reinforcement,
graphite and | process ductility decreased and hardness increase with reinforcement
bagasse ash addition [28]

7 | AA6061/ Vortex Hardness and tensile strength improved, uniform distribution
Al;O3 and red | method of particles with small cluster at some places and porosity
mud (liquid [29]

metallurgy
technique)

8 | LM24/B4C Stir casting | Impact strength, UTS and hardness improved with
process increasing wt% of reinforcement [30]

9 | AA8O11/My Stir casting | Vickers hardness and wear resistance increased with fly ash
ash technique | reinforcement % [31]

10 | Nickel plated | Stir casting | Achieved better adhesion between nickel and Al substrate,
A356.2/RHA | technique | corrosion resistance increased [32]

11 | A356/RHA, | Double stir | Micro-hardness and density increased, porosity decreased
fly ash casting [23]

method

12 | AASO11/TiC, | Stir casting | Tensile strength, micro-hardness, impact strength and

graphite method corrosion resistance increased with addition of TiC,
corrosion rate increase with addition of Gr [33]

13 | AA6061/ Stir casting | Tensile strength and hardness improved, toughness and
Al,O3/fly ash | method ductility reduced [19]

14 | AA6061/SiC, |Liquid Hardness decreased in case of Gr content, hardness increase
Gr metallurgy | in case of SiC content, hardness improved due to aging, wear

route resistance increased in case of SiC reinforced composite, but

decreased in case of hybrid composite [34]

(continued)
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Table 3 (continued)

Sr. | Matrix/ Fabrication | Properties/result
no |reinforcement | technique

15 | AA6063/TiC | Stir casting | Tensile strength, micro-hardness improved and % elongation

method decreased, wear coefficient increase with reinforcement wt
% [18]
16 | AlSi12/SiCp | Centrifugal | Coefficient friction and friction force increased, abrasion
casting resistance increased [17]
process
17 | AA6082/red | Stir casting | Micro-hardness, yield strength and UTS improved and
mud particles | method impact strength reduced, wear resistance increased with red

mud reinforcement wt% [11]

Soundararajan et al. [35] worked on squeeze casting process to fabricate A413
based composite reinforced with B4C. The fabrication started with the melting of
matrix in the furnace with mechanical stirring at 6000 rpm. The preheating reinforce-
ment was gradually added in to the molten matrix and followed by pouring process
in to die cavity. The pouring molten metal was then subjected to squeeze pressure by
using hydraulically operated power press for the solidification of molten metal [35].
The pictorial view of the squeeze casting experimental setup is shown in Fig. 2 [36].

Baghi etal. [37] used combination of vortex and squeeze casting method to prepare
A413 based composite reinforced with short carbon fibres. The electric furnace was
used for melting of matrix at 680 °C, and then coated short carbon fibres were grad-
ually added into molten alloy with continuous stirring process by using mechanical
three blade stirrer. After mixing, the slurry was poured into squeeze casting die and
then immediately placed on bed of press. Afterwards, it undergone squeeze pressure
of 80 MPa for 30 s followed by solidification of composite, and after solidification,
the composite was extracted [37].

The results obtained of the various composite material fabricated by squeeze
casting technique are presented in Table 4.

Press Ram
Punch
Punch Feeding System
Die Cast Product

Direct Indirect

Fig. 2 Squeeze casting experimental set up [36]
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Table 4 Matrix, reinforcement and metallurgical properties of AMCs fabricated by squeeze casting
technique

Sr. | Matrix/ Method Properties/result
no | reinforcement

1 AA 6061/A1,03 | Ultrasonic-assisted Tensile strength, compressive strength and
squeeze casting process | hardness of ultrasonic-assisted squeeze
casting processed composite are higher than
ultrasonic-assisted stir casting [10]

2 AA 6061/CuO | Squeeze casting process | CuO coated composites having better

coated mechanical properties as compared to
aluminium without coating [38]

borate whiskers

(ABO w)

3 AA7075/SiC Squeeze casting process | Tensile strength and hardness improved,
and uniform distribution of particles,
nano-alumina agglomeration was observed above 2 wt%

nanoparticles [39]

4 A413/coated Squeeze casting process | Density decreased and porosity increased

CSF with addition of CSF, UTS and hardness

increased up to 2 vol.% with uncoated CSF,
UTS and hardness increased up to 3 vol.%
with coated CSF [37]

5 A413/B4C Squeeze casting process | Microporosity and defects eliminated at
optimum process parameter, hardness, YS
and UTS increased with B4C wt% [35]

6 | Wrought Ultrasonic-assisted UTS, YTS and percentage elongation
aluminium alloy | squeeze casting process | improved, microstructure refined with
2024 increase in ultrasonic power [40]

3.3 Infiltration Processing

Infiltration is a technique used for producing various metal matrix composite-based
components. This technique involves the flow of the molten metal into a preform
made up of reinforcing material. Some of the researchers proposed an experimental
work on infiltration technique as discussed below.

Zhang et al. [41] reported a study on the fabrication of Al,O3; p/Al composite by
mechanical pressure infiltration method. In this research work, ball milling process
was initially used to prepare Al,O3 scaffold, obtained by mixing Al,O3 powder
(1.2 wt%) and glycerol (10 wt%). The resulting sample produced after unidirec-
tional solidification was undergone freeze drying process at —40 °C temp to remove
the content of solvent. Afterwards, the frozen samples were subjected to sintered
process at 1500 °C followed by cooling and Al,O3 scaffold was prepared. Then,
composite Al,Os3 p/Al was prepared by using mechanical pressure infiltration method
that involves preheating of Al;O3; p/Al in a mould at 500 °C along with melting
of aluminium alloy at 900 °C. The resulting mixture was subjected to mechanical
pressure of 5 MPa for 10 min and then allowed to cool [41].
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Kim et al. [42] worked on fabrication of A356/CNT/Al,O3; aluminium metal
matrix hybrid composite by using infiltration technique followed by hot extrusion
method. Initially, CNT and Al,Oj3 fibres were mixed with required amount of binder
and water to improve the viscosity of the slurry. This was followed by mechan-
ical agitation in a controlled condition with mixing of cationic starch for flocking
effect. The other additive added with starch was subsequently subjected to ultra-
sonic vibration for the uniform dispersion of additives. Water content present in the
slurry was removed through vacuum pump, and the slurry was poured into mould
for solidification [42].

Che et al. [43] prepared Al metal matrix composite reinforced with Ti coated
diamond particles by using gas pressure infiltration method. In this method, the
chamber containing reinforcement with aluminium matrix on the top were placed in
a furnace and evacuated at a very low pressure of 0.1 Pa. Afterwards, the furnace
was heated to 800 °C at a rate of 50 °C/min followed by applying pressurized gas
on the molten metal until a pressure of 1 MPa pressure. This pressurized gas forced
the matrix to infiltrate into reinforcement and then allowed to cool [43].

The results obtained of the various composite material fabricated by infiltration
technique are presented in Table 5.

Table 5 Matrix, reinforcement and metallurgical properties of AMCs fabricated by pressure
infiltration technique

Sr. | Matrix/ Method Properties/result
no | reinforcement

1 A356/CNTs and Ultrasonic Homogenous distribution of CNT, deformation

AL O3 infiltration resistance higher in case of hybrid composite
method compared to base alloy, increase in hardness were
observed in core area [42]

2 Aluminium (99.99% | Gas pressure | Tensile, compressive and bending strength
purity)/Ti and infiltration increased monotonically [44]
diamond particle method

3 Commercial Al Gas pressure | Optimized thermal conductivity was attained as
(purity 99.97%)/ infiltration decreasing the thickness of TiC coating due to less
Ti-coated diamond thermal resistance at interface [43]
particle

4 Al-Mg-Si alloy/ Mechanical | Hardness behaviour is isotropic, compressive
Al O3 scaffold pressure strength higher in transverse direction (anisotropic),

infiltration strength improved in transverse direction [41]
method
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4 Finding and Discussion

In liquid-phase methodologies, stir casting process is quite successful method for
the uniform dispersion of particulates in base material [45]. An experimental study
was attempted to fabricate AA7075 based composite reinforced with SiC and TiC
composite by using stir casting technique, and it was observed that uniform dispersion
of reinforcement particles was achieved [46]. The study revealed homogeneous distri-
bution of reinforcement particles in hybrid composite AA7075/SiC/Al, O3 fabricated
by stir casting technique [47]. Stir casting process is an economical method to fabri-
cate particulate reinforced composite as compared to other method. The processing
parameter such as stirring time and stirring temperature greatly affects the mechan-
ical behaviour of the composite. Minimum stirring time is required to form a bond
between reinforcement and matrix, and higher stirring temperature would lead to
improved distribution [48]. Stir casting technique assisted with extrusion process
showed significant result in reduction of porosity, grain refinement, and matrix grain
size [49].

The particles agglomeration problem in case of light reinforcement was overcome
by using advanced shear technology and significantly improved ductility as well as
strength of the fabricated sample [50]. Homogeneous dispersion of CNT and Al,O3
was achieved in matrix A356 fabricated by using infiltration method and hot extrusion
process [42]. Uniform distribution of particles was achieved in HPDC composite
due to fluid shear generated, and significant improvement was observed in HPDC
composite as compared to GDC composite [51]. It has been observed that induction
melting have great potential to overcome the problem of dispersion of CNT in Al
molten metal [52]. An attempt was carried out to predict the performance of A356.2
based composite reinforced with RHA and SiC. It was found that composite with up
to 8% SiC and RHA reinforcement particles can be fabricated easily by stir casting
technique and uniform dispersion of particles was achieved [53].

Aluminium silicon carbide based material was found to have excellent properties
for power transmission elements like transmission gear under steady loadings [54].
A356/20%SiC/10%Al, O3 based composite is found to be suitable material for the
application of heavy vehicle such as clutch pressure and face plate [55]. Aluminium/
silicon carbide based composite material is found as one of the option for power
transmission component like spur gear [54].

The study revealed decrement in mechanical properties of AA-4032/SiC
composite with increasing reinforcement content beyond 6% [56]. It was found that
mechanical properties of the AA6061 based composite enhanced with increasing
alumina particles reinforcement weight fraction but reduction in mechanical prop-
erties was observed with increase of reinforcement wt. fraction of MoS, [57]. A
study was performed to fabricate Al-Si alloy based composite reinforced with 0D
ball reinforcement. 1D rod reinforcement and 2D sheet reinforcement individually
by suing microcasting techniques [58].
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5 Conclusion

Composites materials attained extensive demand in the manufacturing industries as
well as in research due to their advantageous properties that is difficult to obtain by
any of the constituent materials in the form of reinforcement acting alone. The litera-
ture reveals that the extensive effort put by researcher towards various problems that
may be reduced to make composite strengthen. The mechanical and morphological
properties of the matrix and type of reinforcement material used such as graphite,
Al O3, silicon carbide, titanium carbide, boron carbide, TiB2 and graphene greatly
affect the mechanical behaviour of composite. Several type of reinforcement partic-
ulates were used to fabricate the composite, but hybrid reinforced composite found
to have better mechanical properties as compared to single reinforced composite.
The addition of reinforcement like agro waste and industry waste in the Al matrix
produce composites with enhanced properties.

Various processing methods were used by several researchers to make composite
with better properties. The liquid-phase processing methods have been found to
have remarkable attribute for volume production of composite due to their reduced
composite production cost. The literature reveals that various researcher reported an
experimental work on stir casting process to fabricate composites due to its less oper-
ating cost. The stir casting technique was found to have magnificent performance for
producing composite because of better control on processing parameter, availability
of the apparatus, viability and easy to use. The stir casting is found suitable for matrix
having low melting temperature such as aluminium, copper and magnesium.

6 Future Scope

Despite of major research efforts made in the field of composite manufacturing, there
is enormous scope to develop advanced material. Further work is possible on indus-
trial and agriculture materials such as reinforcement towards the volume production
of qualitative and low cost Al MMCs. Consequently, 3D printing technologies form
of additive manufacturing has been found to have excellent potential, and more
research work is needed for producing new part.

References

1. Dhingra AK (1986) Metals replacement by composites. JOM 38(3):17—17. https://doi.org/10.
1007/b03257887

2. Clyne T (2000) An introductory overview of MMC systems, types, and developments. Compreh
Com Mater 1-26. https://doi.org/10.1016/b0-08-042993-9/00001-2

3. Bunsell A (1980) Foreword. Adv Comp Mater 1-2. https://doi.org/10.1016/b978-1-4832-8370-
8.50004-8


https://doi.org/10.1007/bf03257887
https://doi.org/10.1007/bf03257887
https://doi.org/10.1016/b0-08-042993-9/00001-2
https://doi.org/10.1016/b978-1-4832-8370-8.50004-8
https://doi.org/10.1016/b978-1-4832-8370-8.50004-8

198

4.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

D. Chawla et al.

Diler EA, Ipek R (2013) Main and interaction effects of matrix particle size, reinforcement
particle size and volume fraction on wear characteristics of Al-sicp composites using central
composite design. Compos B Eng 50:371-380. https://doi.org/10.1016/j.compositesb.2013.
02.001

. Natrayan L, Senthil Kumar M (2018) Study on squeeze casting of aluminum matrix compos-

ites—a review. Adv Manuf Mater Sci 75-83. https://doi.org/10.1007/978-3-319-76276-0_
8

. Rajesh AM, Kaleemulla M (2016) Experimental investigations on mechanical behavior of

aluminium metal matrix composites. IOP Conf Ser Mater Sci Eng 149:012121. https://doi.org/
10.1088/1757-899x/149/1/012121

. Daniel Silas Kumar M, Jagadamba P, Srikiran S, Pujari S (2019) Mechanical behavioural

aspects of Al-356 under the influence of boron carbide and magnesium. Lecture notes on multi-
disciplinary industrial engineering, pp 437-447. https://doi.org/10.1007/978-981-13-7643-6_
35

. Chen F, Gupta N, Behera RK, Rohatgi PK (2018) Graphene-reinforced aluminum matrix

composites: a review of synthesis methods and properties. JOM 70(6):837—-845. https://doi.
org/10.1007/s11837-018-2810-7

. Khan MM, Dixit G (2019) Evaluation of microstructure, mechanical, thermal and erosive wear

behavior of aluminum-based composites. Silicon 12(1):59-70. https://doi.org/10.1007/s12633-
019-00099-4

. Singh M, Rana R, Purohit R, Sahu K (2015) Development and analysis of Al-matrix Nano

composites fabricated by ultrasonic assisted squeeze casting process. Mater Today Proc 2(4—
5):3697-3703. https://doi.org/10.1016/j.matpr.2015.07.146

Samal P, Mandava RK, Vundavilli PR (2020) Dry sliding wear behavior of al 6082 metal matrix
composites reinforced with red mud particles. SN Appl Sci 2(2). https://doi.org/10.1007/s42
452-020-2136-2

Lukose L, Babu K, Srinivasan S (2020) Development of aluminium 6082 alloy reinforced with
Al203 by die casting and investigation of microstructural and mechanical properties. Mater
Today Proc 27:2520-2525. https://doi.org/10.1016/j.matpr.2019.09.229

James SJ, Venkatesan K, Kuppan P, Ramanujam R (2014) Hybrid aluminium metal matrix
composite reinforced with sic and TiB2. Procedia Eng 97:1018-1026. https://doi.org/10.1016/
j-proeng.2014.12.379

Venkatesh L, Arjunan TV, Ravikumar K (2019) Microstructural characteristics and mechanical
behaviour of aluminium hybrid composites reinforced with groundnut shell ash and B4C. J
Braz Soc Mech Sci Eng 41(7). https://doi.org/10.1007/s40430-019-1800-1

Oladayo O, Sikirat AK (2019) Mechanical and electrochemical behaviour of aluminum-based
hybrid composites reinforced with silicon carbide and pride of barbardos seed ash produced
by stir casting. Mater Sci Eng Int J 3(5). https://doi.org/10.15406/mseij.2019.03.00110
Chandla NK, Yashpal Kant S, Goud M, Jawalkar C (2020) Experimental analysis and mechan-
ical characterization of al 6061/alumina/bagasse ash hybrid reinforced metal matrix composite
using vacuum-assisted stir casting method. J Com Mater 54(27):4283—4297. https://doi.org/
10.1177/0021998320929417

Dolata AJ, Mr6z M, Dyzia M, Jacek-Burek M (2020) Scratch testing of AlSi12/SiCp composite
layer with high share of reinforcing phase formed in the centrifugal casting process. Materials
13(7):1685. https://doi.org/10.3390/mal3071685

Reddy PV, Prasad PR, Krishnudu DM, Goud EV (2019) An investigation on mechanical and
wear characteristics of al 6063/TiC metal matrix composites using RSM. J Bio Tribo Corros
5(4). https://doi.org/10.1007/s40735-019-0282-0

Dwivedi S, Srivastava A, Maurya N, Maurya M (2019) Microstructure and mechanical prop-
erties of al 6061/A1203/fly-ash composite fabricated through stir casting. Annales de Chimie
- Science des Matériaux 43(5), 341-346. https://doi.org/10.18280/acsm.430510

Kumar UKAV (2017) Method of stir casting of aluminum metal matrix composites: a review.
Mater Today Proc 4(2):1140-1146


https://doi.org/10.1016/j.compositesb.2013.02.001
https://doi.org/10.1016/j.compositesb.2013.02.001
https://doi.org/10.1007/978-3-319-76276-0_8
https://doi.org/10.1007/978-3-319-76276-0_8
https://doi.org/10.1088/1757-899x/149/1/012121
https://doi.org/10.1088/1757-899x/149/1/012121
https://doi.org/10.1007/978-981-13-7643-6_35
https://doi.org/10.1007/978-981-13-7643-6_35
https://doi.org/10.1007/s11837-018-2810-7
https://doi.org/10.1007/s11837-018-2810-7
https://doi.org/10.1007/s12633-019-00099-4
https://doi.org/10.1007/s12633-019-00099-4
https://doi.org/10.1016/j.matpr.2015.07.146
https://doi.org/10.1007/s42452-020-2136-2
https://doi.org/10.1007/s42452-020-2136-2
https://doi.org/10.1016/j.matpr.2019.09.229
https://doi.org/10.1016/j.proeng.2014.12.379
https://doi.org/10.1016/j.proeng.2014.12.379
https://doi.org/10.1007/s40430-019-1800-1
https://doi.org/10.15406/mseij.2019.03.00110
https://doi.org/10.1177/0021998320929417
https://doi.org/10.1177/0021998320929417
https://doi.org/10.3390/ma13071685
https://doi.org/10.1007/s40735-019-0282-0
https://doi.org/10.18280/acsm.430510

A Comprehensive Review on Aluminium MMC Fabricated ... 199

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Singh J, Jawalkar CS, Belokar RM (2019) Analysis of mechanical properties of AMC fabricated
by vacuum stir casting process. Silicon 12(10):2433-2443. https://doi.org/10.1007/s12633-
019-00338-8

Senemar M, Niroumand B, Maleki A, Rohatgi PK (2017) Synthesis of the in situ aluminum
matrix composite through pyrolysis of high temperature vulcanization silicone. J Compos
Mater 52(1):123—134. https://doi.org/10.1177/0021998317702955

Vinod B, Ramanathan S, Ananthi V, Selvakumar N (2018) Fabrication and characterization
of organic and in-organic reinforced A356 aluminium matrix hybrid composite by improved
double-stir casting. Silicon 11(2):817-829. https://doi.org/10.1007/s12633-018-9881-5
Venkata Siva SB, Sahoo KL, Ganguly RI, Dash RR, Singh SK, Satpathy BK, Srinivasarao G
(2013) Preparation of aluminum metal matrix composite with novel in situ ceramic composite
particulates, developed from waste colliery shale material. Metall and Mater Trans B 44(4):800—
808. https://doi.org/10.1007/s11663-013-9832-x

Abdizadeh H, Baghchesara MA (2013) Investigation on mechanical properties and fracture
behavior of A356 aluminum alloy based ZrO2 particle reinforced metal-matrix composites.
Ceram Int 39(2):2045-2050. https://doi.org/10.1016/j.ceramint.2012.08.057

Sharma P, Sharma S, Khanduja D (2015) A study on microstructure of aluminium matrix
composites. J Asian Ceram Soc 3(3):240-244. https://doi.org/10.1016/j.jascer.2015.04.001
Alaneme KK, Sanusi KO (2015) Microstructural characteristics, mechanical and wear
behaviour of aluminium matrix hybrid composites reinforced with alumina, rice husk ash and
graphite. Eng Sci Technol Int J 18(3):416-422. https://doi.org/10.1016/j.jestch.2015.02.003
Imran M, Khan AA, Megeri S, Sadik S (2016) Study of hardness and tensile strength of
aluminium-7075 percentage varying reinforced with graphite and bagasse-ash composites.
Resour Efficient Technol 2(2):81-88. https://doi.org/10.1016/j.reffit.2016.06.007

Quader SM, Murthy BS, Ravinder Reddy P (2016) Processing and mechanical properties of
Al203 and red mud particle reinforced AA6061 hybrid composites. J Miner Mater Charact
Eng 04(02):135-142. https://doi.org/10.4236/jmmce.2016.42013

Singh K, Rana R, Pandey A (2017) Fabrication and mechanical properties characterization of
aluminium alloy LM24/B 4 C composites. Mater Today Proc 4(2):701-708. https://doi.org/10.
1016/j.matpr.2017.01.075

Magibalan S, Senthilkumar P, Palanivelu R, Senthilkumar C, Shivasankaran N, Prabu M (2018)
Dry sliding behavior of aluminum alloy 8011 with 12% fly ash composites. Mater Res Express
5(5):056505. https://doi.org/10.1088/2053-1591/aabf46

Prasad DS, Ebenezer NS, Shoba C, Raju P, Rao PS (2018) The effect of T6 heat treatment on
corrosion behavior of nickel electroplated metal matrix composites. Silicon 11(4):2025-2032.
https://doi.org/10.1007/s12633-018-0023-x

Karthikeyan A, Jinu GR (2019) Investigation on mechanical and corrosion behaviour of
AAB8011 reinforced with tic and graphite hybrid composites. Mater Res Express. https://doi.
org/10.1088/2053-1591/ab3e87

Karuppusamy T, Velmurugan C, Thirumalaimuthukumaran M (2019) Experimental study
on the mechanical properties of heat treated aluminium composites. Mater Res Express
6(9):096552. https://doi.org/10.1088/2053-1591/ab2ebb

Soundararajan R, Ramesh A, Sivasankaran S, Vignesh M (2017) Modeling and analysis of
mechanical properties of aluminium alloy (A413) reinforced with boron carbide (B 4 C)
processed through squeeze casting process using artificial neural network model and statistical
technique. Mater Today Proc 4(2):2008-2030. https://doi.org/10.1016/j.matpr.2017.02.047
Ghomashchi MR, Vikhrov A (2000) Squeeze casting: an overview. J] Mater Process Technol
101(1-3):1-9

Baghi M, Niroumand B, Emadi R (2017) Fabrication and characterization of squeeze cast A413-
CSF composites. J Alloy Compd 710:29-36. https://doi.org/10.1016/j.jallcom.2017.03.136
Yue H, Wang B, Gao X, Zhang S, Lin X, Yao L, Guo E (2017) Effect of interfacial modifying
on the microstructures, mechanical properties and abrasive wear properties of aluminum borate
whiskers reinforced 6061Al composite. J Alloy Compd 692:395-402. https://doi.org/10.1016/
jjallcom.2016.09.082


https://doi.org/10.1007/s12633-019-00338-8
https://doi.org/10.1007/s12633-019-00338-8
https://doi.org/10.1177/0021998317702955
https://doi.org/10.1007/s12633-018-9881-5
https://doi.org/10.1007/s11663-013-9832-x
https://doi.org/10.1016/j.ceramint.2012.08.057
https://doi.org/10.1016/j.jascer.2015.04.001
https://doi.org/10.1016/j.jestch.2015.02.003
https://doi.org/10.1016/j.reffit.2016.06.007
https://doi.org/10.4236/jmmce.2016.42013
https://doi.org/10.1016/j.matpr.2017.01.075
https://doi.org/10.1016/j.matpr.2017.01.075
https://doi.org/10.1088/2053-1591/aabf46
https://doi.org/10.1007/s12633-018-0023-x
https://doi.org/10.1088/2053-1591/ab3e87
https://doi.org/10.1088/2053-1591/ab3e87
https://doi.org/10.1088/2053-1591/ab2ebb
https://doi.org/10.1016/j.matpr.2017.02.047
https://doi.org/10.1016/j.jallcom.2017.03.136
https://doi.org/10.1016/j.jallcom.2016.09.082
https://doi.org/10.1016/j.jallcom.2016.09.082

200

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

D. Chawla et al.

Kannan C, Ramanujam R (2017) Comparative study on the mechanical and microstructural
characterisation of AA 7075 nano and hybrid nanocomposites produced by stir and squeeze
casting. J Adv Res 8(4):309-319. https://doi.org/10.1016/j.jare.2017.02.005

Chen G, Yang M, Jin Y, Zhang H, Han F, Chen Q, Zhao Z (2019) Ultrasonic assisted squeeze
casting of a wrought aluminum alloy. J Mater Process Technol 266:19-25. https://doi.org/10.
1016/j.jmatprotec.2018.10.032

Zhang Q, Dong S, Ma S, Hou X, Yang W, Zhang Y, Wu G (2020) Microstructure and compres-
sive behavior of lamellar A1203p/Al composite prepared by freeze-drying and mechanical-
pressure infiltration method. Sci Eng Compos Mater 27(1):1-9. https://doi.org/10.1515/secm-
2020-0001

Kim HH, Babu JS, Kang CG (2014) Hot extrusion of A356 aluminum metal matrix composite
with carbon nanotube/Al203 hybrid reinforcement. Metall and Mater Trans A 45(5):2636—
2645. https://doi.org/10.1007/s11661-014-2185-5

Che Z, Wang Q, Wang L, Li J, Zhang H, Zhang Y, Wang X, Wang J, Kim MJ (2017) Interfacial
structure evolution of ti-coated diamond particle reinforced al matrix composite produced by
gas pressure infiltration. Compos B Eng 113:285-290. https://doi.org/10.1016/j.compositesb.
2017.01.047

Zhang H, Wu J, Zhang Y, Li J, Wang X (2015) Effect of metal matrix alloying on mechan-
ical strength of diamond particle-reinforced aluminum composites. J Mater Eng Perform
24(6):2556-2562. https://doi.org/10.1007/s11665-015-1527-9

Inegbenebor AO, Bolu CA, Babalola PO, Inegbenebor Al, Fayomi OS (2016) Aluminum
silicon carbide particulate metal matrix composite development via stir casting processing.
Silicon 10(2):343-347. https://doi.org/10.1007/s12633-016-9451-7

Sambath kumar M, Navaneethakrishnan P, Ponappa K, Sasikumar K (2017) Mechanical and
corrosion behavior of A17075 (Hybrid) metal matrix composites by two step stir casting process.
Latin Am J Solids Struct 14(2):243-255. https://doi.org/10.1590/1679-78253132

Am R, Kaleemulla M, Doddamani S, Kn B (2019) Material characterization of sic and A1203—
reinforced hybrid aluminum metal matrix composites on wear behavior. Adv Comp Lett
28:096369351985635. https://doi.org/10.1177/0963693519856356

Soltani S, Azari Khosroshahi R, Taherzadeh Mousavian R, Jiang Z, Fadavi Boostani A,
Brabazon D (2015) Stir casting process for manufacture of al-sic composites. Rare Met
36(7):581-590. https://doi.org/10.1007/s12598-015-0565-7

Mohana kumara, K., Rajashekar, H., Ghanaraja, S., & Ajitprasad, S. (2014) Development and
mechanical properties of sic reinforced cast and extruded al based metal matrix composite.
Procedia Mater Sci 5:934-943. https://doi.org/10.1016/j.mspro.2014.07.381

Barekar N, Tzamtzis S, Dhindaw BK, Patel J, Hari Babu N, Fan Z (2009) Processing of
aluminum-graphite particulate metal matrix composites by advanced shear technology. J Mater
Eng Perform 18(9):1230-1240. https://doi.org/10.1007/s11665-009-9362-5

Hu Q, Zhao H, Li F (2017) Microstructures and properties of sic particles reinforced aluminum-
matrix composites fabricated by vacuum-assisted high pressure die casting. Mater Sci Eng A
680:270-277. https://doi.org/10.1016/j.msea.2016.10.090

Mansoor M, Shahid M (2016) Carbon nanotube-reinforced aluminum composite produced
by induction melting. J Appl Res Technol 14(4):215-224. https://doi.org/10.1016/j.jart.2016.
05.002

Prasad DS, Shoba C, Ramanaiah N (2014) Investigations on mechanical properties of aluminum
hybrid composites. J] Market Res 3(1):79-85. https://doi.org/10.1016/j.jmrt.2013.11.002
Pawar P, Utpat AA (2014) Development of aluminium based silicon carbide particulate metal
matrix composite for spur gear. Procedia Mater Sci 6:1150-1156. https://doi.org/10.1016/].
mspro.2014.07.187

Dhanasekaran S, Sunilraj S, Ramya G, Ravishankar S (2015) SiC and AI203 reinforced
aluminum metal matrix composites for heavy vehicle clutch applications. Trans Indian Inst
Met 69(3):699-703. https://doi.org/10.1007/s12666-015-0542-8

Kumar D, Singh PK (2019) Microstructural and mechanical characterization of al-4032 based
metal matrix composites. Mater Today Proc 18:2563-2572. https://doi.org/10.1016/j.matpr.
2019.07.114


https://doi.org/10.1016/j.jare.2017.02.005
https://doi.org/10.1016/j.jmatprotec.2018.10.032
https://doi.org/10.1016/j.jmatprotec.2018.10.032
https://doi.org/10.1515/secm-2020-0001
https://doi.org/10.1515/secm-2020-0001
https://doi.org/10.1007/s11661-014-2185-5
https://doi.org/10.1016/j.compositesb.2017.01.047
https://doi.org/10.1016/j.compositesb.2017.01.047
https://doi.org/10.1007/s11665-015-1527-9
https://doi.org/10.1007/s12633-016-9451-7
https://doi.org/10.1590/1679-78253132
https://doi.org/10.1177/0963693519856356
https://doi.org/10.1007/s12598-015-0565-7
https://doi.org/10.1016/j.mspro.2014.07.381
https://doi.org/10.1007/s11665-009-9362-5
https://doi.org/10.1016/j.msea.2016.10.090
https://doi.org/10.1016/j.jart.2016.05.002
https://doi.org/10.1016/j.jart.2016.05.002
https://doi.org/10.1016/j.jmrt.2013.11.002
https://doi.org/10.1016/j.mspro.2014.07.187
https://doi.org/10.1016/j.mspro.2014.07.187
https://doi.org/10.1007/s12666-015-0542-8
https://doi.org/10.1016/j.matpr.2019.07.114
https://doi.org/10.1016/j.matpr.2019.07.114

A Comprehensive Review on Aluminium MMC Fabricated ... 201

57.

58.

Pitchayyapillai G, Seenikannan P, Raja K, Chandrasekaran K (2016) Al6061 hybrid metal
matrix composite reinforced with alumina and molybdenum disulphide. Adv Mater Sci Eng
2016:1-9. https://doi.org/10.1155/2016/6127624

Shao C, Zhao S, Wang X, Zhu Y, Zhang Z, Ritchie RO (2019) Architecture of high-strength
aluminum—matrix composites processed by a novel micro casting technique. NPG Asia Mater
11(1). https://doi.org/10.1038/s41427-019-0174-2


https://doi.org/10.1155/2016/6127624
https://doi.org/10.1038/s41427-019-0174-2

Prediction of Effective Elastic Properties )
of PEEK-CF Composites Subjected oo
to Thermomechanical Loading

Brahma Nand Agrawal, Pawan Kumar Singh Nain, Saksham Bisht,
and Aniket Srivastava

Abstract The micromechanics approach to studying the effect of filler’s mass frac-
tion on the effective elastic properties of the composites is investigated. Poly(ether
ether ketone) (PEEK) as matrix and carbon fiber as fillers are used due to excellent
nucleation density compared to pure PEEK. The scheme used depends on the single
inclusion problem which effectively predicted the mechanical properties consid-
ering the orientation, aspect ratio, and mass fraction of the fillers. The main outcome
of the study is the moduli variation for 10, 20, and 30% mass fraction reinforced
PEEK composites subjected to mechanical and thermal loading simultaneously. It
has been observed that above 63 °C, the composite’s elastic properties decrease by
30% mass fraction of CF in PEEK. The maximum failure strength of the composite
is 105.32 MPa obtained for a 30% mass fraction of CF in PEEK. In general, the
moduli and strength of the composites decrease with the increase in temperature due
to the structural change in the polymer.

Keywords PEEK - Carbon fiber - Thermomechanical - Elastic - Mass fraction

1 Introduction

The quantitative determination of elastic properties of composites using microme-
chanical approaches has become necessary due to the heterogeneous nature of
the composites. PEEK reinforced with CF has been gaining popularity due to the
excellent time-dependent creep properties of the composites [1]. These constituents
have shown good bonding when fused with any manufacturing processes. Also, the
mechanical properties obtained experimentally are remarkable. But, studying these
composites for the effective determination of the elastic properties when subjected
to coupled loading conditions is an ongoing topic.

Mori-Tanaka was applied by various researchers to study the mechanical proper-
ties of the composites [2—17]. The scheme was successfully applied to unidirectional
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Table 1 Properties of CF [1]

Properties Values
Young’s modulus (axial) (GPa) 23.4
Young’s modulus (inplane) (GPa) 15

Poisson’s ratio (inplane) 0.2
Poisson’s ratio (transverse) 0.49

Shear modulus (transverse) (GPa) 7

Thermal expansion coefficient (axial) —38x 107
Thermal expansion coefficient (inplane) 1.2 x 1079

composites, but it has been observed that it also shows reliable results for randomly
distributed composites. The coupled loading conditions were also studied by many
researchers for high aspect ratio composites [18—20]. The scheme has gained popu-
larity as amendments can be made easily as per the loading conditions. The scheme
has been applied successfully to thermoplastic and thermosetting polymers with
different fillers.

PEEK-CF composites were studied to estimate the elastic properties using Mori-
Tanka [10]. PEEK has been used with mainly two fillers, i.e., carbon-nanotubes
(CNTs) and carbon fibers (short or spherical). A vast literature on the PEEK-CNTs is
available, but limited study on the thermomechanical loading condition of PEEK-CF
isavailable[1, 10,21, 22]. Therefore, the present study is focused on the application of
the scheme to PEEK-CF composites to study the effective elastic properties subjected
to coupled loading conditions. The loading condition used in the present study is
mechanical loading in a thermal environment. The conditions used in this article can
easily be created in an experimental setup for determining the moduli.

2 Materials

The materials used for evaluating the mechanical properties are carbon fiber (CF)
as fillers and poly(ether ether ketone) (PEEK) as matrix have been used. The fillers
CF have transversely isotropic elasticity and thermoelastic constitutive law as repre-
sented in Table 1. CFs have aspect ratio as 1. The matrix, i.e., PEEK, has been used as
thermoelastic with J2 plasticity and isotropic hardening law as represented in Table 2.

3 Mori-Tanaka Scheme

For a heterogeneous and anisotropic material, the generalized Hooke’s law is defined
as:
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'[Iﬁble 2 Properties of PEEK Properties Values

Young’s modulus (GPa) 34

Poisson’s ratio 0.37

Thermal expansion coefficient 47 x 107
Yield stress (MPa) 40

Hardening modulus (MPa) 50

Hardening exponent 240

Linear hardening modulus (MPa) 20

0ij = Cijué&ij (D

The effective properties after applying the boundary conditions can be obtained
from Egs. (2) and (3) as follows [12]:

celt = 1 f Capii (P Ajica(r)dV 2)
abcd % abij ijed
\%4
N
CM ="+ Vy(cX =) A¥ 3)
X=1

Here, O and X are used for matrix and filler, C is the stiffness matrix, the strain
concentration tensor (A) and the volume (V) subjected to far-field stress or strain.

The average strain field is approximated by calculating the strain in the matrix.
Thus, following this assumption, the stiffness matrix evaluated by Mori—Tanaka is
given as [12]:

N N
CMori—Tanaka — Z VXCXAX — <V()CO + Z VXCXaX> . AO (4)
X=0 X=1

where the global strain tensor A°.
It is represented as follows [12]:

N -1
A =al:(a¥) = (VOX +>° VXaX> 5)

X=1
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4 Results and Discussion

The composites are evaluated to conclude the effective or overall elastic properties
using a homogenization scheme, i.e., Mori—Tanaka. In this scheme, the properties
used for the constituents are already mentioned in Tables 1 and 2. The homogenized
properties for 10%, 20%, and 30% CF reinforced PEEK composites at different
temperatures are presented in Tables 3, 4, and 5, respectively.

Table 3 Elastic properties of 10% CF reinforced polymer composites at different temperatures

Temperature | Young’s Young’s Poisson’s | Poisson’s Shear Shear

(°C) modulus | modulus | ratio ratio modulus | modulus
(axial) (inplane) | (inplane) (transverse) | (inplane) | (transverse)
(GPa) (GPa) (GPa) (GPa)

23 3.95 3.76 0.3657 0.3675 1.37 1.39

43 3.26 3.13 0.3654 0.3668 1.14 1.15

63 2.57 2.48 0.3649 0.3661 0.91 0.914

83 1.92 1.87 0.3645 0.3654 0.68 0.69

103 1.59 1.55 0.3643 0.365 0.57 0.57

Table 4 Elastic properties of 20% CF reinforced polymer composites at different temperatures

Temperature | Young’s | Young’s | Poisson’s | Poisson’s Shear Shear

°O) modulus | modulus | ratio ratio modulus | modulus
(axial) (inplane) | (inplane) (transverse) | (inplane) | (transverse)
(GPa) (GPa) (GPa) (GPa)

23 4.64 4.19 0.36 0.3649 1.54 1.56

43 3.84 3.51 0.3595 0.3636 1.29 1.31

63 3.03 2.82 0.3588 0.3622 1.03 1.04

83 2.27 2.14 0.3582 0.3608 0.789 0.794

103 1.87 1.78 0.3579 0.36 0.657 0.66

Table 5 Elastic properties of 30% CF reinforced polymer composites at different temperatures

Temperature | Young’s | Young’s Poisson’s | Poisson’s Shear Shear

(°C) modulus | modulus | ratio ratio modulus | modulus
(axial) (inplane) | (inplane) (transverse) | (inplane) | (transverse)
(GPa) (GPa) (GPa) (GPa)

23 5.52 4.69 0.3527 0.3625 1.73 1.76

43 4.57 3.97 0.3521 0.3605 1.47 1.49

63 3.61 322 0.3516 0.3583 1.19 1.2

83 2.7 247 0.351 0.3563 0.91 0.92

103 223 2.07 0.3507 0.3551 0.77 0.77
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Itis evident from Table 1 that the elastic properties are decreasing with the increase
in temperature of the simulation. The composites have shown maximum axial and
in-plane Young’s modulus at 23 °C; thereafter, it is below the modulus of the polymer
as presented in Table 3. This indicates that the polymer starts degrading after that.
Although the mass percentage reinforcement of CF is also 10% in this case which
may be the reason for low moduli after 23 °C. From Fig. 1, it is indicated that
the ultimate stress and yield stress are also decreasing with a temperature rise. The
nonlinear nature can be observed from the curves shown in Fig. 1.

Table 4 represents the effective elastic properties of PEEK-CF composites with
20% CF reinforcement. The composites have shown good moduli up to 43 °C, and
thereafter, the degradation in the structure of the polymer could be the probable
reason for low elastic properties. The stress—strain curves as shown in Fig. 2 also
represent the nonlinear nature of the composites. The curve starts decreasing the
plasticity as the temperature is increasing which shows the debonding or low load
transfer of CF to PEEK.

Table 5 represents the elastic properties of 30% CF reinforced PEEK composites.
These composites have shown effective elastic properties up to 63 °C, and degradation
in the elastic properties has been observed after that. Also, the nonlinear nature of
the curves can be seen in Fig. 3. These composites have shown maximum stress at
all temperatures compared to 10% and 20% CF reinforced composites.

5 Conclusions

1. Mori-Tanaka has been successfully applied to determine the overall or effective
properties of PEEK-CF composites.
2. The scheme predicted the maximum results for a 30% mass fraction of CF.
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3. The temperature dependence of elastic and other mechanical properties has been

observed.

4. Young’s modulus for 10%, 20%, and 30% decreases significantly, whereas other
elastic properties have not shown much variation.

5. The composites lose strength due to a decrease in strength of the polymer at

elevated temperatures and debonding of CF.
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Mori-Tanaka Modeling of Polymer )
Nanocomposites: Interface Effect oo
on the Moduli

Brahma Nand Agrawal, Pawan Kumar Singh Nain, Abhishek Patwal,
and Akash Abrol

Abstract Polymer nanocomposites have gained popularity due to ease in manu-
facturing and enhanced elastic properties and strength compared to polymers. The
main focus of the study is on the determination of elastic properties of polymer
nanocomposites reinforced with 1, 2, 5, and 10% volume fractions of nanoparticles.
The scheme used for the study is Mori—Tanaka. It is established on Eshelby’s sole
filler problem and effectively determines the elastic properties of the nanocompos-
ites. The cases studied in this paper are no, soft, medium-stiff, and stiff interface
of 0.6 nm thickness for the determination of Young’s modulus, Poisson’s ratio, and
Shear modulus of the nanocomposites. It has been observed that a 27% increment
in the moduli with a stiff interface has been achieved compared to no interface case.
The medium-stiff interface has a positive effect on the elastic properties. A 10% and
3% increase in E and G, respectively, have been observed compared to no interface
case. A remarkable increment of 27% for both E and G has been observed for the
stiff interface case compared to the no interface case.

Keywords Mori—Tanaka - Polymer - Nanocomposites - Young’s modulus -
Eshelby

1 Introduction

Polymer nanocomposites have been studied extensively to mend their mechanical
properties [8, 11, 12, 14, 18, 20, 22, 27, 28]. Researchers are not only interested in
manufacturing these nanocomposites but have shown interest in studying the effect of
volume fraction (V), shape, size, orientation, and curviness (having high aspect ratio
fillers) on the mechanical, thermal, and electrical properties [9, 13, 15, 21, 29, 30].
The bonding between the constituents also shows an essential part in improving the
nanocomposite’s overall properties. Therefore, researchers have applied analytical,
numerical, or computational techniques to determine the nature of the composites
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at different scales. As nanocomposites consist of nanoscale filler and macroscale
matrix, therefore analyzing the nanocomposites at a small scale has become the
primary objective of the researchers.

The literature on studying these composites at a small scale consists of many
techniques like Mori—Tanaka, finite element method, molecular dynamics, etc. [7,
10, 17, 19, 23, 24, 26]. Each has its advantages and disadvantages. Mori—Tanaka
is constructed on the mean-field homogenization principle. It provides the effective
material properties for a nanocomposite by applying Eshelby’s single inclusion solu-
tion. Thus, it converges quickly compared to other techniques. But, the disadvantage
of the scheme is that it only provides reliable results up to 25% V for short aspect
ratio fillers whereas it can be used for higher V for higher aspect ratio fillers.

The micromechanical techniques are also useful in determining the effective prop-
erties of the nanocomposites [ 1-7, 24]. But, some techniques do not take into account
the effect of reinforcing effects of the nano-fillers. However, numerical techniques
like the finite element method are quite effective in considering the bonding effect,
clustering, and coating influence on the nanocomposite’s overall mechanical prop-
erties. The finite element method has been used by many researchers to study the
waviness of high aspect ratio fillers, stiffness of clay flakes, interface effect, aspect
ratio effect, distribution, and orientation effect of the nano-fillers on the mechanical
properties.

In the most available literature, it has been observed that the interface effect is
the critical one to accomplish the desired mechanical properties. Therefore, in this
article, the effectiveness of Mori—Tanaka for different interface conditions has been
studied. The method, i.e., Mori—Tanaka, is effective at up to 25% V/ for short aspect
ratio fillers, therefore in this study, the maximum V; of the nanoparticles is 10%.
Also, the absolute thickness of the interface is 0.6 nm (constant) for each interface
condition. The matrix used for the study is having Young’s modulus of 4.2 GPa and
Poisson’s ratio of 0.4 [25]. The nanoparticles have Young’s modulus of 88.7 GPa and
Poisson’s ratio of 0.3 [25]. The perfect bonding between the constituents has been
assumed.

2 Mori-Tanaka Modeling

Mori-Tanaka modeling works on the principle of a problem solved by Eshelby. He
has considered an ellipsoidal volume subjected to uniform strain and then calculated
uniform stresses, further to determine the elastic properties.

Eshelby considered an infinite body shown in Fig. 1. The infinite body is the
matrix in this case with a uniform stiffness S,,. An ellipsoidal volume in the model is
the filler/inclusion which is subjected to Eigen strain ¢.. Therefore, Eshelby isolates
the inclusion and applies the Eigen strain and then plugin back at the same location
in the matrix and determines the strain in the inclusion as follows [16]:

S(X) = C(Ora Sm) c Ee, Vx € (Or)a
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Fig. 1 Eshelby’s model to
study two-phase composites

where £(0,, S,) is Eshelby's tensor. (D

Mori-Tanaka 1973 applied the solution mentioned in Eq. (1) to two-phase
composites. Mori and Tanaka initiate that the strain concentration tensor can be
determined by taking the volumetric average of strain considering all fillers in the
matrix to the average strain in the matrix only. It is represented as follows [16]:

Be = HE(OV’Sm’Si) (2)

where B? is the strain concentration tensor linking the strains in the matrix and
inclusion, and H? is the strain concentration tensor for a single inclusion case (Fig. 2).

3 Results and Discussion

Four cases have been discussed to obtain the properties (elastic) of polymer
nanocomposites.

3.1 No Interface is Present Between the Constituents

The elastic properties of the nanocomposites were determined for no interface case
as shown in Table 1. The elastic properties like Young’s modulus (E), Poisson’s
ratio (v), and shear modulus (G) were evaluated for diverse volume fractions (V) of
nanoparticles present in the polymeric matrix. It is evident from the values that £ and
G increase with an increase in V; and thus showing strong dependence of nanopar-
ticles on the elastic properties. However, the decrease in Poisson’s ratio reflects
the small change in strain. E and G have increased to 19% and 20%, respectively,
with 10% V; of the nanocomposites. An insignificant change has been observed in
Poisson’s ratio, i.e., 0.5%.
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Fig. 2 Application of Mori—Tanaka to two-phase composite (NP is nanoparticle)

Table 1 Moduli of polymer nanocomposites (aspect ratio = 1, radius = 1 nm) with no interface

V of nanoparticles (%) E (GPa) v G (GPa)
1 428 0.4000 1.53
2 4.37 0.3996 1.56
5 4.64 0.3987 1.66
10 5.11 0.3979 1.84

3.2 A Soft Interface is Present Between the Constituents

The effect of a 0.6 nm thick soft interface having 3.5 GPa modulus and 0.4 Poisson’s
ratio on the properties (elastic) of nanocomposites is evaluated. The evaluated elastic
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Table 2 Moduli of polymer nanocomposites (aspect ratio = 1, radius = 1 nm) with a soft interface
(0.6 nm absolute thickness)

V of nanoparticles (%) E (GPa) v G (GPa)
1 4.25 0.3992 1.52
2 4.31 0.3984 1.54
5 4.47 0.3959 1.60
10 4.76 0.3918 1.71

Table 3 Moduli of polymer nanocomposites (aspect ratio = 1, size = 1 nm) with medium interface
(0.6 nm absolute thickness)

V of nanoparticles (%) E (GPa) v a (GPa)
1 4.30 0.3991 1.56
2 4.40 0.3983 1.60
5 4.73 0.3956 1.71
10 5.58 0.3914 1.92

properties are represented in Table 2. A 12% increase in the elastic properties, i.e., E
and G at 10% V of the nanoparticles is observed. However, a remarkable change in
the Poisson’s ratio, i.e., 1.85% has been observed for 10% V of the nanoparticles.

3.3 A Medium Interface is Present Between the Constituents

In this case, a medium-stiff interface of 4.2 GPa modulus, 0.4 Poisson’s ratio, and
0.6 nm thickness is present between the constituents to find out the nanocomposite’s
elastic properties. The evaluated E and G have shown 29% and 23% increments
at 10% V; of the nanoparticles. This means that the effectiveness of the medium-
stiff interface on the properties is high. On the other hand, the Poisson’s ratio has
decreased to 1.9% for 10% V; of the nanoparticles, thus highlighting the effect of
strain on the nanocomposites (Table 3).

3.4 A Stiff Interface is Present Between the Constituents

The stiff interface of 8.4 GPa modulus, 0.4 Poisson’s ratio, and 0.6 nm thickness
effect on the nanocomposite’s elastic properties is given in Table 4. The elastic and
shear modulus of the nanocomposites has increased to 47%, and the Poisson’s ratio
has decreased to nearly 2.8%. These results show the nanocomposite’s enhanced
elastic properties.
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Table 4 Moduli of polymer nanocomposites (aspect ratio = 1, radius = 1 nm) with stiff interface
(0.6 nm absolute thickness)

V of nanoparticles (%) E (GPa) v G (GPa)

1 4.39 0.3985 1.59

2 4.58 0.3971 1.64

5 5.22 0.3930 1.87

10 6.49 0.3872 2.34
4 Conclusions
e The conclusion from the study is that for a two-phase nanocomposite, the Mori—

Tanaka scheme can be applied successfully for determining the elastic properties
of up to 10% volume fraction of the nanoparticles.

The study also concludes the effect of no, the soft, medium-stiff, and stiff interface
on the elastic properties.

The soft interface has a negative effect on the elastic properties compared to the
no interface case. A decrement of 10% has been observed in the moduli for soft
interface compared to no interface.

The medium-stiff interface has a positive effect on the elastic properties. A 10%
and 3% increase in E and G, respectively, have been observed compared to no
interface case.

A remarkable increment of 27% for both E and G has been observed for the stiff
interface case compared to the no interface case.

All cases were studied for the same interface thickness of 0.6 nm. The study can be
extended for different interface thicknesses and orientations of the nanoparticles.
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Static Engine Test on CTN Model Rocket | M)
Engine with 1/2 A6-2 Propellant i

Sarath Raj, Nour Alaa Elsonbaty, and Sathiyagayathiri Ramamoorthy

Abstract Solid propellant rocket engines are characterized as the basic model for
rocket propellants. They are highly utilized in the industry due to their simplicity
and high combustible range. Even though solid rocket engines are widely used, the
concept still appears to be lacking for some engineers, hence developing a working
prototype of a unique design is proposed. This will help study the advantages and
prove the concept of solid rocket engines through visual tests. This paper focuses on
the construction of a mini-solid fuel rocket engine, stand test, and the conduction of
static test to evaluate the prototype performance and thrust production.

Keywords Rocket engine - Static test - Solid propellant - ANYSYS - Rocket
propulsion + Engine design

1 Introduction

The solid propellant rocket engine is an engine that uses solid fuel as its propellant.
They contain both the fluid and oxidizer together in the chemical itself. The solid
propellant rocket technology got a boost in the mid-twentieth century when the
government initiatives were developing military missiles [1]. The basic design of
the engine consists of the fuel grain or the solid fuel, motor casing, and the nozzle.
The fuel grain is placed inside the motor casing where the combustion process takes
place. The combustion process of the solid fuel engine contains multiple phases of
which when the propellant changes from solid to liquid to gas state [2]. They are
mainly used in various applications because of their easy storage, it is easily handled
compared to other types of propellants, and due to their high-density property, and
it has a compact size [3].

Solid rocket motors are utilized on aerial and air-to-ground rockets, on model
rockets, and as sponsors for satellite launchers. In this type of rocket, the fuel and
oxidizer are combined as one into a strong charge which is stuffed into a strong
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chamber [4]. An opening through the chamber fills in as an ignition chamber. At
the point when the blend is touched off, burning happens outside of the charge
[5]. Solid rocket engines are consistent with four main parts, initially is the motor
casing which acts as the engine’s protective shell. The second part is the combustion
chamber designed to withstand the combustion process load. The third component
is the fuel grain (solid propellant) and lastly is the nozzle used to increase, expand,
and accelerate the combusted gas to produce the desired thrust [6].

Solid fuel rocket engines are also used in experimental rockets used in the avia-
tion industry to prove the concept of rocket engines and estimate the developments
required in the design and performance [7]. It is beneficial for research and aerospace
students to conduct various tests and help visualize the concept of any rocket engine.
Solid fuels are mainly used as experimental rockets due to their simple design and
favorable results [8]. It is also the safest among other experimental rockets because
it can be made or bought based on the quantity needed however precaution is always
needed with any experimental rocket engines, and they also are powered by a solid
oxidizer-fuel mixture which makes its ignition easier, prevent leakage issues, and
help decrease the delay time [9].

2 Objective

The paper focuses on the procedures initiated to design and construct the engine
prototype along the stand test evaluating its performance, efficiency, and durability.
Over the above, static tests shall be performed to test the engine design and prove
its working principle, where the estimation of the burn time and combustibility rate
will be calculated. Furthermore, durability tests will be conducted to determine and
measure the strength of the test stand.

3 Design and Construction

3.1 Engine Design

The design adopted is the casing-throttle-nozzle (CTN) design, which is developed by
maintaining all three components in one motor piece. This design has been selected
due to its simplicity and clear visualization of the combustion process. Furthermore,
itimproves the engine performance by reducing gas leakage and size accommodation
[10]. The engine is constructed of a motor casing which is a cylindrical tube of 2 cm
outer diameter, a 1.8 cm inner diameter, and a length of 10 cm, designed to hold a
small amount of solid propellant due to its high combustible rate and to withstand a
high amount of internal loads. The material used for it is copper since it is durable,
has high tensile strength, and is non-corrosive [11].
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Fig. 1 Nozzle frustum 5.5¢m
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The nozzle is fabricated of a steel sheet due to its high durability and the amount
of thermal load it can withstand. It is 7.4 cm long and has a diameter of 2.2 cm. The
nozzle is fabricated using the frustum calculations, then based on them were drawn
and the nozzle was shaped like a cone and sealed using the soldering iron inside out
to ensure it is secured [12]. Then a durability test has been conducted on the nozzle
after the fabrication, and as it passed, it was added to a room temperature room until
use (Fig. 1).
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1/2 A6-2 Estes rocket motor was used as the solid propellant which is consisted
of a mixture of potassium nitrate, sulfur, and the choral to form the fuel grain [13]. In
addition, the fuel grain is wrapped in a paper casing to act as the insulator [14]. The
engine also contains a delay charge to allow the rocket to reach maximum altitudes
safely and provide a clear visual of the fight path [15]. Furthermore, ignition wires
and safety plugs are installed to secure and initiate the ignition process [16].

Finally, the ignition system Estes Launch controller is used as the main power
supply. It consists of the main electrical system of which is the main power supply,
the connecting wires which helps connect the ignition wires/igniters to the electrical
system, and the safety key used to prevent any insecure ignition and alerts in case of
any system is not working or in case the connecting wires are not connected properly
[17] (Fig. 2).

3.2 Stand Test Design

The stand test design is based on a three-legged stand design, where it is designed
to help measure the thrust using the thrust meter. The stand test is designed in a way
to handle the engine and the load acted by the engine. The stand test design consists
of one aluminum metal plate of a length 50 cm, a width of 10 cm and a thickness of
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0.15 cm, three aluminum angle legs of a length of 50 cm and a width of 10 cm to
support the plate, and angle brackets that are 5 x 5 cm [17].

To start first, the angle legs were taken and assembled into the angle brackets at an
angle of 45°. Both the angle brackets and the legs were then drilled into 6 mm in size
using the drilling machine. They were then attached by the bolt and secured using
the bolt nut. The same procedure was followed for all three legs. After assembling
the legs, the plate was taken and placed on its rougher surface. Then the metal glue
adhesive metal glue was prepared by mixing hardener and resin. A generous amount
of glue was then added to the angle brackets that are attached to the legs and were
attached to the plate. After placing the legs, several heavy loads were added to it to
help secure it in place. The stand was left then for 5 h to harden. After finishing the
primary assembly, a stability test was performed to check the durability of the test by
adding loads on the top part of the stand test [18]. The first test failed due to the lack
of the proper amount of glue on it and the stand test assembly failed after holding
the weights for 2 min. After several inspections and detecting the problem, the stand
test got cleaned and the legs were glued again with an excessive amount of glue from
the bottom and secured on the sides and were left overnight to dry. The next day, the
durability test was performed once more and was found to be a success as that the
legs handled the loads acting on it for 10 min without moving and without getting
deforming and so it was ready for the second assembly phase.

After that the sliding drawer is attached using two angle brackets, one of them
is placed at the beginning of the plate and the second is placed at the middle-end
of the plate. The angle brackets are then drilled into the same size as the drilled
hole in the sliding drawer of 4 mm. The angle brackets are then glued to the plate
with the adhesive hardener-rinse glue mix and are left for 5 h to dry. After that, the
sliding drawer is attached to the drilled angle brackets with the bolt and is secured
with the bolt nut. The materials used for the stand test plate, legs, and angle brackets



Static Engine Test on CTN Model Rocket Engine with 1/2 A6-2 Propellant 223

Fig. 3 Stand test design

aluminum have been used because it is durable, lightweight, non-corrosive, and it
has high tensile strength. And for the sliding drawer, galvanized steel has been used
because it is corrosion resistant and has a high tensile and yield strength, as well as
it is very protective and safe [19] (Fig. 3).

4 Structural Analysis

The assessment of the effects of loads on physical structures and their components
is known as structural analysis. All structures that must sustain loads are susceptible
to this sort of study. ANSYS software and Solidworks were used to determine the
structural effects on the body.

4.1 Thermal Analysis

The effects of heat and thermal energy were tested on the structure of the engine.
A strain temperature of 298 k was added to the engine as the analysis thermal load.
The minimum heat flux of the engine is 5.4801 x 1010 W/m? and the maximum is
2.4387 x 1017 W/m?. With the material used and the built design, the average heat
flux the engine reached is 2.4387 x 108 W/m?.
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4.2 Pressure Analysis

In order to identify the amount of load, the engine can withstand and the deformation
of the engine.

The weight total surface acting area on the of engine the engine = AF  (3)

where

F = 8 N and Total surface area A = 1064.527 cm?

Substituting the above values in the given equation, we obtain that approximately
the pressure magnitude acting on the engine is 1.79 x 10? Pa and the results obtained
were only the tips of the nozzle reached the max distortion value because of the
exhaust velocity. The engine was in the safe zone throughout the analysis.

4.3 Combined Load Analysis

Combined load analysis was performed on both Solidworks and ANSYS which had
a combination of the thermal load of a 3000 C and pressure load of 1.79 x 10? Pa.
Based on this analysis, it was visualized that the nozzle is the area which reached
the highest deformation value of 1.066 x 1078 Pa because the nozzle is the area with
the highest point of thermal load due to the exhaust velocity.

It was also visualized that the engine did not reach the maximum distortion value
and reach the average critical value because of the design implementation and the
material used, and so there was no structural defects or damages in the engine
structure (Fig. 4).

Fig. 4 Engine analysis
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Fig. 5 Stand test analysis

5 Stand Test Analysis

Solidwoks analysis was conducted to evaluate the durability, strength, and safety of
the stand test model, with a mesh size of 15 mm and mesh type of solid mesh of a
thermal load of and a pressure load of 0.00010 mpa. Through the analysis, it was
visualized that the stand test reached a distortion value of 1.376 x 10 N/m? which is
way below the maximum distortion value of 4.561 x 10 N/m? of the material. These
result concluded that the stand test did not reach the maximum distortion value, and
hence it is safe to start its actual building and is safe to conduct various tests on it
(Fig. 5).

6 Fluid Flow Analysis

The fluid flow analysis was conducted on ANSYS Fluent, in which boundary condi-
tions of outer temperature = 22 °C and inner temperature = 300 °C. At the end of the
analysis, it could be concluded that the engine was able to withstand the high temper-
ature implemented by the propellant. The flow through the engine was described to
be turbulent, which is not preferred as it may cause an uneven ignition process and
cause an internal damage in the engine. Extra precautionary methods were taken to
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ensure that the ignition process is smooth and that the flow is laminar and construct
further enhancements in the engine design (Fig. 6).

7 Tests and Results

7.1 Tests

Before testing, the stand test was placed in the testing area and several inspections
were made and restricted the movement of people to ensure safety, as well as, assem-
bled the safety equipment concerning the area. The fire extinguisher was to be placed
near the test section in case of any accident; the ignition system was placed at a 1-m
gap, to ensure the safety of the students conducting the test. The engine parts are
assembled and the hose clamps are attached to the static test stand in order to hold the
engine in place. There were two tests conducted, the solid propellant static test which
is done to test the combustibility of the propellant and the force it will implement,
and the second is engine static test where it helps to test the performance of the CTN
design.

To check the combustibility of the propellant, it must be attached to the static test
stand arrangement and the ignition wires are connected to the propellant. Once the
system is connected, the safety key is added to the main electrical power supply and
the red light turns on, it means that the system is prepared for the ignition, hold on
the red and yellow buttons to start the ignition process. When the power reaches the
ignition wires, it will create a spark inside the propellant throat which will start the
ignition processes of the propellant.

After the combustibility of the propellant is tested, the propellant is inserted into
the CTN engine. The connecting wires are then added and the ignition process starts.
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Fig. 8 CTN static test

During the CTN tests, the ignition processes failed twice. And several inspections
were made during the testing processes. After inspection, it can be concluded that
the ignition wires were not secured properly because the safety plug was not tidily
compressed inside of the propellant throat and so the spark did not reach the propel-
lant. The wire connectors were loose and so the power supplied by the electrical
system did not reach the ignition wires and so prevented the occurrence of the ignition
spark. The hose clamps were loose and the engine was not tightly secured.

After detecting the mistakes, the wires were reconnected and before starting the
ignition process. The engine was secured properly and the ignition process was a
success (Figs. 7 and 8).

7.2 Results

The solid propellant force from the live demonstration:
Initial distance = 56.4 cm Final distance = 58 cm
Total time (Af) =5s

AV =0.32

Ax =1.6 cm; a = 0.064 cm

Am = 125; F =8 N.
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CTN design:

Initial distance = 49 cm Final distance = 50 cm
Total time (At) =5's

AV =0.2

Ax=1cm;a=0.04 cm

Am =200, F =8N

Rocket Ignition: Force = 8 N
Total Area = Area of cylinder (motor casing) + Area of circle (nozzle)

Total Area = 27 (9)(70) + 27 (9)2
Total Area = 4407.3447 mm? or 44.67 cm?
Pressure = Force/Area

Pressure = 8/44.67 = 1.79 x 107> pa

—y+1
1\ 040
Mass Flow Rate; i = A*( 22 [X r+l
Vi R 2

m=5263x10">g
Ae = A = nr? = 50.24 mm?

V, = M,\/yRT. = 59.09

Py = 101.1 x 10?
Thrust; F =mV, + (P. — Py)A, = 50.69 N

Conclusion

4)

(&)

(6)

(7

(®)

€))

At the end of the experiment, the concept of solid rocket propulsion was understood,
and by performing the static test, the maximum thrust and the force produced were
calculated. The materials that have been used for the engine proved that they are
durable, reliant, and is highly tensile at the end of the static test. The design of the
static test stand is a little complicated and requires proper material and testing before
it can be used for the static test. It has proved that the static test stand model is also
perfectly designed and the component selection was perfect. A durability test was
done on the static test stand model and it was able to withstand it. Various tests were
done on the engine and the static test stand model on software such as ANSYS and
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Solidworks. These tests proved that the design of the engine and static test stand
was perfect. Despite having disadvantages, the performance of this type of engine is
highly efficient and widely used in the industry.
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Mordernistic Aspects of MXenes and Its )
Applications L

Swarnima Sharma and Surbhi Sharma

Abstract Since last decades identification of Ti3;C,, the collection of 2D transition
metal carbides, carbonitrides, and nitrides has become fastly grown topic. MXenes
are two-dimensional (2D) materials that are synthesized from MAX different stages.
The numerous implications of 2D MXenes in nanomedicine, spintronics, microwave
absorption, and energy storage devices have been promoted by their exfoliation.
Scientists at Drexel University were the first to characterize a monolayer from a
M phase of Ti3C,. Distinctive features of MXenes include strong rigidity and high
electrical conductivity. In terms of crystallographic and structural complexity, the
MAX phase family, and its descendant, the use of MXenes and related nanostruc-
tured materials in (photo) electrocatalysis and traditional chemical processing is
highlighted in recent conceptual advancements. MXenes are expanding rapidly. Day-
by-day rising interest and advancement of MXene-based research and technology in
the area of MXenes applications like catalysts, ion batteries, gas storage medium, and
sensors are continuously attracting the researchers to have a assembled review studies
for its structure activity prospects. This review paper will definitely serve the path
for the development of a new generation of MXene-based a compound with exciting
potential. In this paper, we have discussed the synthesis, composition, and charac-
teristics of MXenes, and their different applications with highlighting the challenges
to look forward for research.

Keywords MXenes + Metal carbides - Max phase - 2D materials - Energy storage

1 Introduction

Due to their particular electric platforms, MXenes are certainly large, and two-
dimensional (2D) compound tends to be encouraging candidates for several electric
and power applications. MXenes have very unique properties, and every property
has defined application, nowadays, it is often seen when we start using substance for
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separating layers, we use methods like sonication and exfoliation [1], it is specially
for modifying formation and size of 2D materials from 3-dimensional that are multi-
layered substances which are held by binding substances. Gogotsi et al. presented 2D
matter that is novel transition diamniotic form of carbons (carbides), N-3, and carbon
nitrides (C3N44,H,) (MXenes) to the people in the groups and get trigger another
trend of passion for study of these advanced ideas [2]. Chemical formula for MXenes
isM,41 X, T,. MXenes may be categorized as arranged mono-M means single, bought
solid-solution and double-M M compounds metal metal compounds predicated on
the bases of its particular atom lattices and structure. MXenes are made through
selective etching of acid, and their origin can be MAX and non-MAX. These are the
places that signify group elements A from decades different type of max diamniotic
form of carbons and N-3(nitrides) variants were being identified devoting great to
the MXene family because of this many types of MXenes produced [3]. Researchers
facing some problems like due to MXenes great price and scarcity, the use of noble
metals like platinum and Ru as electrocatalysts is severely constrained for large-scale
applications; because of the challenging synthesis of monolayer Ti;C, T, MXene, low
structural stability caused quick reaction with h2o and extremely delicate manage-
ment of single-layer or few-layer structures, the realistic use of monolayer TizC, T,
MXene as a photocatalyst is constrained, top most obstacle is the low yield and high
expense of MXenes, but MXenes are presently mostly made in laboratories with low
yields. The development of a method for the huge manufacture of MXenes that is
economical, productive, and environmentally sustainable will help to progress studies
in this area and will offer up new opportunities for MXenes’ potential commercial
uses but because of 2D material MXene is in demand showing their unique properties.

1.1 Electronic Properties

Commonly, MXenes tend to be metallic matter having a thickness in Fermis because
of the level of group B elements which are metal. The density of MXenes is nearby
the Fermis which is intimidated through group B metal elements and electrons of
D orbits, whereas the electrons from p orbits associated with number of atoms can
call it x, and this signifies that outer layers of MXenes tend to be relax and play an
even more important part within their electric properties compared to the internal
group b element metals. Because hydroxy and fluorine groups can get just 1 e, they
have identical impact on MXenes electric platforms, and oxygen can take 2 e and
therefore produce a unique impact, and [4] the moiety groups also affect the electronic
transference and this is always find in F-termi MXenes. Wherever F-termi MXenes
show the greatest electric transference and monetization by O atoms, this will show
contribution to a large reduced amount of the transference. The major number of
MXenes fit in with the group of trivial-metals, semi-metals, or semiconductors. The
metallic behavior of MXenes or behavior that is semiconducting nature shown by
MXenes is mostly dependent on their monolayers of MXenes [5]. The terminations
can cause electron to be almost free near the Fermi degree in some MXenes, like,
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c.g., TizC(aOH)z, ZI‘2C2, ZI‘zN(OH)z, Hsz(OH)z, Hsz(OH)z, szC(OH)z, and
Ta,C(OH);, and MXenes can provide networks which can help in break-free electron
moment [6]. MXenes with 100% in valley-spintronics and ferromagnetic applications
and polarization rotational property are shown at the Fermi level that play a very
important part in products; thus, they get awareness that is exceptional [7].

2 Optical Properties/Photonic Properties

The optical properties in case of linear example are consumption, but in linear form,
photo-luminescence and optical characteristics being nonlinear [8]. Example satu-
rated absorption and the dispersion of linear and nonlinear dielectric function of
MXenes are extremely influenced by energy structures, but there are the weakness
that is various other low-dimensional matter show [9]. MXenes show sizable exci-
tonic impact which is revolutionary in the world of 2D materials. For evaluating
2D materials that will require e-hole fundamental connections to be calculated
under consideration so that researchers can quantitatively find and show absorp-
tion profiles. In X-ray, ultraviolet, infrared, and microwave spectra for the Mo, CO,/
W,CO; heterostructure signify Type II band arrangement followed [10]. Different
optical characteristics of compound such as the transmittance, usage, reflectivity,
refractive index, and power waste [11] are predicted according to theory via research
associated with genuine and fictional aspects of the complex dielectric constant
[12]. Optical properties of pristine Ti,C, TipN, TizC,, and Ti3N, were examined
utilizing the random stage approximation method. Because these have metallic form
of conductivity and have no optical gap they show functions that is shown by dielec-
tric materials. The reliance of optical characteristics and true amount of MXene
layers calculated and been known.

2.1 Magnetic Properties

2-dimensional layer of the MXene materials provides range that is rich in magnetic
characteristics. The magnetic moments of the group b elements and the magnetized
MXenes mainly observed from the loss of electrons that is nominal for the b group
elements like carbon—, nitrogen—, fluorine—, OH—, and oxygen—, as well as by
finding the coord no the group b elements it is notice that additional functions are
performed by MXenes [13] This is because of d electrons in MXenes. In case of
bonding, one of the MXenes is formed nearby the Fermi surface located between
the bonding and anti-bonding region. It is presented that fluorine, oxygen, hydrogen,
and hydroxy group are functional and that show specific features of MXenes [14].
MXenes are magnetic; however, some of them show ferro-magnetic to anti-ferro-
magnetic transitions. The properties of MXenes characterizations are obtained from
the orbital of d shell of chromium atoms [6]. Given that the energy difference in the
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ferro and anti-ferro-magnetic configuration of chromium-based MXenes is incredibly
big, and this type of programs sticks to their characteristics at temperature of room
[15].

2.2 Surface Properties

The work function describes as the essential change in the Fermi level while the
vacuum potential shows the usefulness of materials which can be additionally utilized
for the formation of one type of applications [16]. The work functions of compound
having pyraclostrobin and boscalid are calculated based on MXenes, and MXenes
derived with fluorine, hydroxy group, and oxygen are calculated and should be in
the variation of 3.3—4.8, 3.1-5.8, 1.6-2.8, and 3.3-6.7 eV, correspondingly [17]. The
variations affect the work purpose of MXenes after functionalization when treated
with pristine MXenes which are described due to its magnetic dipole moments and
because of its specifications [18]. MXenes can be used to create links which can be
schottkya- barrier-free and between other 2D semiconductors too, by all hydroxI-
terminated (some oxygen-terminated) MXenes can produce e-(vacuum) fillers.

3 Synthesis and Processing of MXenes

3.1 Etching

To obtain 2D materials, we need to isolate one or some atomic layers from wadded
compounds, wherein the layers-to-layers bonding which is much fragile compared to
the bonds in the layers (Fig. 1). As an example, in Mo, Ga,C, 2 Galayers are etched. In
Zr3Al3Cs and Hf3(Al Si)4Cg, Al3C3 and (Al, Si)4C4 are etched to produce Zr;C, Tz
that is 2D correspondingly. This etching is supportive in aqueous mode only [11].
MXenes mostly form high area terminations, with help of some chemicals such as
—-F, —OH, and —O at high temperature, but MXenes are obtained in max phases and
having hexagonal structure are only show these types of terminations (Fig. 2).
During synthesis, some reactions are processed

Ti3AlC, + 3 HF = AlF; + 3/2 H; 4 Ti3C,
Ti3C2 + HQO = T12C2(OH)2 + H2
Tiz;C, + HF = Ti3C,F, + Hy
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Fig. 1 General synthesis steps and shape of MXenes
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4 Exfoliation

After etching, the uniquely mixed atomic layers are changed by different terminations
plus the material that is result of M,,;; X, Tz multilayers (MLs) kept collectively by
hydrogen and or van der Waals bonds [19]. In the MAX duration, MXenes substance
shows some great benefits which are (i) less intense reactants when compared with
HF; (ii) paid down sonicating times (put another way., at the very least four times),
(iii) high yield, with around 70% about the fragment with 1 or 2 levels, (iv) under
quantity of vacant spaces, and (v) highly very adjustable shapeable and versatile
clay-like MXenes. HF acid is one of the main components for MXene production.
Mzxenes are amazing crystal structures associated with MAX stage, and MXenes
had been characterized by a PANalytical. Some artificial methods like freeze-drying
have been trusted to fabricate porous 2D, spray. Drying out is definitely a method
that can be an alternative to fabricate porous 2D materials, and some of the methods
are capillary pressed crumpling and self-construction, but in case of this, the forma-
tion rate is low [20]. V2C MXene is tough to synthesize. The electric conductivity
depends on the three solid-solution for MXene, and it is calculated on the bases
vacuum-filtered by using a examine technique that is four-point. MXenes offer some
properties like surface interlayer groups that are tunable, and these functional teams
are basically associated with the work function, which is vital for electronic devices
applications and structure-dependent properties. Suspended MXene membranes have
twisted elastically which is really a topic of concerns because of this sure technical
failure occurs. MXenes are metallic structures having electrons that is nearby the
Fermi measure. Density concept of MXenes is functional, and sometime, molec-
ular characteristics were used to recreate the technical properties of MXenes. The
change among the practical and theoretical mechanical characteristics of MXene is
principally described during the time of traits of nanosheets, because of these char-
acteristics, they truly utilized in many applications [21]. Table 1 is summarizing the
novelty and applications of recently reported MXenes.

5 Applications of MXenes

5.1 Energy Storage

MXenes have larger capability to create ideal chemicals and have features which
are structural other than 2D materials. Therefore, they’re extremely guaranteeing as
materials for anodes in additional batteries. As the applicability of Nb,C MXene in
Li-ion batteries. And MXenes like as Zr,C, Zr;C,, Zr,CO,, Zr;C,0,, TizC, MXene/
CNT compounds were all found to be ideal for Na ion batteries Because Nb,C
can be performed with the help of HF and H,O because of the availability of O,
F, and OH groups [22]. Monolayers are the layers having greater desirable than
other 2D materials in opto-electronics, spintronics, Ti3C, that is photocatalysis and
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Table 1 Summary of different MXenes and their uses via highlighting the novelty of each

Application

Research group

MXenes used

Advancement or
novelty

Energy storage

Professor Zhi Chunyi
and Assistant Professor
Dr. Fan Jun

ZryC, Zr3Cy, ZrCOy,
Zr3C202, Ti3C2 MXene

Sensors, strain sensors,
electrochemical
biosensors, gas sensors,
thermal heaters

Photoavoltaic
devices

Edmond Becquerel

TizC, Ty MXene

Mass silicon, Si thin
films, C
nanostructures,
photo-sensitized
pigments, functional
group conjugated
polymers, and dipole
fusion
organic—inorganic
materials

Thermoelectric
power generation

Jean Charles Athanase
Peltier

ScoCTy, ZrrCTy,
TipCTy, and Hf,CT,

Bioimaging and heavy
metal ion and dye
adsorption for
environmental water
treatment

Solar steam Auguste Mouchout CroM"CT, M = Magnetic change

production titanium, T = Fluorine, | dichalcogenides

photothermal hydroxy, and Oxygen)

Surface Rufus Ritchie Titanium (IV) Bio, chemical, and

plasmonics carbide MXene optical detectors, as
well as
surface-enhanced
Raman spectroscopy
(SERS)

MRI Paul C. Lauterbur Manganese oxide and Weight-bearing MRI

titanium carbide exams
Ferroelectricity | Joseph Valasek ScCOy Dielectric constant

capacitors, pyroelectric
devices, transducers for
medical diagnostic

were utilized as co-catalysts to improve the photoactivity for C3N4 and H, during
the time of fabrication. MXenes have actually superb conductivity because of it is
metallic character it is about 5000 to over 15,000 S cm™!, and now, we discovered
applications where superior electrical conductivity is recognized as pivotal, and it is
needed in many applications like sensors, strain sensors, electrochemical biosensors,
gas sensors, and thermal heaters [23]. All-MXene hydrogels are the connections
among MXene nanosheets and binded by covalent bond.

Researchers outline the intercalation of several cations, namely lithium+,
sodium+, and potassium+, within Mo1.33C nanostructure in order to provide a
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preliminary assessment of the promise of i-MXenes for metal-ion capacitors and
secondary-ion batteries. The (Moy/;35¢1/3),AlC phase was used to produce the d-
Mo1.33C “tissue” electrode, Mo1.33C electrode displayed rectangular CV curves in
3 electrolytes, demonstrating surface-controlled capacitance charge storage behavior,
with the exception of a small variance in working voltage range. The electrochem-
ical properties of conventional MXenes, namely Ti3C, and Ti,C, in superior catalytic
applications have been improved using a variety of methods. For instance, MXene
layers can be treated to increase the ionically surface by creating a 3D system which
is considered, or they can be adorned with electrochemically active substances like
RuO; and MnO; [24]. We provide multiple methods for enhancing the charge storage
capacity of ad-Mo1.33C “paper” electrode: the creation of a gel made of MXene and
the post-etch annealed of the i-MXene electrodes. The most potential MXenes are
those with minimal chemical weights, including Ti,C, Nb,C, V,C, and Sc,C. Thus,
M;X electrodes should have greater gravimetric capabilities than their M3X; and
M, X3 counterparts. It is plausible to believe that ions only enter between the MXene
sheet so the bonds with M and X are too powerful to be quickly disrupted. The
most researched MXene for electrolytic devices is TizC,T,. It has been shown that
frameless Ti;C, T, paper electrodes have volumetric capacitances of 300—400 F cm?
in neutral and basic electrolytes; these exceptional values surpass the best all-carbon
electrical double-layer capacitors Additionally, Ti;C,T, exhibits excellent capaci-
tive performance even at relatively large charge and discharge rates. This contrasts
with the gradual ion intercalation often seen in other multilayer materials utilized in
battery applications, like graphite [21].

5.2 Photovoltaic Devices

A photovoltaic device is made up of a semiconductor structure where with change
of position composition will also change, and it is made up of 2 materials that estab-
lishes a connection for the photoinduced electron—hole pair splitting and the conse-
quent charge movement to electrodes for the creation of photocurrent [25]. Semicon-
ducting p—n, p—i, and metal/semiconductor are part of Schottky junctions and find
useful during heterostructures studies. Mass silicon, Si thin films, C nanostructures,
photo-sensitized pigments, functional group conjugated polymers, and dipole fusion
organic—inorganic materials are the energy accepting materials used in solar cells.
Once the photocurrent output is low because of very thin, mainly atom-thin, 2D
materials, then we use photovoltaic devices in solar cells for solar energy conver-
sion [23]. MXenes offer unique features that make them ideal for photoelectronic
energy transfer, including changeable electronic properties for metallic or semicon-
ducting conductivity, customizable work functions, and excellent optical transmit-
tance. MXenes’ work functions are strongly affected by their surface functional
groups; for example, hydroxy groups reduce work functions while oxygen groups
raise them [26].
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5.3 Thermoelectric Power Generation

Sc,CTy, Zr,CT,, Ti,CT,, and Hf,CT, are among the MXenes expected to be semi-
conducting with non-zero band gaps. These MXenes have strong Seebeck, with
1140 mV1 for Ti,CO, and 2200 mVK for Sc,C(OH), at 100 K, according to calcu-
lations. MoCF; also has a higher thermoelectric power factor. These characteristic
has led to many other useful applications, like hydrogen storage media, semicon-
ductive films, field-effect, detectors, photoactive classifying agents for bioimaging,
and heavy metal ion and dye adsorption for environmental water treatment, in addi-
tion to energy applications [27]. MXenes also provide enriching substrates for novel
processes, such as Ohmic contact with other semiconductive two-dimensional mate-
rials to generate field-effect transistor, topological insulator in 02 MXenes, and
selectable two-dimensional photogenerated electron-hole gas for spin orbitronics,
useful in the area of physics.

5.4 Solar Steam Production Photothermal

MXenes, at light absorption which is visible, exhibit extra-ordinary efficiencies that
is almost used in solar-thermal industries. For instance, a Ti3C, membrane layer
attained 100% light-to-heat transformation efficiency as calculated in a droplet beam
heating process [28]. Under sun exposure, a high solar steam generation efficiency
of 84% shows the exceptional energy conversion efficiency. This show efficiency
of MXenes as photothermal materials. Numerous various MXenes of Cr,M”"C,T,
(M” = titanium, T = fluorine, hydroxy, and oxygen) have been investigated with
regards to their magnetic features. Like magnetic change dichalcogenides, MXenes
adjust its magnetism by structural reformation and improving magnetic moments of
MXenes and its transitions [29]. Two-dimensional levels, such as n3 and carbide,
can be made up of just one layer, which is so thin in the shape of an atom that
it has a lot of changeability in its properties. In particular, the existence of a low-
dimensional group b metal n3 with a peculiar spin-character exhibiting a quality that
is most of its polarization and also a 12 metallic sort of conductivity has caused a
shift. The Fe,C MXene is expected to be metal that possess intrinsic ferro-magnetic
properties which is 2D and show a total magnetic spin of 3.95 wB for every cell, but
when the material is forming [30], it may considerably affect the electromagnetic
characteristics of MXenes, because of the existence of un-paired electrons within the
orbitals of d shell which can be spin-split. Some MXenes like cr,c, cryn, cron, tazcs,
crsc, expected to become ferromagnets that can be separated from their surfaces and
2D titanium carbide and titanium(II) Nitride are anti-ferro-magnets.
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5.5 Surface Plasmonics

Two-dimensional layer of MXenes’ showing metallic characteristics provides an
ideal substrate for photoelectron interaction at their surface. Surface plasmonic emis-
sion applications offered in a large range of fields, including bio, chemical, and optical
detectors, as well as surface-enhanced Raman spectroscopy (SERS) [31]. Mauchamp
et al. showed that the surface plasmonic frequency of Titanium (IV) carbide MXene
layers may be controlled in the IR region by changing layers functions and thickness
using high-resolution transmission e-energy-loss spectroscopy (EELS). Just like a
large number of other 2D matters, example graphite, boron nitride, and molybdenum
(IV) sulfide, have almost free e-(NFE) states and have spatial area throughout the
surfaces toward the free space. MXenes could be useful for specific gas detectors
and heavy-element filtration applications [32].

5.6 Photon-Phonon Conversion

The photothermal effect causes how MXenes convert photons to phonons based on
the input light characteristics. In comparison with non-MXenes, MXenes may have
a greater photothermal energy and photo-luminescent property. MXene quantum
dots may have a poor nonradiative photothermal efficiency, but photothermal effects
based on MXene have lately been used in biological diagnostics and therapies, which
will be explored in some other area [33].

5.7 Biomedical Application

Bio-compatible MXenes can be a good photothermal conversion agent, beneficial
for local tumor ablations, and this is all because of their metallic or narrow bandgap
features and nonradiative nature. 36.4 and 45.65% of photothermal transforma-
tion efficiencies are shown by niobium carbide, and MXene has a wavelength of
808 nm and a wavelength of 1064 nm, and because all of its, these properties as well
as high specific area nanosheets of MXenes make them perfect for drug loading and
transport [34].

5.8 Biosensing

In compare to conventional nanoparticle-based biosensing, 2D nanomaterials have
two distinct advantages in biosensing. For label-free dopamine detection and moni-
toring spiking activity in primary hippocampal neurons, an extremely sensitive
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device based on MXene-FET-based biosensor with high sensitivity was developed.
MXenes are promising for biosensing alternatives because of their great sensi-
tivity to signal disruption of electrochemistry. MXenes are interesting options for
biosensing replacements due to their great sensitivity feature to signal disruption of
electrochemistry [35].

5.9 Magnetic Resonance Imaging (MRI)

Combination of functional components with extra thin two-dimensional nanosheets
opens up new possibilities for the use of two-dimensional nanomaterials, in the area
of diagnostic and imaging applications. For example, the combination of manganese
oxide and titanium carbide improves manganese-based MRI, which was examined
for detecting tumor MR imaging is one of the most often utilized imaging techniques
in clinics due to its enhanced spatial resolution and favorable tissue contrast [36].

5.10 Electrocatalysts

MXenes having greater surface area, increased surface water solubility, and high
surface activity observed as catalysts or catalyst support. MXenes always examined
to perform applications work on bases of H,O electrolysis in which hydrogen and
oxygen are generated by a hydrogen evolution reaction (HER) at the cathode and an
oxygen evolution reaction (OER) occur at anode end and are the most well-studied
concept. Platinum is the best beneficial water splitting catalysts, but it has limitations
like expensive price and limited availability [37].

5.11 Capacitors

MXenes are useful in this field of capacitors because of their 2-dimensional lamellar
structure and unique properties specifically in field of mechanics, as well as their rapid
ion intercalation behavior, as a product we get a large electrochemically accessible
reactive surface and pseudocapacitive mechanism always react in acid and having
aqueous and non-aqueous electrolytes [38].

5.12 MXenes in Membrane Separation of Pollutants

2D nanomaterials from carbon family, such as graphene and (GO), show promising
features as molecular and ionic sieving materials. Ren et al. were the first to report on
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the MXene-based water purification membrane [39]. The membrane was created by
assembling two-dimensional MXene nanostructures into a freestanding membrane
using a VAF. The layer was created by assembling 2D Ti;C, T, MXene nanostructures
into a sheet that can be freestanding using a vacuum-assisted filtering process. The
MXene membrane, which was based on an anodic aluminum oxide substrate, had a
water permeability of more than 1000 L m? h! bar! and a cancelation rate of more
than 90% for molecules bigger than 2.5 nm. Other substrates with a comparable
rejection rate performed worse than the MXene-based membrane [40].

5.13 Electrocatalytic Sensors

These electrocatalytical sensors are produced for removing pollutants from the envi-
ronment as MXenes play a very vital part in this sensors, it provide a wide surface
area to sensors to absorb pollution and detect it from environment. Multiferroelec-
tricity may also be created in organized transition metal MXenes, such as Hf,V and
C,F,, where the helical spin states cause an electrical polarization on the surface,
according to current theoretical work [41].

5.14 Ferroelectricity

The binding energy required as barrier for changing from ferromagnetic material to
antiferromagnetic phase is 0.53 eV per formula unit, which is high enough to operate
at room temperature [42]. Because of their dipole structures, noncentrosymmetric
2D semiconductors can show ferroelectric or piezoelectric properties. A ferroelectric
substance is a polar system that can have its polarity reversed with the application
of an electric field. Sc,CO, is the only MXene family member with in-plane and
out-of-plane polarizations [43].

5.15 Piezoelectricity

Piezoelectrics are a class of conductive matter having in-plane noncentrosymmetry
that may create an electrical field due to movements in the centers of positive (+) and
negative (—) charges when mechanical strain is applied [44]. This increase the possi-
bility of some conducting MXenes being used as piezoelectrics. Many piezoelectric
two-dimensional metals, such as boron nitride, gallium arsenide, calcium sulfate,
and aluminum antimonide in the range of 0.5-3.0 pmVl, as well as mass materials,
such as quartz, wurtzite GaN, and wurtzite AIN, respectively, are often utilized in
factories [45].
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5.16 Thermoelectricity

Despite the fact that metallic MXenes have excellent electrical conductivities, their
Seebeck coefficients are extremely low, resulting in a low-power factor (S2). Highly
conductive MXenes, on the other hand, have high Seebeck values and strong electrical
conductivity, resulting in a high-power factor. Further studies [46] show that MXenes
have thermal conductivities in the range of 10—60 Wm'!K!, which is similar to that
of transition metal dichalcogenides [47].

In this article, we have lighten the applications of MXenes correspond to its
properties which are base for many applications like magentic properties of MXenes
play vital role in strain modulation spin filter, magnetic tunnel, juctions, magnetic
random access memory, and electronic properties used in energy storage, electronics,
gas sepations, batteries, and supercapacitors. Optical properties are shown by sensors,
biomedicine, optical devices, and transparent conductive thin film. Where surface
property used in heavy-element filteration, specific gas sensors and also concers
about challenges faced by reserchers while handling MXenes as two-dimensional
material and try to eleborate their solutions.

5.17 Conclusion

Over 50 different varieties of MXenes have previously been generated by
specific etching, transformations, and bottom-up constructions, with many more
potentially possible. MXenes provide a supporting environment for basic and trans-
disciplinary study due to their complex physics and chemistry concepts. Ti3C2Tx
was created by Liu and colleagues as a reagent for the hydroxylation of ethylben-
zene, and the enzyme was additionally durable for 40 h while being tested, obtaining
a max styrene selectivity of 97.5% at a conversions of about 21%. Pure MXenes
have been utilized for prototype presentations of semiconductive electrodes, effec-
tive EMI shielding, and in absorption due to their low optical dispersion and strong
electrical conductivity. A variety of obstacles must be solved in order to improve
this area of research and that are (1) due to MXenes great price and scarcity, the
use of noble metals like platinum and Ru as electrocatalysts is severely constrained
for large-scale applications. But MXenes could serve as an example of a flexible,
open-ended research field in materials research for the conversion of energy via
photocatalysis by helping in this concern TizC; is attracting a lot of attention in the
fabrication of MXene-depend photocatalysts as a competitor to increase the tran-
sistor photocatalyst productivity. (2) Because of the challenging synthesis of mono-
layer Ti3C, T, MXene, low structural stability caused quick reaction with hyo, and
extremely delicate management of single-layer or few-layer structures, the realistic
use of monolayer Ti;C, T, MXene as a photocatalyst is constrained. (3) Introducing
Ti3;C, T, MXene is quite well for further photocatalysis investigation despite these
important problems that need to be solved. On a wide variety of substrates, TizC,
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MXene inks have been created and successfully used for direct writing of conduc-
tivity features for electronic systems and energy storage devices. (4) Because of
increased resistance of the electrocatalysts, paper-based supercapacitors not be used
which are not able to produce non-rectangular CV graphs without the need for addi-
tional post-processing or current collectors, MXenes exhibit strong electrochemical
performance with improved capacity and help in identifying cv graphs. (5) Top most
obstacle is the low yield and high expense of Mxenes, but MXenes are presently
mostly made in laboratories with low yields. The development of a method for the
huge manufacture of MXenes that is economical, productive, and environmentally
sustainable will help to progress studies in this area and will offer up new opportuni-
ties for MXenes’ potential commercial uses. For mass manufacturing, itis anticipated
that the expense will be quite low.

It is necessary to investigate the potential of MXenes as an adsorbent in ongoing
operation systems. An environmentally sustainable method for the production of
MXene can be guaranteed by replacing HF with renewable compounds. (6) Addi-
tional challenge for researchers is the requirement for sub-0 temperatures for MXene
storage. The creation of an effective technique is essential for long-term, oxidation-
free storage of MXene solution but had to be searched. Synthesis process for
MXenes, such as 3D printing, has yet to be confirmed. Despite quick advancement
and successful achievements in the discovery of unique, MXene synthesis proce-
dures and different opto-electro-magnetic characteristics, there is still a significant
difference between theoretical and experimental confirmations. But there will be
advancement in MXenes in future and going to vast its field of applications.

Acknowledgements Authors are grateful to the Chandigarh University—Chemistry Department,
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Synthesis of Five-Membered Heterocyclic | m)
Compounds and Their Anticorrosive, e
Thermal, Electron Transfer,

and Biological Properties

Archana Thakur and Anam Ansari

Abstract In organic science, heterocyclic compounds are considered the biggest
family of organic chemicals. The role of heterocyclic compounds in our daily lives
is critical. In medicinal chemistry and agrochemicals, it has a wide range of uses.
Developers, corrosion inhibitors, sanitizers, copolymers, antioxidants, and dyestuff
all use it. The importance of an efficient process for synthesizing novel heterocycle
moiety cannot be overstated. According to a literature review, more than 85-95%
of novel medications contain heterocycles, providing valuable scientific insight into
the biological system. I concentrated on five-membered heterocyclic compounds
in my review. The current article review discusses the extremely active hetero-
cyclic compounds which demonstrate antifungal, anti-inflammatory, antibacterial,
antidepressant, antiulcer, anthelmintic, anticorrosive, thermal, and electron-transfer
properties.

Keywords Heterocycles - Anticorrosive - Imidazole - Furans - Electron-transfer

1 Introduction

Medicinal chemistry is considered a chemical subfield particularly related to deter-
mining the effects of chemical structure on biological activity. It arose from an empir-
ical strategy that involves the chemical-free synthesis of new compounds mainly
based on structural modification, followed by testing of biological activity. The
Medicinal Chemistry branch refers to the finding, expansion, interpretation, and
recognition of physiologically active chemical mechanisms of action at the molec-
ular level. The study of heterocyclic molecules is crucial to medical chemistry. Hete-
rocyclic chemistry is the most challenging branch of chemistry. Its industrial and
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medical consequences, as well as the variety of its synthetic technique and theoret-
ical implications, are all intriguing. Synthetic heterocyclic chemistry has a significant
impact on every aspect of human life, with applications in agriculture, health, poly-
mers, and a variety of industries. Anticonvulsants, hypnotics, anti-neoplastic, antisep-
tics, antihistaminic, antiviral, anti-tumor, and other synthetic heterocyclic compounds
are utilized as drugs. Every year, pharmacopeia introduces a considerable number
of heterocyclic medications. The physicochemical features of the mother scaffold
were greatly influenced by the length and types of ring structures, as well as the
required alternate groups. Heterocyclic compounds play an important function in
medicine as antiviral, antibacterial, anti-inflammatory, antifungal, and anti-tumor
medications, among other things. The broad uses of heterocycles are as numerous
as they are diverse, and they are far from the range of this review. Alkaloids are
determined as a form of natural-appearing heterocyclic chemicals that have several
ranges of biological actions. The majority of alkaloids have basic nitrogen atoms.
Organic synthetic techniques based on heterocyclic chemistry have lately evolved
as successful approaches for chemists to make a useful large number of molecules
and chemicals. Economic reasons are affecting their strategy, as seen by higher reac-
tion yield and sterility, but also here, the environmental factors are becoming more
relevant.

Heterocyclic compounds are a large family of chemicals that make up more than
fifty percent of all called organic compounds. A carbocyclic substance is an organic
cyclic compound in which the carbon atoms are completely arranged in rings. On the
other hand, in heterocyclic compounds, other than the carbon at least one element is
present in the ring configuration. The constant heteroatoms are oxygen, sulfur, and
nitrogen, apart from this, the heterocyclic rings which have extra heteroatoms are
also popular [1].

There are mainly two types of heterocyclic compounds, the first is called aliphatic
heterocyclic compounds, and the other is known as aromatic heterocyclic compounds.
The cyclic analogs of ethers, thioethers, amides, amines, and other aliphatic hetero-
cycles are known as aliphatic heterocycles. The qualities have mainly impacted the
result of the ring’s tension. Such compounds frequently contain both small (3 and
4-membered) and common (5 to 7-membered) ring structures. On the other hand, in
aromatic heterocyclic compounds, the heteroatom is present in the ring, and in many
ways, the characteristics of the complaint can be compared to benzene. DNA and
RNA, chlorophyll, hemoglobin, vitamins, and a variety of other biological substances
contain them. Heterocyclic compounds, which have one to three heteroatoms in their
nucleus, are essential for all live cells’ metabolism [2].

Thiophene is considered one of the most important five-membered heterocyclic
compounds (Scheme 1). Thiophene is a heterocyclic molecule with the formula
C4H4S, which has a five-membered ring with one sulfur as a heteroatom. Petroleum
and coal both contain thiophene and its compounds. Thiophene is derived from the
Greek words theion, which means sulfur, and phaino, which means shining. Thio-
phene’s structure can be found in various natural compounds, as well as in a variety
of pharmacologically active substances. Thiophene derivatives are well-known in
medicinal chemistry for their therapeutic uses. Simple thiophenes are stable liquids
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Scheme 1 Thiophene / \

Scheme 2 Imidazole NH

that, in terms of boiling point and even smell, are quite similar to their benzene coun-
terparts. They are in distillates of coal tar. One of the most well-known instances in
organic chemistry involved the discovery of thiophene in coal tar benzene. Thiophene
was detected in benzene as a contaminant. When isatin (1H-indole-2, 3-Dione) is
combined with sulfuric acid and crude benzene, it produces a blue dye. Victor Meyer
was successful in isolating the chemical that caused this reaction. Thiophene was
discovered to be a heterocyclic chemical.

Another important five-membered heterocyclic compound is imidazole. Imida-
zoles are essential heterocyclic compounds that have important properties in a variety
of medicines (Scheme 2). Imidazole is a planar ring molecule with five members that
dissolves in both polar solvents and water. Due to the fact that any one of the two
nitrogen atoms can accept a hydrogen atom, hence it usually appears in mainly 2
standard tautomeric forms. A computed dipole moment of 3.61D indicates that it is
a polar molecule. An imidazole molecule is classified as aromatic if it has a sextet
of-electrons, each of which is built of electron pairs on the nitrogen atom. Because
imidazole is amphoteric, it has the ability to act both as an acid and a base.

Anticancer, antifungal, antimalarial, anti-inflammatory, and antibacterial capabili-
ties are among the properties of imidazoles. In order to boost their activity, researchers
are still working on improving imidazole moiety synthesis and functionalization
at various locations. Harsh conditions, numerous name reactions, multicomponent
reactions, and the usage of base and acid of Lewis, free from metal conditions, expen-
sive transition metal catalysts, or insolvent environments are all examples of these
procedures.

Furan is another five-membered heterocyclic compound (Scheme 3). Furan is a
monocyclic heteroarene with the formula C4H4O with a five-membered ring having
four carbons and one oxygen. It is a volatile, toxic, liquid that is colorless and has a
boiling point below 31 °C. It functions as a carcinogen, a hepatotoxic agent, and a
result of the Maillard reaction. It is a monocyclic heteroarene with a mancude organic
heteromonocyclic parent. It belongs to the furan family.

Pyrrole is a heterocyclic chemical molecule that is made of mainly 4 carbon
atoms as well as 1 nitrogen atom and forms a ring structure (Scheme 4). In the
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Scheme 3 Furan

Scheme 4 Pyrrole
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pyrrole family, the pyrrole is considered a basic part with C4HsN as its chemical
formula. In amino acids proline and the hydroxyproline, the pyrrole ring system is
mainly found, also it can be found in some colored natural products like chlorophyll
and heme (a component of hemoglobin). The pyrrole molecules are also present in
alkaloids, which is a huge group of alkaline organic nitrogen compounds mainly
made by trees.

1.1 History

Along with the growth of organic chemistry, in the 1800s, heterocyclic chemistry
originated. The following are a few important developments:

e In 1818, alloxan is isolated from uric acid by Brugnatelli.

e In 1832, Dobereiner combines starch with sulfuric acid to produce furfural (a
furan).

e In 1834, Runge produces pyrrole through bone dry distillation (“fiery oil”).

e Friedlander invented indigo dye in 1906, which gave permission to synthetic
chemistry to move ahead of many agricultural companies.

e In 1936, Treibs discovers the biological origins of petroleum by synthesizing
chlorophyll derivatives from crude oil.

e In the genetic code, Chargaff’s 1951 guidelines are applied to explain the
importance of heterocyclic compounds (pyrimidines and purine bases).
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2 Anticorrosive Activity

Prevention of corrosion prevention is a very significant issue for the industry as well
as society at large. Many compounds have been investigated for their anticorrosive
properties. No wonder organic compounds are also emerging in this as an important
anticorrosive agent. They can donate electrons to unoccupied orbitals of a metal
surface or to adsorption sites in the surface of an oxide/passive film to form coordinate
covalent bonds or may also accept free electrons from the metal surface by using
their antibonding orbitals are generally good corrosion inhibitors. Recently, many
researchers have studied several five-membered heterocycles including imidazole,
an imidazole derivative, and thiophene as inhibitors of metal corrosion and shown
good inhibition efficiency.

Al-Najjar and Al-Baitai synthesized a novel Schiff-based imidazole derivative
which acts as a corrosion inhibitor for carbon steel in an acidic medium. As carbon
steel is one of the most important industrial materials having several applications,
and its protection is of high significance. The authors describe that the synthesized
compound was tested as an inhibitor in controlling the corrosion of carbon steel in
0.1 M hydrochloric acid solution by using open circuit potential. The results from
both experimental and theoretical analysis showed that the synthesized compound
can be considered as an effective inhibitor of carbon steel. The inhibition efficiency
(IE%) was increased with increasing the concentrations, but it decreased with rising
the solution temperature and the maximum [3]. Guo et al. reported a computational
study of thiophene derivatives as anticorrosive agents against iron [4].

3 Thermal and Electron-Transfer Properties

The knowledge of the thermodynamic properties of heterocyclic compounds enables
a better understanding of their chemical behavior and, consequently, leads to an
important background for the future development of their practical applications.
Freitas et al. used a number of experimental methods, namely calorimetric and effu-
sion techniques, namely static and rotating bomb combustion calorimetry, vacuum
sublimation/vaporization drop micro calorimetry, and Knudsen effusion methods,
to derive reliable thermodynamic values for the several five-membered heterocyclic
compounds [5]. This study allowed the characterization of the structural and ener-
getic properties of a set of heterocyclic compounds. Villar et al. reported ab initio SCF
molecular calculations for five-membered heterocycles, such as pyrrole, furan, and
thiophene and analyzed their electronic structure. The bandgap is found to follow
a direct relationship with the ionization potential of the heteroatom which indeed
plays a primary role in the position of the LUMO [6]. Hildebrandt and Lang reported
electron-transfer studies of five-membered heterocyclic compounds conjugated with
ferrocenyl units. By comparing, for example, ferrocenyl thiophenes featuring all
possible substitution patterns, it could be shown that ferrocenyl groups in positions
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2 and 5 of the heterocyclic core interact more strongly with each other than with
ferrocenyls in positions 3 and 4. Furthermore, it could be shown electron-rich hete-
rocycles tend to show enhanced electron transfer, in comparison with electron-poor
connecting units [7].

4 Biological Activity

The majority of natural ingredients, vitamins, and biologically active substances
contain heterocycles, as do anticancer, anti-HIV, antibiotic, antidepressant, insecti-
cidal agents, antimalarial, antibacterial, antifungal, antiviral, antidiabetic, herbicidal,
and antidepressant. In medical chemistry and agriculture, they are found as acommon
structural unit.

4.1 Antifungal Activity

Microorganisms called fungi are heterotrophic that do not have the capacity to photo-
synthesize. Posaconazole is an antifungal medication that belongs to the triazole
family. It is effective against candida, aspergillus, and zygomycetes germs. Flucona-
zole, isavuconazole, hexaconazole, epoxiconazole, difenoconazole, tebuconazole,
and other indole derivatives and triazole compounds are employed as fungicides [8].

4.2 Anti-inflammatory Activity

The capacity of a drug to reduce inflammation is referred to as anti-inflammatory.
Anti-inflammatory medications account for nearly half of all analgesics, and they
relieve pain by lowering inflammation while having little effect on the central nervous
system. Anti-inflammatory properties have been discovered in pyrido [2, 3,—d]
pyrimidinone derivatives. Triazine derivatives have anti-inflammatory properties as
well [9].

4.3 Antiulcer Activity

Antiulcer drugs work by reducing the excess acidity in the stomach, which causes
ulcers to develop. Omeprazole and other substituted benzimidazole compounds have
antisecretory and hence antiulcerative properties in the stomach. Several omeprazole
equivalents, such as lansoprazole and pantoprazole, have been launched recently [10].
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4.4 Antibacterial Activity

Bacteria are the simplest and tiniest unicellular creatures that can be found in groups
or singly. The medicinal chemist aiming to synthesize novel antibacterial medicines
has stiff competition from a huge number of worthy, and generally, non-toxic medi-
cations are found for the cure of bacterial infections. Antibacterial activity has been
discovered in several triazine derivatives [11].

4.5 Antimalarial Activity

Malaria affects a substantial portion of the world’s population. Quinine, chloroquine,
and primaquine are recognized for their increased antimalarial activity and lesser
toxicity [12].

4.6 Antidepressants

Antidepressants are psychiatric medications that help people with mood disorders
such as serious depression. Paroxetine and reboxetine are antidepressants with a hete-
rocyclic moiety. Antidepressant effects can be seen in some piperidine and pyrimi-
dine compounds. Antidepressant action has been demonstrated in a range of small
molecule nano-peptide heterocyclic [13].

4.7 Anticancer Activity

The anticancer word describes a set of illnesses caused by many factors such as
chemical compounds and radiant light. Cancer is defined as the unregulated and
abnormal division of cells that results in tumors and invasion of normal tissue in
varying degrees of malignancy. These medicines are used to treat cancer by either
killing or modifying the development of cancer cells. Anticancer medications have
long been interested in compounds that alkylated DNA. Quinazolines and pyrimidine
derivatives of various kinds have anticancer properties [14].
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5 Synthesis

5.1 Preparation of Pyrroles

Sonogashira coupling of an alkyne chain containing a tosyl hydrazone with aryl
iodides led to 2-benzyl substituted pyrroles in 40—70% of the cases; not in the presence
of aryl iodide, 2-methyl substituted pyrroles were generated (Scheme 5) [15].

Pd(PPh3), catalyzed olefinic moiety of Heck-type animation to produce substi-
tuted pyrroles from, unsaturated ketone O-pentafluorobenzoyloximes (Scheme 6)
[16].

5.2 Synthesis of Indoles and Other Nitrogen-Containing
Heterocycles

The utility of the nucleus in numerous physiologically active chemicals has made
the synthesis of indole the most frequently investigated topic in this series. Different
cyclization strategies can be used to make palladium-catalyzed indole synthesis.
Some will make indoles right away from the accurate initial material, while the rest
will need to make the requisite initial ingredients first. A first coupling reaction is
typically used for this. First, the single-step approach to the indole nucleus will be
described. Ortho-halo-anilines or their analogs, such as triflates, were used to begin
the synthesis. Amides might be used to preserve the amines, or an alkyl group could
be replaced. Larock et al. disclosed an effective process for preparing indoles in
1991, which used palladium-catalyzed oxidation. Larock et al., in 1991 introduced a
Palladium-catalyzed heteroannulation of internal alkynes with o-iodoanilines method
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Scheme 7 Synthesis of pyrrole derivatives from alkynes

for making indoles (Scheme 7). With the presence of unsymmetrical alkynes, the
cyclization was regioselective [17].

5.3 Synthesis of Compounds Containing Benso[b] Furans
and Oxygen

The o-indophenol is used to make benzofurans in a single-step procedure which is
opposite to o-iodoanilines. Arcadi et al. [18] employed Pd (OAc),(PPhs), and Cul
to create a 25-88% yield from 2-iodophenols variably substituted benzofurans and
acetylenic derivatives (R2 = H) [18]. The method was extended to the compound of
furo[3, 2-b] pyridines. Kundu et al. switched palladium dichloride, Cul, and Ets;N
into a base and were able to make benzofuran derivatives [19]. A thorough analysis of
this heteroannulation was published afterward [20]. For the synthesis of 2-substituted
benzofurans solid phase, by using an ester function on the 5-carboxylic acid, the
iodophenol was attached to a resin (Scheme 8) [21]. Internal alkynes were used for
the condensation of benzofurans, which proved to be more challenging than the indole
synthesis. Higher temperatures were required, regioselectivity was diminished, and
it was restricted to alkynes with inhibited carboxy, silyl, and aryl groups [22].

One-pot coupling strategy of a multicomponent was used to make 2,3-
disubstituted benzofurans, which included first deprotonating a combination of both
a terminal alkyne and o-iodophenol alkyne and, then coupling with palladium, and
at last, it reacts with the alkenyl triflates or aryl iodide [23]. In the same article, an
example of indole derivative synthesis was presented. At the time when the reaction
takes place in the existence of carbon monoxide in the final step, the 3-acyl derivative
was produced. O-indophenol and terminal alkynes underwent the same research as
indole synthesis using microwave activation and KF/Al,O3 [24]. The yields, in this
case, varied from fair to outstanding.

|
I(i + Ry g, Pd(OAc),(PPh.), 3 \ R,
oH o

Scheme 8 Synthesis of indole derivatives
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5.4 Synthesis of Furans

In the class of starting material, the Alkynyl substituted allylic alcohols are important
for the furans synthesis. The alcohols were made by combining both Iodoalkenes
or terminal alkynes with copper iodide and Pd (0) and the suitable aryl iodide, or
terminal alkynes. The produced allylic alcohols were cyclized using a variety of
palladium catalysts (Scheme 9) [25-27].

Balme and colleagues proposed a two-step synthesis pathway to furans. On the
basis of 3 component reaction where intermediate tetrahydrofuran derivative is raised
with an additional conjugate, as well as palladium coupling, which was also decar-
boxylated to make trisubstituted furan [27]. Apart from this, the reaction can also be
conducted in a two-step one-pot method, with the interposed being cyclized immedi-
ately to produce the actual products, yielding similar results to the previous example
(40-60% compared to 45-65%).

Ph
Pd(0), Cul "
Me ¢ phl ——3= Me
\ R \ R
OH o
Pdl(),‘\t: ):
or
Pd(PPh;),
Me
Ph
o R

Scheme 9 Synthesis of furan
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5.5 Synthesis of Benzo[b]Thiophenes

For the benzo[b]thiophenes synthesis, the Palladium-catalyzed techniques have
received little attention, owing to palladium’s incompatibility with sulfur-
containing compounds. In the indicated synthesis, electrophilic substitution
on o-alkynylthiophenolethers was performed via Sonogashira coupling of o-
iodothiophenolethers with terminal alkynes.

Flynn et al. [28] used a palladium-catalyzed for the o-iodobromobenzene coupling
with benzyl thiol to make the benzyl thioether. The iodo-compound was formed
by cyclizing with iodine, and it was employed in the following coupling proce-
dure to insert aryl substituents (Scheme 10). The cyclization conditions were
expanded by LaRock and Yue to other electrophiles, allowing for alternative
replacements in the three locations [29]. It should be noted that when bromine
was used to cyclize a trimethylsilyl derivative (R1 = SiMe3), the result was
2,3-dibromobenzo[b]thiophene.

5.6 Synthesis of Imidazole

M. Kidwai and colleagues in 1991 created a one-pot multicomponent tri- and tetra-
substituted imidazole with the help of using a catalyst molecular iodine substituted
nitrogen sources (a diketo system, ammonium acetate, and substituted aldehyde)
as well as a substituted amine as a nitrogen source. They proposed a procedure in
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Scheme 11 Synthesis of imidazole derivatives

which to activate the parent diketo compounds carbonyl system the iodine serves as
a gentle Lewis acid, apart from this, iodine also initiates the making of a diamine
intermediate, which leads to the production of iso-imidazole, then dehydration, and
at last the sigma topic rearrangement, which leads to the production of imidazole
(Scheme 11) [30].

S. Sharma and colleagues synthesized N-acyl-1,2-ethylenediamine derivatives
in 2008 by substituting imidazole for ethylenediamine as well as acid chloride for
ethylenediamine at O °C in a non-polar solvent, dry dioxane, and stirring at room
temperature, followed by the insertion of effective Lewis acid triflouroboronetherate
(Scheme 12). This study, the acid chloride-having long-chain alkyl group, is not
commercially present. This was achieved by fabricating hydroxyl olefinic and olefinic
long acids chains in situ [31].

In 2015, Jianli Li and colleagues used a FeCls/I,-catalyzed aerobic oxidative
coupling procedure to make an easy and useful method for producing tetra-substituted
imidazoles with amidines and chalcones (Scheme 13). With a higher tolerance
for functional groups and moderate reaction conditions, this reaction is highly
regioselective [32].

d NH,
)L NH BI‘-_;,_ Ol‘:f: | R
2 —
R o — j”\ N/
R o

Scheme 12 Synthesis of imidazole from acid chloride
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6 Conclusions

Heterocyclic compounds are a type of organic compounds that can be seen in many
natural products as well as medications. The heterocyclic nucleus is a major struc-
tural component in anti-microbial, antiviral, anti-cancerous, antihypertensive, anti-
malarial, antidepressant, anthelmintic, anti-inflammatory, and other drugs categories.
The five-membered heterocyclic compounds have also found there used as anticor-
rosive and electron-transfer agents. Thermal properties and band gap properties help
in the evaluation of further application of these compounds.

Heterocycles are ubiquitous in biological and pharmacological substances, and
research shows that heterocyclic synthesis is becoming more popular. The majority
of the reactions mentioned here have paved the way for the low-cost production of
several synthetically valuable chemicals, such as active biomolecules. The advan-
tages of the reactions of multicomponent, like the capacity to integrate numerous
reaction steps into a one-operation and the insertion of many reactive functionalities
into molecules in lesser stages, involve simplified and accelerated complex hete-
rocycles synthesis. With the combination of both reactive and worthy functional
groups, these methods permit better transformation. The majority of the approaches
presented here have substantial advantages, such as moderate reaction conditions,
a good economy of the atom, and more tolerance of the functional group. Apart
from the synthesis, their biological, anticorrosive, and thermal and electron-transfer
properties are mention with the intention that the application of these five-membered
compounds would shed a light on to why the synthesis is important. We hope that the
present review will encourage and help the research community to further enhance the
synthetic methodology of these compounds with a wide range of applications based
upon our little contribution to the whole ocean of knowledge about the heterocyclic
compounds.
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Work Material Al 7075 Alloy Reinforced | @i
with Boron Carbide

Sohail Akhtar and Imtiaz Ali Khan

Abstract In the present study, a metal matrix composite containing Al 7075 alloy
and boron carbide (6% wt) was fabricated with the help of stir casting method. After
the fabrication of the composite, the drilling operation was done on the conventional
radial drilling machine, manufactured by Atlas Engineering Co. London. The dimen-
sions of the work piece samples were 75 mm x 75 mm x 25 mm. The drill sizes were
5, 6.5, and 8.5 mm in diameter. The drills bits used were of HSS manufactured by
Miranda Gold (India). Feed rate, speed, and drill bit diameter were chosen as process
parameters. For the design of experiment, Taguchi’s L9 orthogonal array was used
with three level of factor. For finding out the optimum level of process parameters
for multi-performance characteristics that is MRR and surface roughness, grey rela-
tional analysis was used. After optimization, it was found that the largest values of
grey relational grade for feed rate, spindle speed, and drill diameter are at the level
740 rpm, 0.015 in/rev, and 5 mm, respectively. Hence, these are the recommended
levels of process parameter when better MRR and optimum surface roughness have
to be obtained simultaneously.

Keywords Metal matrix composite - Stir casting * Taguchi - MRR - Surface
roughness - Grey relational analysis

1 Introduction

A composite material is made up of two or more than material but there these compo-
nents are in different phases. Means if a composite is made up of two components
X and Y, and we take a cross section of the composite, we can still distinguish
between the material X and Y. But this is not in the case of alloys. The constituent
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elements save their own characters implies they don’t union or break up totally
into each other in spite of the fact that they demonstration in show. Regularly, the
constituents show an interface between each other and can be physically recog-
nized. These days, composites are widely used in many fields and hence the ease
of machining and good characteristic performance. To know the machining charac-
teristic of a composite, one can perform a study taking a very common machining
process (such as drilling) using composite. With the quickly developing advance-
ments, quality and profitability are the significant concern. Profitability is worried
about the material removal rate (MRR) during machining activity and quality alludes
to the item attributes. So the quality and profitability can be improved through param-
eters optimization. There are number of examination works identified with different
drilling parameters optimization for accomplishing the required value of performance
characteristics. Among them, surface roughness and material removal rate (MRR)
are the significant performance characteristics.

2 Literature Review

Rana and Lata [1], study was carried out in which basically drilling parameters
were optimized for multi-performance characteristics of aluminium-based composite
Al-MgO. Stir casting process was used to fabricate metal matrix composite. The
composite base alloy was Al 5052 and reinforcement used was MgO. The param-
eters selected were feed, spindle speed, and drill diameter. These parameters were
optimized by using genetic algorithm-based multi-performance characteristics which
were temperature and burr height [2] played out the optimization of drilling proce-
dure which was done on carbon fibre strengthened polymer (CFRP) utilizing different
boring apparatus of width 0.70 mm, 0.80 mm, and 0.90 mm by Taguchi GRA. Feed
rate, spindle speed, and drill diameter were taken as process parameters for micro-
drilling process. The experimental design was decided by using Taguchi L27 orthog-
onal array. The performance parameters chosen were MRR and delamination factor
[3]. Performed a study in which investigation of effect of different machining param-
eters such as feed, speed, and depth of cut on different performance parameters such
as MRR, surface roughness, and thrust force was done for dry turning operation
on AISI 304 austenitic stainless steel. Tool used was the ISO P30 grade uncoated
cemented carbide inserts. Machining parameters chosen were V = 45, 35, 25 m/
min, f = 0.2, 0.15, 0.1 mm/rev, and r = 1.00, 1.125, 1.50 mm, and the design of
the experiment adopted was L.27 orthogonal array. Optimization of the parameters
was performed using GRA approach [4]. In other study, the effects on tribological
behaviour of Al 7075 composite of B4C were identified. Al 7075-B4C composites
were fabricated by casting process and various mechanical properties were tested,
such as tensile strength, hardness flexural, and compression strength. The obser-
vations were made that by mechanical properties enhanced to some extent by the
addition of reinforcement [5]. Presented a study in which optimization of nature
of surface in drilling process was performed by using response surface method. In
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Table 1 Components of Al 7075 alloy
Elements (Zn) |Mg) |(Cu) |(Mn) |(Fe) (Si) (Cr) (Ti) (Al
Weight-(%) |5.40 |2.41 1.41 0.14 043 [042 |0.22 |0.02 |[89.57

this study, by using the parameters such as spindle speed, feed, and drill diameters,
the effects on surface roughness and nature of surface of drilled holes were found
out. After the optimization, it was established that for the speed of 2000 rpm, feed
of 78 mm/min, and drill diameter of 2.5 mm, the minimum surface roughness was
found out to be 1.06 mm. It was also observed that surface roughness decreases by
increasing feed rate, speed, and diameter. Hence feed rate, spindle speed, and depth
of cut have collective effects on surface roughness [6—8].

3 Experimentation

3.1 Raw Materials

Al alloy (Al 7075) was purchased online from a firm called Plus Metals, Mumbai,
B4C makes CDH 150 mesh powder which was purchased from Gulmarg Materials,
Aligarh.

Al Alloy

Base material in studies is Al 7075 because it has great strength and very important
light weight properties. It has very prominent use in the aircraft and automobile
industries [9]. The components present and the percentage is given in Table 1.

B,C Powder

B4C is a well-known material for its hardness, thermal properties, and strength.
It has a density of about 2.52 g/cm® and hardness of HV = 78. It is becoming
very popular as reinforcement for aluminium alloys. It provides various excellent
properties to alloy that are impossible to get in a plane alloy.

3.2 Work Piece Fabrication

Stir Casting Method

The reinforcing material used is boron carbide. Since the stir casting method ensures
the uniform distribution of alloy and reinforcement, this method was used to fabricate
composites with B4C (6% wt) and Al 7075 alloy. The aluminium alloy rod was cut
into small pieces and melted in crucible on furnace. And the mechanical stirrer was
provided to give required 400 rpm. The reinforcement was preheated in a muffle
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Fig. 1 Radial drilling machine and machined work piece

furnace to about 460 °C. The stirrer was allowed to stir the melts for about 10 min
and then the work piece was casted.

Drilling Operation

Drilling operation was done on the conventional radial drilling machine, manufac-
tured by Atlas Engineering Co. London shown in Fig. 1. The dimensions of the work
piece samples used for conducting the experiments were 75 mm X 75 mm x 25 mm.
The drill sizes were 5, 6.5, and 8.5 mm in diameter and its helix angle was 30°, the
point angle used was 118°. The drills used were HSS manufactured by Miranda Gold
(India).

3.3 Performance Parameters

MRR Measurement

MRR means the volume of the machined material removed per minute. If we increase
the feed rate, value of MRR will increase.

MRR = (71 x D? x F/4) mm,/min

Here,

D Depth of cut, mm
F  Feed rate, mm.
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Fig. 2 Photograph of surface roughness tester and parted work piece

Surface Roughness Measurement

After drilling, the work piece sample was parted to measure the roughness of the
surface using the tester make-Zeiss. The surface roughness values were taken at three
different positions or each case, and then, mean was calculated for each experiment
(Fig. 2).

3.4 Design of Experiment

Taguchi’s-Orthogonal Array (OA)

For the design of experiment as discussed earlier, Lo (3/3) orthogonal array with
three levels of process parameters was used. Different levels of parameters given in
Table 2. The corresponding design of experiment is given in Table 3.

Table 2 Machining parameters and level

Control parameters Symbols Level

1 2 3
Speed (RPM) A 555 740 1030
Feed (in/rev) B 0.005 0.010 0.015
Drill diameter (mm) C 5 6.5 8.5
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3.5 Grey Relational Analysis

In this study, 9 experiments were performed on drilling operations according to the
design of experiments suggested by Taguchi L9 array. Then, the assessment was
done by using the GRA. The aim of this study maximizes the MRR and minimizes
the surface roughness. And for this, the optimum combination of process parameters
occurred when GRG value is highest. The basic steps during the GRA were as
follows, (i) determine the S/N values of the performance characteristics; (ii) then S/
N ratios should be normalized; (iii) after that GR coefficients were calculated; (iv)
then by averaging the values in step three, we get GRG values; (v) the GRG values
were then statically analysed; (vi) optimal levels of parameters were selected; (vii)
verification through confirmation test [10].

When data of the experiment has the smaller-the-better nature, then it can be
normalized by using the following equation

_ maxx; (k) — x; (k)
Xitk) = max x; (k) — min x; (k) N

where the normalized value is denoted by X;(k), the output value of experiment
is represented by x;(k), maximum value for the kth response of the experiment is
symbolized by Max x;(k), and the minimum value by Min x;(k).

When data of the experiment has the larger-the-better nature, then it can be
normalized by using the following equation

X (k) = 2 (k) — min.y; (k) @)
! " max y; — min.y; (k)

where the normalized value is denoted by X;(k), the output value of experiment is
denoted by y;(k), maximum value for the kth response of the experiment is represented
by Max y;(k), and the minimum value by Min y;(k).

Then, the grey relational coefficient can be calculated as follows.

A min +y¥ A max .

§i (k) = AOi (k) + ¥ Amax. )

where

&;(k) is the GR coefficient,

A0 (k) = [IXo(k) — Xi (k)|

AO; (k) = || Xo(k) — X; (k)| is the difference of X,(k) and X;(k),

W is the distinguishing coefficient. 0 < ¥ < 1, mostly taken as 0.5,

The smallest value of AQ; is represented by Amin and largest value of AQ is
represented by Amax;.
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Now, the GRG values can be calculated as follows,

1
vi==~> &k )

where y; represents the GRG and the number of response is represented by n [11].

4 Results-And-Discussion

4.1 Grey Relational Analysis

Table 3 gives the observations of the experiment, which was conducted according
to the Taguchi design. Then, the analysis was carried out by the procedure we have
discussed earlier. S/N ratios for each row were found out by using Egs. (1) and (2).
After that deviation sequence AQ;(k) was calculated (Tables 4 and 5).

Then, the grey relational coefficients were calculated by using the Eq. (3), and
taking ¥ equal to 0.5. After finding grey relational coefficient, grey relational grade
is calculated using Eq. (4). Closeness of the results to the normalized values can be
predicted by the GRG values. High GRG values indicate that results are more close
to normalized values. Experiment 6 has the highest GRG value, it means that this
experiment run corresponds to best output results.

The value of overall GRG value is also calculated as given in Table 6. The greater
the GRG value better will be the multiple performance characteristic is. The various
levels of mean GRG value have been shown in the graph. The graph indicates that the
optimum parametric setting is A,B3Cy, i.e. spindle speed at the level 2 (740 RPM),
feed at the level 3 (0.015 in/rev), and drill bit diameter at the level 3 (5 mm). After

Table 3 Experimental results for Al 7075 and B4C composite using Lo orthogonal array

S. No. A B C Ra(pm) |MRR (mm3/ |S/N SIN
min) Ra MRR

1 555 0.005 |5 1.06 1383.96 —0.50612 | 62.8225
2 555 10010 |65 |1.76 4677.82 —4.91025 | 73.4009
3 555 0015 |85 230 11,999.02 —7.23456 | 81.5829
4 740 | 0.005 |65 |0.87 3118.54 1.20961 69.8790
5 740 | 0.010 |85 0.90 10,665.80 0.91515 80.5599
6 740 0015 |5 0.53 5535.88 5.51448 74.8637
7 1030 |0.005 |85 |1.40 7422.81 — 292256 |77.4114
8 1030 |0.010 |5 2.00 5136.89 —6.02060 | 74.2140
9 1030 |0.015 |65 |[1.46 13,022.03 —3.28706 |82.2936
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Table 4 Deviation sequence
Deviation sequence = AQ;(k) = || Xo(k) — X;(k)||

No. of experiments Surface roughness MRR

1 0.4722 1.0000
2 0.8177 0.4567
3 1.0000 0.0365
4 0.3377 0.6376
5 0.3608 0.0890
6 0.0000 0.3816
7 0.6618 0.2507
8 0.9048 0.4150
9 0.6904 0.0000

Table 5 Grey relational coefficients and GRG values

S. No. A B C Grey relational Grey Rank
coefficient relational
Ra MRR grade
1 555 0.005 5 0.5143 0.3333 0.4238 9
2 555 0.010 6.5 0.3795 0.5226 0.4510 8
3 555 0.015 8.5 0.3333 0.9320 0.6326 4
4 740 0.005 6.5 0.5969 0.4395 0.5182 6
5 740 0.010 8.5 0.5809 0.8488 0.7149 2
6 740 0.015 5 1.0000 0.5672 0.7836 1
7 1030 0.005 8.5 0.4304 0.6660 0.5482 5
8 1030 0.010 5 0.3559 0.5465 0.4512 7
9 1030 0.015 6.5 0.4200 1.0000 0.7100 3

this, ANOVA is applied on grey relational grade to find out the contribution of each
process parameter on performance characteristics in the next section (Fig. 3).

Table 6 Overall GRG value

Symbol | Machining parameter | Grey relational grade Main effect (max-min) | Rank
Level 1 |Level 2 |Level 3

A Speed 0.5025 |0.6722% | 0.5698 |0.1697 2

B Feed 0.4967 |0.5390 |0.7087* |0.2120

C Drill diameter 0.6319* | 0.5579 |0.5529 |0.0790 3

Total mean value of grey relational grade &, = 0.5815
4Levels of optimum GRG
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Fig. 3 Response graphs of the a speed, b feed, and ¢ drill diameter on the GRG

4.2 Analysis of Variance

To determine the influence of process parameters on the performance characteristic,
ANOVA is applied. ANOVA table was prepared by using MINITAB software.

ANOVA for the GRA is given in Table 7. It also shows the percentage involvement
of each factor. By observing the values from the data collected, it can be seen that the
most controlling parameter is feed. Means it is playing the main role in increasing
the MRR and decreasing the surface roughness.
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Table 7 ANOVA of GRA values

Source DF | SeqSS Contribution | Adj SS Adj MS F-Value |P-Value
Speed 2 0.077500 32.00% 0.077500 | 0.038750 |61.43 0.016
Feed 2 0.095884 39.60% 0.095884 |0.047942 | 76.00 0.013
Drill 2 0.067507 27.88% 0.067507 | 0.033754 | 53.51 0.018
diameter

Error 2 0.001262 0.52% 0.001262 | 0.000631

Total 8 0.242153 | 100.00%

5 Conclusion

In this study, the composite of A17075-B4C was fabricated and drilling process was
carried out. And then using the GRA, the optimization of drilling parameters has
been performed. Taguchi L9 orthogonal array was used to carry out the experiments.
MRR and surface roughness were considered as multi-performance characteristics.

The following conclusions have been made is the presented study.

By using the stir casting method, a perfect metal matrix composite is fabricated.
This study shows that it is feasible to carry out the drilling operation on Al 7075-
B4C (6%) metal matrix composites.

In this study, trends of surface roughness are estimated for Al 7075 reinforced with
boron carbide with optimum drilling operation which was not done in previous
studies.

The result table gives that the highest value of GRG occurs when speed, feed,
and drill bit diameter are at level 740 rpm, 0.015 in/rev, and 5 mm, respectively.
Therefore, this the optimum parameters setting to get largest MRR and lowest
surface roughness.

The ANOVA of grey relational grade for the multi-performance characteristic

established that feed rate in drilling operation is the most significant parameter with
percentage contribution of 39.60%, to get the better MRR and optimum surface
roughness.
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Abstract The scope of this paper is to understand the manufacturing process
of austenitic manganese steel (AMS) casting liners specifically for cone crushers
(consumable liners) used in the mining sector. During review work, an orthodox
manganese steel manufacturing process was studied along with the heat treatment
process’s silent parameters, which directly affect the austenitic manganese steel
wear properties and internal cast integrity. Also, the effect of the heat treatment
of Austenitic manganese steel was discussed, which helps to improve austenitic
microstructure with minimal carbides precipitation on grain boundaries. Various
other silent factors in the heat treatment process, like effective quenching by control-
ling quenching time lag, medium temperature control, parts stacking gap, churning of
the tank medium, etc., were also discussed and controlled during the heat treatment
process. This helped to increase the toughness values significantly from 27 to 188 J,
i.e., up to 7 times approximately. Also, there is a marginal increase in hardness from
209 to 237 BHN, around 15%, which helps sustain the impacts during application
and improves wear life without failures. This was concluded that the manufacturing
process of crusher liners followed by an adequate heat treatment process produces an
improved austenitic microstructure with improved mechanical properties, resulting
in higher wear life of consumable crusher liners in mining and crushing applications.
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1 Introduction

Austenitic manganese steels (AMS) are widely used in the mining segment globally
due to their excellent wear resistance properties with good ductility and high tough-
ness properties under variable impact loads [1]. The initial chemical composition of
AMS for such applications was about 12% manganese and 1.2% carbon. However,
medium manganese, i.e., 18% manganese content along with 2% chromium, is
becoming famous due to its increased mechanical properties and improved wear
life [2]. Initially, British metallurgist Sir R Hadfield first developed the manganese
steel in 1882 and observed that AMS achieved high toughness when Mn levels were
above 10%, along with effective heat treatment. Since then, extensive work has been
carried out in this field, and various amendments have been proposed based on the end
applications [3]. The original AMS, containing about 1.2—1.4% carbon and 12-14%
manganese (around 1:10 ratio), is unique in its properties. This had higher toughness
and ductility with improved work hardening [4]. Many efforts have been made to
improve its wear resistance properties, driven mainly by the continuous demand for
lower production costs in the crushing and mining segment [3].

Later, AMS gained acceptance as a suitable engineering material and is still
being used in various fields of crushing and mining. The high hardness of this
alloy, with good ductility and toughness properties, makes it a valuable source for
crushing liners. Manganese steel castings are currently being extensively used for
stone-crusher in the crushing and mining sector globally [1].

The higher manganese content in AMS is considered to be one of the oldest
materials having an enriched amount of hardness, toughness, and ductility, due to
which same can be used for the variable load high impact applications along with
its higher wear resistance properties [3]. Manganese steel contains a work hardening
phenomenon due to its higher manganese content, which is costly and not much
required for the lower impact loads applications, so medium content (18% Mn)
steel was developed. Medium AMS achieved an increased wear resistance property
under medium/lower impact applications. This steel grade had comparatively lesser
wear resistance properties and issues with delayed cracks origination due to unstable
internal austenite structure [5]. Various works have been carried out to improve
liner wear resistance and overall life by enhancing the chemistry with add-on alloys
like nickel, chromium, and molybdenum, followed by the controlled heat treatment
process. All add-on alloys have their properties, and considering all factors (feasi-
bility and cost), higher manganese (18% and above) with added chromium grade
is proven as the optimum commercially viable solution to overcome the failures
that usually occur during the crushing application process [1]. Refer to Fig. 1 for
cone-type crushers (secondary crushers) consumable liner sets.

In the crushing industry, we have two types of crushers—primary type and
secondary. Output material of primary Jaw type crushers is an input material for
secondary type (cone) crushers. Both types of crushers have extensive usage of
consumable liner sets. As per Fig. 2, it can be noticed that the thicker type of stone is
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Fig.1 Cone
crusher—consumable liner
(fixed and moving type)

Fig. 2 Cone liner—wear
areas while stone crushing

[5]

concave

mantle

getting crushed between the concave and the mantel. This is delivered as an output
material of a smaller size.

This work’s novelty and objective are to understand the importance and analyze
the various silent heat treatment parameters like parts time lag for quenching, stacking
gap (for effective heating/cooling), tank medium temperature, churning of the tank
water, etc. The outcome specimen testing follows this to assess the internal integrity of
the produced liner castings, which in turn directly affects the performance of crushing
liners. So far, no direct work has been carried out to assess the crusher casting liners’
integrity by monitoring and controlling the above silent heat treatment factors.
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Table 1 Standard manganese steel chemical composition
Element |C Mn Cr Mo Ni Si P
wt.% 1.15-1.25 |182max |[1.8-2.0 |[0.5max |0.2max |[0.6max |0.07 max

{fly A 128/a 128M - 93 (2003)

TABLE 1 Ci q
Compaosition, %
Grade®
Carbon Chromium Maolybdenum Nickel Silicon Phosphons

A 1.05-1.35 1.0 min 1.00 max 0.07 max

B-1 0.9 -1.05 11.5-14.0 = = 1.00 max 0.07 max

B2 1.05-1.2 11.5-14.0 2 i : 1.00 max 0.07 max

B3 1.12-1.28 11.5-14.0 1.00 max 0.07 max

B4 12 -1.35 11.5-14.0 o 1.00 max 0.07 max

c 1.05-1.35 11.5-14.0 1.5-25 i A 1.00 max 0.07 max

D 07 13 11.5-14.0 3.040 1.00 max 0.07 max

E-1 07 1.3 11.5-14.0 08-1.2 1.00 max 0.07 max

E-2 1.05-1.45 11.5-14.0 o 1.8-2.1 1.00 max 0,07 max

F {J91340) 1.05-1.35 6.0-8.0 = 0.9-1.2 a 1.00 max 0.07 max
“ Section size preciudes the use of all grades and the producer should be as 1o grades for a particular design requined. Final selectic

shall be by mutual ag bel

twaen and
® Unless otherwise specified, Grade A will be suppled.

Fig. 3 Standard material grades for manganese steel [Ref. ASTM A128/A 128M]

2 Material and Method

2.1 Material Grades

Referring to ASTM, A 128/A 128M-93, “Standard Specification for Austenitic
Manganese Steel Castings,” initially had many grades available in lower/medium
grade Mn steel with Cr, Mo, & Ni alloys. Nowadays, medium Mn steel of up to
18% Mn and higher grades Mn steel containing up to 22% Mn, along with various
alloys like Cr, Ni, and Mo, is getting more famous due to their extended wear life.
However, the same is not very cost-effective due to the high prices of added special
alloys. Various works have been carried out to optimize the overall output by adding
various alloys to medium and high manganese steel of various combinations, and
18% Mn and 2% added chrome became an optimum solution for liner cost and overall
performance. This paper considers chemistry as medium manganese steel with added
alloys like Cr, Ni, and Mo, refer to Table 1 (Fig. 3).

2.2 Manufacturing of Austenitic Manganese Steel Cone
Liners

Figure 4 refers below the process flow chart made for the manufacturing of manganese
steel cone liners.
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Fig. 4 Process. flow chart | Sand Making ‘
for manufacturing Mn steel
cone liners l

| Moulding ]

’

| Charging (wt. %)/ Melting ‘

.

| Knockout/ Fettling ]

v

| Heat Treatment ‘

!

| Quenching ‘

’

| Testing ‘

|

| Results interpretation ‘

2.3 Molding Process

Sand preparation. All critical parameters, like cohesiveness, refractoriness, binding
properties, moisture content, binder ratio, etc., were checked and controlled during
sand preparation and mixing.

Fattern. Due to dynamic and variable loads, the pattern geometry is essential for
crushing liners and needs a thoroughly validated design with close due allowances.
Also, various other critical factors include cost, weight, durability, and versatility. In
the present work, wood has been used as pattern material with due consideration to
the various pattern allowances. Figure 5 shows the pattern being machined by using
a CNC machine.

Mold box. While carrying out mold-making for cone liners, two-part molding was
considered to be the best option due to its critical geometry and design. Refer to
Fig. 6a, b for core making, and Fig. 7 for two-part molds.

Melting and Charging. For AMS raw material, inputs for the melting and charging
process are Mn steel return scrap, regular steel scrap, and element alloys (refer to
Fig. 8). Separately fused elements (raw alloys) are also used to control the final
chemistry ratio during the final charging process (refer to Fig. 9 showing manganese
steel raw alloy).
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Fig. 5 Cone liner pattern manufacturing at CNC VTL machine

-

Fig. 6 a Core preparation. b Mold box core preparation

Chemistry verification. Quick chemistry verification occurs via bath sample and post
confirmation of elements content after the final pouring process. Refer to Table 1
considered for this paperwork.

Pouring. The top basin ladle carried outpouring by controlling the molten metal
temperature within range as uncontrolled temperature leads to the variable grain size
and structure and adversely impacts the overall strength of the casting (by adversely
affecting various physical properties). Because melt temperature was continuously
monitored and verified by the calibrated pyrometer, during this work, the pouring
temperature for AMS was observed as 1348 °C against a specified range of 1330—
1450 °C, refer to Fig. 9. Lower pouring temperature also adversely affects the
fluidity of the molten metal and results in various internal and surface casting defects
(shrinkage, etc.) along with the loss of desired physical properties.

Knock out. Knock out is done post-solidification in a sand reclamation area where
castings are kept open for atmospheric cooling, followed by the fettling and making
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Fig. 7 Mold box preparation

Fig. 8 Return manganese steel scrap [4]

them ready for heat treatment. During the mold’s cooling process, the cooling rate
is generally very low. Due to the slow cooling rate, austenite tends to decompose in
ferrite and carbide forms. Mechanical hammers (impactors) knock down the castings
(to break runners, risers, gates, etc.).

Heat treatment. Due to the slow cooling rate inside the mold, embrittling and inter-
granular carbides are formed in manganese steels. Such brittle microstructures with
intergranular carbides are removed by a heat treatment process above 900 °C and
a rapid quenching [1]. Due to variable thick sections of liners, the heating in the
furnace takes place step by step with a temperature increase of up to 1100 °C at
desired soaking time, which varies for various section thicknesses. Also, it has been
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Fig. 9 Raw manganese alloy

concluded before that 750 °C is not a suitable temperature for homogenizing Mn
steel. On the contrary, about 95% of the carbide is dissolved at 1050 °C; only very
few precipitates can be found across the noticeable at 1050 °C [6].

The kinetics of carbide formation follow the typical C-curve of an isothermal
transformation, with the fastest growth (carbide nose) occurring at 550-600 °C.
Majorly, there are 2 types of carbides:

e “Thin” carbides form very rapidly and appear as grain boundary delineations in
the etched structure at 50x to 200x.

e “Thick” carbides nucleate on thin carbides and grow/participate along the grain
boundaries.

Thin carbides do not embrittle the steel significantly, and however, thick carbides
have embrittling phenomenon severely on cast steel. Thicker ones are distinguished
from the thin carbides by having a resolvable cementite with a clear austenite/carbide
interphase boundary on both sides of the cementite film. In regular manganese steels,
the thin carbide delineations are less than 0.2 pwm thick, and the thick carbides have
a starting thickness of 0.5-1.5 wm and appear as a step where they meet the thin
carbides [7].

Austenitic microstructure—Pre- and post-heat treatment. Figures 10 and 11 show
micro-examination at various scales to understand the visual appearance changes in
austenitic manganese steel before and after heat treatment (Figs. 12, 13 and 14).

The figures show higher chances of developing cracks/internal stresses in AMS if
the heat treatment process is not practical. Due to this, thick carbides are developed
and can lead to generating immediate cracks. In contrast, finer ones (precipitated
on grain boundaries) may lead to delayed/ time lag cracks during application runs.
Figure 15 shows the effective HT process outcome at a micro-level.

Parts stacking. The heat treatment experiment was carried out by assigning two heat
numbers for identification and traceability—i.e., AB-167 and BB-185. Parts stacking
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Fig. 10 Pre-heat treatment

Fig. 11 Post-heat treatment [8] Scale—200x

a b

Fig. 12 a Pre-heat treatment. b Post-heat treatment [9] Scale—100x
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Fig. 13 Before HT (as cast) [4]

Fig. 14 Post-HT [4] Scale—500x

Fig. 15 AMS microstructure—eftective HT process image [7] Scale—500x
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SR B

[

Fig. 16 Stacking gap

is again a silent but critical factor for effective heating during heat treatment. Stacking
gap plays an essential role in achieving effective heating/cooling. Due to variable
thick sections in crusher liners, there should be a gap of around 4-5 in. while staking
them on a loading tray. A stacking gap of around 4-5 in. was kept in this work, as
shown in Fig. 16 [pictures taken during experimentation].

Quenching process. Quenching is an essential part of the manganese steel heat treat-
ment process. It helps to transform the internal microstructure into the austenitic
structure. Figure 18 shows manganese austenite transforms between < 700 °C (UC,
i.e., upper critical temp) and 350 °C temperature range. During this transformation
phase, cementite tends to originate (coming out of austenite). This transformation
of austenite (y) results in the formation of carbides (y+ carbides), which results in
embrittlement in the casting and ultimately makes it more brittle and non-favorable
in crushing/mining sector usage (increased fracture chances during impact wear
application run).

AMS needs rapid water quenching with high-temperature soaking in a tank-based
medium. The cutting of Mn casting liners needs to take place immediately once the
castings are removed from the heat treatment furnace. The time-based rate of this
quenching bath needs to be high enough to prevent any possible precipitation of
carbides during microstructural transformation. A slack quenching (delayed or at a
higher temperature) can adversely affect the toughness of the casting. Due to thick
carbide formation, it may lead to a failure in actual working load applications.

Referring to the TTT curve as shown in Fig. 18, 350 °C and 700 °C, occurrences of
carbides (intergranular) tend to begin after a short time lag (a few seconds). However,
peripheral carbides (acicular) form after a time lag as per the 2nd C type curve (TTT
curve) with a nose located at around 580 °C with around 60 s incubation time. Later
at the end, carbides + pearlite structure originates after a long time (around 12 min,
i.e., 700 s approx.) In a lesser temperature range (around 410 °C and 680 °C), the
boundary precipitated carbide formation occurs.
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Medium temperature control. Water tank temperature plays a vital role during the
quenching process. Suppose water temperature tends to increase while submerging
hot cast liners. In that case, there will not be an effective quenching which will lead
to poor austenitic microstructure and support the generation of thick carbides. This
will affect the strength of the casting and may lead to premature failure during the
application (Fig. 19).

To control and maintain the water temperature, tank water circulation was
connected with a cooling tower, continuously moving the tank water to the tower
and receiving the cold water. This helped maintain the tank water temperature at less
than 35 °C and an effective quenching process. Refer to Fig. 20 for tank medium
temperature observed as 32 °C and 35 °C, respectively.

Quenching tank. Refer to Fig. 17 [actual picture] shows a water tank with a capacity
of 20,000 L. When the heated liner parts come out of the heating furnace and rapidly
go into the quenching water tank, they get surrounded by a steam blanket due to water
vaporization, which adversely affects the rapid quenching phenomenon followed by
poor microstructure and leads to embrittlement due to thick carbides generation. To
minimize this phenomenon, a 10HP submersible pump inside the water tank was
used, which helped to break the steam blanket and supports to achieve effective
quenching.

Time lag factor. Referring to the TTT curve as presented in Fig. 18, the quenching
time lag factor plays an important role in controlling the austenite microstructure
formation along with minimal carbide precipitation at grain boundaries. Ideally, lag
time should be as lesser as possible during quenching. To control the time lag during
the quenching process, it was maintained for up to 55 s, which helped to control the
intergranular embrittlement by converting them into hypereutectoid carbide precipi-
tation. Referring to Figs. 21 and 22, the opening time of furnace gates until merging
the tray into the quenching tank, the maximum time consumed was less than 60 s.

Other silent factors. Water tank temperature must be continuously controlled and
maintained at less than 35 °C.

Fig. 17 Tank
capacity—20,000L
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Fig. 18 TTT curve for
austenite formation [10]

Fig. 19 Tank temp rise [11]

Fig. 20 Tank temp
monitoring
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Fig. 21 Heated cone liners

Fig. 22 Quenching process

3 Results and Discussion

Based on the work and analysis of the AMS liners manufacturing process, below are
the mechanical testing results of 2 sample liners (different heat samples maintaining
identical chemistry)- microstructure, hardness, impact, grain size, grain nos.

3.1 Microstructure Testing

During microstructure analysis, post-heat treatment austenite with limited carbides
precipitation to the grain boundaries, the desired microstructure with minimal micro-
embrittlement was observed. It helped to cast liners to give an increased wear
life without premature failures during the run. Figures 23 and 24 refer to the
microstructure images achieved during the microstructure examination post-heat
treatment.
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Fig. 23 (100x
)—microstructure at
shrinking time lag

Fig. 24 (100x)—grains
distribution (as per ASTM E
112-grid method)

10x .. / 100 ym|

3.2 Hardness

After heat treatment, it was observed that there was a marginal increase in the hardness
levels. However, also it signifies the overall grain refinement with a desired ductility,
which is a favorable property for the casting liners application perspective. While
running in the crusher machine, the surface hardness of the liner goes up to 550
BHN due to the work hardening phenomenon. However, the inner surface has lesser
hardness with good ductility, which prevents it from fracture failure. Refer to Fig. 25
for pre- and post-heat treatment hardness results (Table 2).

3.3 Impact Properties

A significant increase was observed in the impact properties of casting liners after
heat treatment. Increased impact values signify the increased toughness of the casting
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Fig. 25 Hardness 250
(BHN)—pre/post-HT

200

150

100

50

0

AB-167 BB-185

HBefore HT M Post HT

Table 2 Hardness HT batch code | Before heat treatment | After heat treatment

AB-167 203 BHN 237 BHN
BB-185 209 BHN 233 BHN

liner, which means a significant improvement in energy absorption properties and an
increased life during variable impact load applications (Fig. 26; Table 3).

Fig. 26 Impact values (J) 200

enhancement—pre/post-HT
160
120
80
a0
, I [

AB-167 BB-185

M Before HT M Post HT

Table 3 Impact values
HT batch code Before heat treatment (J) After heat treatment (J)
AB-167 22.6 188.7
BB-185 27.3 179.8
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Fig. 27 Grain size and grain 3.5

nos. pre/post-HT as per 3

ASTM E562-02 and ASTM 28
El112 ;

2

1.5

1

0.5

1}

AB-167 BB-185

B Grain size (micro-m) ®Grain No

Table 4 Grain size and grain

number HT batch code Grain size () Grain (nos.)
AB-167 2.8 3
BB-185 3.1 3

3.4 Grain Size and Grain Numbers

Grain size and grain numbers were compared with the standard ASTM E 562-02
(for no) and grain size as per ASTM E 112-10 to confirm the desired outcome. Grain
size and numbers were analyzed at 100x and were observed to be acceptable for this
grade of casting (Fig. 27; Table 4).

4 Conclusion

The manufacturing process of concave liners was investigated, and critical manufac-
turing parameters (heat treatment) were analyzed, which directly affect the strength
of manganese cast steel in terms of its overall life during the application run in the
crushing machine.

Based on the work, below conclusions are derived:

1. Additional controls in the quenching process (silent factors- time lag control
within the 60 s, medium temperature control within 35 °C, stacking gap of around
5 inches, tank water churning) helped to increase the toughness values signif-
icantly from 27 to 188 J, i.e., up to 7 times increase. This massive increase in
toughness values gives liners high-energy absorption ability and helps to decrease
the fracture/crack chances during variable impact load conditions.

2. Lesser precipitation of carbides over grain boundaries was observed (refer to
Fig. 23, showing microstructure at 100x), which minimizes the embrittlement
in castings and increases the overall life of the liners during the application run.
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Time lag control (within 60 s) from the heating furnace to entirely dip in the
quenching tank helped to transform the microstructure into the fully austenitic
state (Refer Fig. 23, of microstructure at 100x) that gives lesser precipitation of
carbides on grain boundaries, thus avoiding the premature failures of liners in
crushing machine.

Though a marginal increase (around 15%, refer to Fig. 25, increase in hard-
ness from 209 to 237 BHN) was observed in hardness, the same helps sustain
the impacts during application. During crushing, due to the work hardening
phenomenon of austenitic manganese steel, the surface hardness shoots very
high (up to 500 BHN), and that’s why lesser subsurface hardness (237 BHN,
refer to Table 2) which is lesser than the 50% of the work hardened surface hard-
ness, helps to absorb the shocks during crushing application and gives tensile
properties to the casting.
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1 Introduction

1.1 Background

This paper is based on the field study conducted at a medium-scale cement refrac-
tory unit involved in manufacturing high-quality refractory cement used for various
specialized applications. The company is working continuously towards increasing
the production and productivity of the complete plant. The company plans to improve
its productivity by optimizing its existing plant layout.

This study was conducted in a cement refractory industry in Nagpur, India. The
company is involved in manufacturing high-quality refractory cement required for
various specialized applications. The company has been functional for the last two
decades and the top management is always keen to apply process improvement tools
and techniques.

The major objective of this study is to increase production and enhance produc-
tivity by optimizing the plant layout with such an aspect that improper space
and worker utilization concerns could be resolved. The proposed work focuses
on expanding the inventory space, reduce the non-essential travel of material by
performing a systematic layout planning analysis approach, which would lead to an
enormous amplification in the productivity at the refractory and would help to under-
stand the motion of materials and the utilization of area occupied by the machinery.
This could be achieved by modifying the plant layout to fit their component family
better. In the absence of a solid strategy, rearranging will always result in wasting
time, human disturbance, and idle equipment. Furthermore, it may result in substan-
tial mistakes in utilizing a factory’s available space, expensive reshuffles, or demol-
ishing operational infrastructure, later proving to pose challenges to efficiency and
operating at a cheap operational cost [8]. Many academics believe that plant archi-
tecture is one approach to cutting manufacturing costs while increasing productivity
[11].

The paper is organized as follows: Sect. 1 discusses the background, the study’s
primary objective, and a supportive literature review. In Sect. 2, we discuss the
research methodology used in this study, the SLP technique and developed the anal-
ysis based on the collected data from the cement refractory. Section 3 discusses the
results and discussion, and finally, Sect. 4 presents the conclusion of this study.

1.2 Literature Review

Despite the fact that many innovative technologies are present in the domain of facility
design, and the systematic layout planning (SLP) technique remains extensively
employed by businesses and universities [3]. Systematic layout planning entails a
collection of design issues, including placing elements that define capacity utilization
systems in a coverage location [10]. To compete against their market rivals, industrial
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facilities must increase their manufacturing capacity and effectiveness to keep up with
rising demand. Simultaneously, the production process should be able to reduce costs
and increase efficiency. The recent iron production plant architecture was created
using SLP for better efficiency, and the results discovered the developed layout
cut down the distance of movement of material from cutting to warehousing. As a
result, plant architecture may be a viable option for increasing output [14]. Simplified
systematic layout planning, also known as Muther’s pen-and-paper-based graphical
approach, is one way to upgrade the layout [6].

Since the last few decades, layout design difficulties have been a hot research
topic [7]. The SLP tool was used to enrich the architecture of existing machines and
lower reject rates [13]. This strategy gives the architecture of new machines that can
increase material flow and help the plant utilize space more efficiently [11]. Planning
an efficient building layout may cut your company’s operating costs by 10-30% [1].
The SLP technique helps to enhance the current arrangement. The application should
produce the fastest possible material movement at a lower cost and with less material
handling [12]. The synchronization and movement of material should be considered
while preparing the model [2].

A factory in Bayan Lepas, Penang that produces meatballs and soup paste was
chosen for a case study to identify a workable layout that reduces movement distance,
material handling, and shortfalls. The study showed that even the best-chosen layout
might be improved, and facility and layout design should be completed prior to any
factory set-up to ensure long-term efficiency and loss reduction [9].

The layout of operation theatre is created using the SLP tactic on logistics and
non-logistics links. The SLP is a method for organizing a workplace in a factory by
putting two sections in the immediate vicinity of high frequency and logical links
[5].

On the one hand, many researchers view the challenge of assigning facilities in
order to refine the product flow from sourcing to end product. This is done through
decreasing the total cost of material handling. On the other hand, layout planning
may be considered a design difficulty [15]. SLP has been widely used in businesses
and academia because of the abovementioned positions.

Literature suggests that changing plant architecture may be a viable option for
increasing output. The first step in improving plant layout should be to identify
the issues with the current configuration to enhance productivity while minimizing
expenditure and will reduce the excess material movement. This study attempts
to identify those significantly influencing factors for increasing the productivity of
the overall plant using the systematic layout planning approach. The elements are
found in the literature compiled from research papers. A new design for the cement
refractory plant layout was proposed using the SLP approach. The existing layout,
alternative plant structure, and material movement analyses, involving distance and
area among the unit activities, were investigated through refactored cement.
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2 Research Methodology

Making changes in the plant architecture may be a viable option for increasing output
and enhancing productivity while minimizing expenditure. The SLP approach is
utilized to study the existing layout and create a better version of the plant layout.
The sequential approach to implement systematic layout planning of the cement
refractory is as shown in Fig. 1.

2.1 Data Collection

We have carried out a field study in the cement refractory and collected operational
data for its layout improvement. The data related to plant’s operations, equipment
and working area is shown in Table 1. Table 2 shows the manufacturing sequence

and the distance travelled within the plant.

Fig. 1 Method for

systematic layout planning

[12]
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Table 1 List of operations and equipment size and working area

Department Operations Number of Equipment area Total working area
equipment (m?) (m?)
Inventory Storage - 182 182
Batch ball mill-1 Mixer 1 34.33 103
Nodulizer Nodulizing 1 68.72 150
Rotatory kiln Heating 1 120.9 204
Cooling section Cooling - 98.6 100
CBM Grinding 3 493 500
Batch ball mill-2 Blending 2 194 210

2.2 Develop the Analysis

In the analysis, the activity areas, the outline process chart, process flow diagram,
affinity analysis diagram and space relationship diagram across 8 departments were
employed using the data collected. Third, the operation process chart and material
flow for product manufacturing were investigated, and the issues with the current
plant layout were shown. To plan the interaction between the equipment and the
region, the fundamentals of plant planning based on SLP were reviewed, and a new
configuration was designed and proposed based on changing plant layout and the
practical constraints. The operational flow chart in Fig. 2 represents operations flow
in the refractory.

The processed material travels a long distance that results in a loss of time and
energy, at a significant expense, as given in Tables 1 and 2 such as moving it from
BBM machine, where the calcium aluminate and lime are mixed together. A uniform
consistency is obtained by tumbling the mixture inside the BBM drums. The mix
travels further for a distance of 25 m to reach nodulizer machine, resulting in wasted
time and more energy in material movement. There the nodules are created of 2-3 cm
in diameter. The region near the nodulizer machine was not utilized to its full potential
since huge supplies remained in the working area, resulting in an unused space in the
factory. The area near the nodulizer was much more than the area required for the
actual machinery, thereby increasing the travel distance of the material processed on
the BBM machine. The raw materials material handling equipment was inadequate,
i.e., a shovel was used to fill the raw materials and move them in hand trolleys,
and the route was unflexible due to a messy arrangement of the items. The storage
for cement or the raw material was 150 m?. The working capacity of the plant is
620 tons. Now, it could contain 500 tons per month. After the improvement, it would
have more space to contain the cement or the raw materials.

The WIP material needs to be placed properly as it hinders material movement.
This would be addressed in the improvement by allotting a proper area for it. The
nodules were then kept to dry off the moisture. These dried nodules were then thrown
into the rotary kiln to heat them at a temperature of 1450 °C and convert those nodules
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Table 2 Distance and manufacturing sequence for the refactored cement

R. Bharsakade et al.

Activity description Time (min) Distance (m)
Storage of raw materials - -
Transport to batch ball mill - 15
Filling up/weighing sacks 7 3
Transport weighing machine to crane trunk 6 7
Transport of lime to weighing machine 1 4
Transport of lime to crane weighing machine 4 7
Delay (deposits earlier batch mixed product) 6 -
Pulls trolley out (earlier batch) 1 -
Transport of trunk into batch ball mill 2 -
Delay (no worker, machine at rest) 15 -
Batch ball mill mixes raw material 45 -
Workers pulls trolley out -
Delay (worker brings sacks) 2 -
Filling sacks of mixed products 15 -
Stalking bags on one another 2 -
Delay 30 -
Transport to nodulizer 20 10
Pouring into the nodulizer - -
Travel of one trolley of nodulizer to dry 5 5
Delay (kept for drying) - -
Transport of nodules to rotary kiln 1 6
Loading the rotary kiln for heating - -
Trolley filled with hot nodules - -
Quality check - -
Transport to cooling room - 15
Delay (cooling the nodules) - -
Transport of nodules to trunk 22 10
Transport of trunk to CBM machine 3 6
Pouring nodules into the CBM machine 30 -
Nodules filled into the sack 4 -
Transport to small sacks to fill the big sack 11 3
Transport to BBM machines 3 5
Nodules poured into BBM machine 45 -
Filling final product in sacks out of BBM machines 16 -
Transport to storage 14 3
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Fig. 2 Operations flow chart Inbound raw
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into clinkers. The clinkers are moved to the continuous ball mill machines to grind
the clinkers into the powered form again by tumbling into the drums. This process
inculcates specific properties into the mixture so that it can be used at places with
high-temperature requirements. Finally, the crushed mixture is again tumbled into the
BBM machines to obtain a uniform consistency of the material. The entire process
can be reviewed in Fig. 2 to get a better view of the processes.

According to a review of the production process, it was discovered that the
long distance for transferring raw materials mix from BBM to nodulizer could be
decreased, and the problem of less space for raw materials could be resolved. The
effective strategy to optimize the plant was to use the SLP technique to create a contin-
uous workflow by rearranging the essential production sequence. Then, to make the
relationship of each activity in the operational flow chart, as shown in Fig. 2, the
closeness rating is used to develop the relationship between the activities, as given
in Table. 3. The relationship between these activities is evaluated considering the
various criteria shown in Fig. 3. The activities are listed as follows, raw material
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Table 3 Closeness rating [4] Code Closeness rating

Absolutely important

Especially important

Important

Ordinary closeness

Unimportant
Undesirable

X | c|o|— |d|»

1. Raw Material Storage

3. Nodulizer

4, Rotary Kiln

5. Cooling Area

6. CBM
7. Ball Batch Mill Area-2>> | Reasen
1 | Material Flow
8. Dispatch Storage 2 | Supervision Ease
3 | Convenience
4 | Production control
5 Material
Management

Fig. 3 Relationship chart

storage, ball batch mill area-1, nodulizer, rotary kiln, cooling area, continuous ball
mill, and ball batch mill area-2.

Several configurations were designed based on changing plant layout and practical
constraints evaluated in Fig. 4. As shown in Fig. 5, there were two options for
improving the plant architecture. Figure 5a depicts the original plant layout, while
Fig. 5b shows the proposed plant layout.

3 Outcome of the Research

The new plant layout architecture enhances process flow and allows for more space
in the facility’s raw material storage area. After analysing the tables, we have found
that the travel distance between Department 2 and Department 3 was around 27 m,
which has been further lowered to 17 m. Additionally, the area for Department 1 (raw
material storage area), which was being used for storing the raw materials, increased
from 182 to 285 m”. This rearrangement of the layout resulted in an efficient flow of
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Fig. 4 Flow intensities diagram

-

Fig. 5 (a) Earlier layout, (b) proposed layout

materials and more space for the inventory, which resulted in increased productivity.
The results are shown in Table 4.
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Conclusion

In this study, we have successfully implemented the SLP approach to enhance the
overall efficiency of the processes in the cement refractory. The significant conclusion
from the study is listed below:

1.

2.

The space use was being studied, and a new layout was proposed to reduce the
travel distance of material and increase the inventory space.

The problem of excess material travel was views, and the study resulted in
lowering the transport distance by 37% from Department 2 to Department 3.
The reduction in transportation also reduced the time required for the carrying
of the material.

With the change in the layout configuration, the inventory space spread has been
boosted by almost 56%.

Finally, we can conclude that the systematic layout planning approach is highly
effective in improving the existing layout or constructing a new layout.

It will be helpful to utilize the available resources and reduce the coordinal waste
present in the manufacturing system.

Table 4 Amount and sequence for manufacturing the refactored cement

Activity description Time (min) Distance (m)
Storage of raw materials - -
Transport to batch ball mill - 15
Filling up/weighing sacks (Cal0) 6 3
Transport weighing machine to crane trunk 1 7
Transport of lime to weighing machine 4 4
Transport of lime to crane weighing machine 6 7
Delay (deposits earlier batch mixed product) 1 -
Pulls trolley out (earlier batch) 2 -
Transport of trunk into batch ball mill 15 1
Delay (no worker, machine at rest) 45 -
Batch ball mill mixes raw material 1 -
Workers pulls trolley out 2 -
Delay (worker brings sacks) 15 -
Filling sacks of mixed products 2 -
Stalking bags on one another 30 -

(continued)
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Table 4 (continued)
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Activity description Time (min) Distance (m)
Delay 20 10
Transport to nodulizer - -
Pouring into the nodulizer 5 5
Travel of one trolley of nodulizer to dry - -
Delay (kept for drying) 1 6
Transport of nodules to rotary kiln - -
Loading the rotary kiln for heating - -
Trolley filled with hot nodules - -
Quality check - 15
Transport to cooling room - -
Delay (cooling the nodules) 22 10
Transport of nodules to trunk 3 6
Transport of trunk to CBM machine 30 -
Pouring nodules into the CBM machine 4 -
Nodules filled into the sack 11 3
Transport to small sacks to fill the big sack - -
Delay (WIP) 3 5
Transport to BBM machines 45 -
Nodules poured into BBM machine 16 -
Filling final product in sacks out of BBM machines 14 3
Transport to storage - -

References

. Barnwal S, Dharmadhikari P (2019) Optimization of plant layout using SLP method. Int J
Innovative Res Sci Eng Technol 5(3):3008-3015. https://doi.org/10.15680/IJIRSET.2016.050
3046

. Bharsakade RS, Nandangiri O, Biyani N, Pazare S (2018) Layout improvement through lean
tools application for healthcare facility. Asian J Convergence Technol IV(I):5

. Chien TK (2004) An empirical study of facility layout using a modified SLP procedure. J
Manuf Technol Manag 15(6):455-465. https://doi.org/10.1108/17410380410547861

. Jerin Leno I, Saravana Sankar S, Victor Raj M, Ponnambalam SG (2013) An elitist strategy
genetic algorithm for integrated layout design. Int J Adv Manuf Technol 66(9-12):1573-1589
. Lin QL, Liu HC, Wang DJ, Liu L (2015) Integrating systematic layout planning with fuzzy
constraint theory to design and optimize the facility layout for operating theatre in hospitals. J
Intell Manuf 26(1):87-95. https://doi.org/10.1007/s10845-013-0764-8

. Mardberg P, Fredby J, Engstrom K, Li Y, Berglund J, Carlson JS, Vallhagen J (2018) A novel
tool for optimization and verification of layout and human logistics in digital factories. In: 51st
CIRP conference on manufacturing systems, vol 72. pp 545-550. https://doi.org/10.1016/j.pro
¢ir.2018.03.158

. Meiler RD, Gau KY (1996) The facility layout problem: recent and emerging trends and
perspectives. ] Manuf Syst 15(5):351-366. https://doi.org/10.1016/0278-6125(96)84198-7


https://doi.org/10.15680/IJIRSET.2016.0503046
https://doi.org/10.15680/IJIRSET.2016.0503046
https://doi.org/10.1108/17410380410547861
https://doi.org/10.1007/s10845-013-0764-8
https://doi.org/10.1016/j.procir.2018.03.158
https://doi.org/10.1016/j.procir.2018.03.158
https://doi.org/10.1016/0278-6125(96)84198-7

306

8.

9.

10.

11.

12.

13.

14.

15.

R. Bharsakade et al.

Muther R, Hales L (2015) Systematic layout planning. In: Management and industrial research
publications, 4th edn

Ojaghi Y, Khademi A, Yusof NM, Renani NG, Hassan SAHBS (2015) Production layout opti-
mization for small and medium scale food industry. In: 12th global conference on sustainable
manufacturing production, vol 26. pp 247-251

Perez-Gosende P, Mula J, Diaz-Madronero M (2021) Facility layout planning. An extended
literature review. Int J Prod Res 59(12):3777-3816. https://doi.org/10.1080/00207543.2021.
1897176

Shewale PP, Shete MS, Sane PDSM (2012) Improvement in plant layout using Systematic
Layout Planning (SLP) for increased productivity. Int J Adv Eng Res Stud I(III):259-261
Suhardini D, Septiani W, Fauziah S (2017) Design and simulation plant layout using systematic
layout planning. IOP Conf Ser: Mater Sci Eng 277(1). https://doi.org/10.1088/1757-899X/277/
1/012051

Sutari O, Rao US (2014) Development of plant layout using systematic layout planning (SLP)
to maximize production—a case study. Int ] Mech Prod Eng 2(8):1-4

Wiyaratn W, Watanapa A (2010) Improvement plant layout using Systematic Layout Planning
(SLP) for increased productivity. World Acad Sci Eng Technol 72(12):373-377

Ye M, Zhou G (2007) A local genetic approach to multi-objective, facility layout problems with
fixed aisles. Int J Prod Res 45(22):5243-5264. https://doi.org/10.1080/00207540600818179


https://doi.org/10.1080/00207543.2021.1897176
https://doi.org/10.1080/00207543.2021.1897176
https://doi.org/10.1088/1757-899X/277/1/012051
https://doi.org/10.1088/1757-899X/277/1/012051
https://doi.org/10.1080/00207540600818179

Study on the Flexural Strength of Glass )
Fiber-Reinforced M20 Grade L
Self-Healing Concrete Using a Novel

Technique Microbial-Induced Calcite
Precipitation

S. Hemanth and B. Ramesh

Abstract The objective of this study is to quantify the influence of glass fiber on
flexural strength of the M20 grade self-healing concrete by using a novel technique
microbial-induced calcite precipitation. Two groups consisting of 18 samples in
each were prepared for collection of data. One is prepared without the addition of
glass fiber and the other is with the addition of glass fiber. Bacteria bacillus subtilis
was prepared in the bioinformatics laboratory using a strain brought from Hi media
laboratories. The data were analyzed using statistical software called SPSS. The
mean flexural strength of bacterial concrete without fiber was 7.944 N/mm? and
the mean flexural strength of glass fiber-reinforced concrete was 8.666 N/mm?. The
significance of the events was 0.028 (p < 0.05). Glass fiber-reinforced M20 grade self-
healing concrete had more flexural strength compared to conventional M20 grade
self-healing concrete which were made by using a novel technique microbial-induced
calcite precipitation. The percentage increase in strength of glass fiber-reinforced
M20 grade self-healing concrete was 9%.

Keywords Flexural strength - Glass fiber + Reinforced - M20 grade - Self-healing
concrete *+ Novel technique - Microbial-induced calcite precipitation

1 Introduction

Bio-concrete is a self-healing form of concrete designed to repair its own cracks
by producing calcium in the cracks and that process is known as microbial-induced
calcite precipitation (MICP). Bacteria belong to the bacillus family and calcium
acetate was added to the concrete for self-healing [1]. A mechanism to increase life
span of concrete structure in the autonomous healing of cracks [2]. Today’s world
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brings different types of structures which are mostly high raised ones and require high
strength so this type of concrete can make it happen with low maintenance cost and
with good efficiency. It also shows a positive impact on the surroundings as well as on
the environment [3]. Bacterial concrete with fiber added to it has a lot of advantages
when compared to normal conventional concrete. Bacterial concrete automatically
fills the cracks which had formed in the concrete structure due to different factors
like weathering and load on the structure. It enhances the durability of cementitious
materials. It prevents the cracks at the earliest stage and reduces maintenance and
rehabilitation costs. It also minimizes corrosion in steel by filling the cracks [4].

A lot of research has been done on bacteria concrete by using a novel tech-
nique microbial-induced calcite precipitation previously by many scholars. Over the
last five years, several study articles have been published on this topic. There are
around sixty articles published in Google scholar and around thirty in PubMed jour-
nals. Application of bacteria as a self-healing agent for the creation of long-lasting
concrete, in which bacteria cement stone specimens appeared to create much more
crack-plugging minerals. The potential minerals of bacteria spores as self-healing
agents seem promising [5]. The capacity to repair wounds is one of the genuinely
astonishing characteristics of the biological system, according to modeling of self-
healing materials [6]. Self-healing materials are man-made materials that have the
built-in capability to repair damage [7-9]. The evaluation of concrete durability
improvement in a sulfate environment using bacteria demonstrates the examination
of concrete durability improvement in a sulfate environment using bacteria [10].

The impact of glass fiber-reinforced self-healing concrete in the flexural strength
of the concrete was not fully understood in any of the articles published in recent
years. In the past, researchers studied bacterial concrete and discovered the effect of
bacteria as a self-healing agent, as well as concrete characteristics such as compres-
sion strength, split tensile strength, and flexural strength. In this paper, the influence
of glass fiber-reinforced M20 grade self-healing concrete by using a novel technique
microbial-induced calcite precipitation was checked and the flexural strength was
quantified.

2 Materials and Methods

This research was carried out in the concrete slab of the Department of Civil Engi-
neering. The bacteria were produced in the Biotechnology lab, Department of Bioin-
formatics, Saveetha School of Engineering. There was a total of two groups prepared.
The first is made without glass fiber, whereas the second is made with it. The total
number of samples prepared for each group was 18 in total. Concrete prism of size
500 x 100 x 100 mm was prepared to find out the flexural strength of concrete.
Figure 1a shows the concrete prism of size 500 x 100 x 100 mm which was casted
and Fig. 1b glass fiber used for the study respectively [11]. Properties of the Glass
fiber were mentioned in Table 1. The fiber was brought from nectar composites,
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poonamallee, Chennai. Bacteria used for the preparation of biological concrete were
bacillus subtilis [12]. Bacillus bacteria are bacteria that belong to the bacillus family.

The bacterium strip, which contains 10 spores, was obtained from the hi medium
in T Nagar, Chennai. The materials used for the preparation of bacteria were also
brought from hi media, T Nagar, Chennai. Soybean casein digest medium (tryptone
soyabath), L-alanine (C3H7NO,) and manganous sulfate (Mnso4H,0) were employed
to cultivate bacterial cultures. Calcium acetate was employed in the calcite precipi-
tation process. In a mother culture, the bacteria were grown. Following that, bacteria
were produced in 100 ml glass tubes which is shown in Fig. 2. Then, the bacteria were
prepared in a 2-L jar. The amount of materials used for growing 2-L bacteria growth
were 60 gms of soybean medium, 0.4 gms of alanine, 0.2 gms of MnsosH,0, 200 ml
of water. Haecyometer was used to determine the bacteria concentration. The two-
liter media solution was shown in Fig. 2. A light microscope at 60x magnification
was used to check bacterial presence and viability in the culture which was shown

Fig. 1 a Concrete prism of size 500 x 100 x 100 mm which was casted. b Glass fiber used for
the study, respectively

Table 1 Properties of the

fiber which are added for the S. No_| Properties Values
group-2 samples (glass) 1 Length 20 mm

2 Modulus of elasticity 72.5 Gpa

3 Color White

4 Shape Straight

5 Density 0.94 g/cm’3

6 Reaction with water Hydrophobic

7 % of fiber added 3%

8 Amount of fiber used to cast 18 prisms | 1088.64 gms
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in Fig. 3. The cell concentration was discovered to be 107 cells/ml [13]. In compar-
ison with the water used to prepare the concrete, the percentage of bacteria added to
the concrete was 3%. Cement, fine aggregate, coarse aggregate, and calcium acetate
were utilized in concrete production. Cement (2.016 kg), sand (3.3 kg), and coarse
aggregate (6.3 kg) were combined to make one cement prism. Quantity of materials
required for the preparation of a single prism was given in Table 2. The water-cement
ratio was calculated to be 0.44. M20 grade was used in the concrete mix (1:1.5:3)
[14]. Calcium acetate was also put to the concrete, in addition to microorganisms.
With regard to prism size, 30% calcium acetate was added.

Fig. 2 a Growth of bacteria in a 100 ml tube and b 2 L reagent bottle with prepared media

=le " il

Fig. 3 Bacteria under a microscope of 60x magnification were used to check bacterial presence
and viability in the culture
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Table 2 Quantity of . .
materials required to cast a S. No Material Quantity (kg/L)
single sample (prism of 1 Cement 2.016 kg
dimension 500 x 100 x 2 Fine aggregates 336 kg
100 mm)

3 Coarse aggregates 6.3 kg

4 Glass fiber (3%) 60.48 gms

5 Water 0.88704 L

6 Bacteria 26.6112 ml

7 Calcium acetate 0.2 gms

Specimens were produced without the addition of fiber in the first group. The
second group was cast in an identical way as the first, with the exception of the
inclusion of fiber. The second group was created by mixing all of the foregoing
components with glass fiber. The water-cement ratio was calculated to be 0.44. M20
was the concrete mix (1:1.5:3) [15]. All of the ingredients were combined, and the
prisms were cast. For a period of 28 days, the cast prisms were submerged in water
to cure.

The prism’s flexural strength was determined using flexural testing equipment.
It possesses the following characteristics. 250 kN was the maximum load capacity.
It was operated by hand. The flexural testing machine’s ram dia was 90 mm. The
distance between the load roller and the supporting roller is 133 mm and 400 mm,
respectively. The flexural testing machine was shown in Fig. 4. Different equipment
was utilized to guarantee that the bacteria were alive and free of contamination during
the preparation process. The preparation jars, as well as the medium, are sterilized
in an autoclave first.

This is done to keep bacteria from being contaminated. Autoclave was a piece
of equipment that used steam under pressure to destroy bacteria, viruses, and even
spores, providing a physical form of sterilizing. In this experiment, the autoclave was
setto 121 °C for 15 min at a pressure of 15 1b/sec. Following the sterilization of the
jars, the bacteria were grown in a shaking incubator [16]. By shaking chemicals in
a 2 L reagent bottle, a shaking incubator might mix, blend, or agitate them. It was
run for four days at 37 °C and 90 rpm. The concentration of cells was found using
hectometer. The concentration of cells was found to be 107 cells/ml shown in Fig. 5.

After the bacteria had reached a stable stage, the bacterium cells were separated
from the medium using a centrifuge. A centrifuge is a device that separates different
components of a fluid using centrifugal force. The centrifuge was run at a speed of
4000 revolutions per minute at a temperature of 27 °C for ten minutes. The centrifuge
apparatus was shown in Fig. 6a. Finally, the extracted bacteria were added with the
distilled water which is shown in Fig. 6b. The extracted bacteria were mixed in with
the calcium acetate in the concrete. All of the aforementioned were blended together,
and prisms were created. For 28 days, the specimens were submerged in water for
curing. The water was 27 (£) 2 °C. After 28 days, the specimens were dried for
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Fig. 4 Manually handled flexural testing machine at the time of sampling testing which was used
for the study

Fig. 5 Graph representing the growth of the bacteria at a concentration of 107 cells/ml. It shows
that the bacteria growth is constant up to 6 h then it starts growing up to the maximum level then
again at a certain point it comes to the constant position
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testing. The tested specimens were shown in Fig. 7. The statistical analysis was
represented with respect to the bar chart in Fig. 8.

The flexural strength of 18 specimens from group-1, i.e., traditional self-healing
specimens, was determined. Similarly, the flexural strength of 18 specimens of group-
2, i.e., glass fiber-reinforced self-healing concrete specimens, was determined.

Fig. 6 a Centrifuge apparatus which was used for separation of the bacteria from the medium.
b Final collection of the bacteria after being mixed with distilled water

Fig. 7 Samples after testing on which the cracks are clearly visible
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comparison beween the mean flexural strenth of the conventional M20 grade self-healing concrete and Glass
fiber reinforced M20 grade self-healing concrete

&

Mean FLEXURALSTRENRTH
&

conventional self-healing concrete samples glass fiber reinforced self-healing concrete
samples
GROUPS
Error Bars: 95% CI

Error Bars: -1 SD

Fig. 8 Bar chart representing the comparison of mean flexural strength of glass fiber-reinforced
concrete and bacterial concrete (independent sample #-test means = =+ 1 SD). It shows that the mean
flexural strength is more in glass fiber-reinforced M20 grade self-healing concrete than conventional
self-healing concrete, where X-axis represents the conventional self-healing concrete, glass fiber-
reinforced self-healing concrete and Y-axis represents the mean flexural strength (N/mm?2) of the
samples

3 Statistical Analysis

The experiment’s results were evaluated with SPSS version 21 software. An indepen-
dent sample ¢-test was used to determine the statistical significance of the study and
control groups [17-19]. In this study, flexural strength, concrete grade, water/cement
ratio, cement grade, and curing days were all considered independent variables. This
tool was also used to calculate the mean and standard deviation of flexural strength.

4 Results

For both groups, the mean flexural strength was determined. The group-1 samples
have a mean flexural strength of 7.944 N/mm? which was given in Table 3, whereas
the group-2 samples have a mean flexural strength of 8.666 N/mm? which was given
in Table 4. When comparing group-2 samples to group-1 samples, the mean flexural
strength was found to be higher in group-2. The increase in mean flexural strength
in group-2 was 9% given in Table 5. The statistical parameters also show that there
is a substantial difference between the two groups. The standard deviation values for
both groups were found to be extremely low. Group-1 has a standard deviation of
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Table 3 Flexural strength value of the group-1 samples (conventional M20 grade self-healing
concrete samples)

Flexural strength of the conventional concrete (group-1)

S. No | Weight (Kg) | Collapse load (KN) | Flexural strength (N/ | Average flexural
mm?) strength (N/mm?)

1 13.18 16 8 7.9444 N/mm?

2 13.31 17 8.5

3 13.39 15 7.5

4 13.196 16 8

5 13.528 16 8

6 13.527 17 8.5

7 13.755 16 8

8 13.775 15 7.5

9 13.882 14 7

10 13.752 16 8

11 14.060 16 8

12 14.315 17 8.5

13 13.173 16 8

14 13.490 15 7.5

15 13.766 17 8.5

16 13.765 15 7.5

17 13.982 16 8

18 13.717 16 8

0.41618, whereas group-2 has a standard deviation of 0.23570. When the fiber is a
glass, the values were taken.

5 Discussion

The flexural strength of glass fiber-reinforced M20 grade self-healing concrete was
found to be greater than that of conventional M20 grade self-healing concrete in this
investigation. The data were statistically analyzed and compared using SPSS version
21 [20]. As a result, the addition of glass fiber to regular M20 grade self-healing
concrete strengthens the concrete in terms of flexural strength [21]. Similar results
were found by some other researchers in their paper as discussed below.

In recent years, research articles on bacterial concrete have shown mixed findings
in terms of flexural strength values. If the fracture in an FRCC with synthetic fibers
is smaller than 0.1 mm, the FRCC’s water-tightness will be recovered to the same
degree as an uncracked FRCC, regardless of fiber type [22]. As the maximum healable
crack width has more than doubled, a biochemical self-healing agent consisting of
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Table 4 Flexural strength value of the group-2 samples (glass fiber-reinforced M20 grade self-
healing concrete)

Flexural strength of the fiber-reinforced self-healing concrete (group-2)

S. No | Weight (Kg) | Collapse load (KN) | Flexural strength (N/ | Average flexural
mm?) strength (N/mm?)

1 13.487 18 9 8.666 N/mm?

2 13.276 16 8

3 13.288 17 8.5

4 13.590 18 9

5 13.479 17 8.5

6 13.600 16 8

7 13.114 15 7.5

8 13.665 23 11.5

9 13.520 16 8

10 13.569 18 9

11 13.540 17 8.5

12 13.228 16 8

13 13.558 18 9

14 13.556 15 7.5

15 13.842 16 8

16 13.067 17 8.5

17 13.908 18 9

18 13.069 21 10.5

a combination of bacterial spores and calcium lactate may be successfully applied
to promote and increase the self-healing ability of concrete using a novel technique
microbial-induced calcite precipitation [23]. In another paper, it was found that the
application of bacteria in concrete to compressive strength and tensile strength of
concrete increased with a decrease in permeability, water absorption, and corrosion of
reinforcement compared to that of conventional concrete [24]. The use of polymeric
capsules to obtain self-healing properties in concrete seems promising [25]. Both
self-healing approaches under investigation have some potential to be applied on
a real scale with both positive and negative results [26]. The utilization of glass
powder addition on the concrete relieves the provision, affordability, quality, and
contamination issue [27, 28]. There may be some factors that may affect the entire
investigation as it is a manual process and error may happen at any place and such
factors are a selection of aggregate size, water/cement ratio, grade of cement, air
voids, and compaction during casting [29].

The limitation of the study is that the result will be different if the percentage of
fiber is taken different other than 3% or if the fiber selected is different because the
fiber used for this study was only glass fiber and the concrete used was only M20
grade, only one type of bacteria was used for the self-healing purpose, i.e., bacillus
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subtilis. The testing apparatus which was used for sample testing was a manual one
so there may be some kind of error in the result [30].

By varying the concrete grade, bacteria kind, and other factors in the future, this
idea may function in a variety of ways. It may be done by combining several types of
concrete, microorganisms, and a superplasticizer to increase the strength value [31].
Fiber dispersion, bacterium distribution, and calcium carbonate formation may all
be studied using SEM and XRD analyses [32]. It has a great possibility since it is
a highly helpful idea for the construction industry that saves maintenance costs and
enhances the service life of the structure [33]. It may be discovered slowly by doing
various types of study on it.

6 Conclusion

The glass fiber-reinforced M20 grade self-healing concrete’s flexural strength was
determined w. The addition of glass fiber to M20 grade self-healing concrete can
enhance the concrete’s flexural strength, as demonstrated in this article. Flexural
strength increased by 9% as a proportion of total strength. Adding this type of fiber
to M20 grade, self-healing concrete can boost its strength, which is highly beneficial
and can extend the structure’s service life. This type of method is extremely beneficial
to buildings, as it leads to the development of new and creative construction materials.
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Spectroscopic Study of Eco-Friendly m
Slow Release Micronutrient Delivery L
System

Manpreet Kaur Takkar and Khushbu Gumber

Abstract For optimum plant growth, micronutrients are just as important as
macronutrients. These micronutrients are present in the soil naturally, but because
they are not phytoavailable, a way must be found to make them accessible to plants
from the outside. The highest quantity of nutrients supplied directly to plant systems
leaches off, causing soil toxicity rather than fortification, which is another signif-
icant difficulty. Therefore, one of the main considerations is the introduction of a
carrier material to improve the availability of the additional nutritional molecules.
To carry the copper micronutrients for a slow release study, nano-zeolite was used
in the design of the current study as a support material. FT-IR spectroscopy is used
to establish the synthesis of nano-zeolite (NZ) and the loaded nutrient NZ (LNZ).
And using UV-Visible spectroscopy as a foundation, the gradual release study of
the nutrient particles is created. As a result, the plant will have access to the doped
nutrients for the entirety of the crop culture time, which is great for promoting germi-
nation, development, flowering, and fruiting. The findings allow for the safe use of
produced LNZ materials as an environmentally friendly fertilizer.

Keywords Fertilizer - Copper - Nano-zeolite - Slow release + Micronutrient -
Spectroscopy

1 Introduction

Agriculture practices are essential for supplying food to people worldwide, but they
are currently dealing with a number of global problems. One such challenge is
the rapid population growth, which has put tremendous pressure on agricultural
productions, which must be raised while using the same constrained land and water
resources. As a result, the usage of fertilizers to enhance soil health increased signif-
icantly, enabling a quicker increase in output per hectare [5]. Fertilizers, however,
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contribute less to plant development and more to environmental challenges due to
their high solubility, which results in leaching losses of 40-75% [5, 16], all of which
have a negative impact on human health. Additionally, this wastes a substantial
amount of fertilizer, costing money. Together, all of these issues have the potential
to place a significant financial burden on society, which is a grave problem for both
developed and developing nations working to achieve sustainability. It is urgently
necessary to change agronomic practices by creating innovative, environmentally
friendly fertilizers that can also increase crop productivity by facilitating optimal
nutrient uptake.

Nanotechnology can help to promote sustainable agriculture by offering slow or
controlled release fertilizers, herbicides, and insecticides [1, 6, 11]. Numerous studies
have been done in this regard on the creation of nanoparticles or nano-composites to
promote plant growth through direct nutrient uptake or nutrient release over time. A
total of 16 nutrients are needed by plants, and 13 of those are normally absorbed from
the soil. Through progressive release, nano-fertilizers have helped to ensure that these
vital nutrients are always available to the soil. This gradual release encourages better
nutrient uptake by the plants, which leads to early germination, quicker growth, and
higher nutritional levels.

Zeolite is generally believed to benefit crop cultivation by enhancing soil quality by
boosting nutrient and water consumption efficiency, biological activity, and fertility,
and decreasing ammonia volatilization and soil salinity [8, 12—14, 17]. Zeolite’s
greater ability to retain nutrients in the soil makes nutrients more readily available
to plants for longer periods of time because of its sluggish rate of breakdown and
disintegration [11]. Given all of these advantages, zeolite has recently attracted a
lot of attention and is currently utilized to gradually supply plants with fertilizer
following small structural alterations [3, 7, 9, 10]. Only a little amount of study
has been done on using nano-zeolite as a slow release fertilizer, and it is done by
Subramanian et al. [15]. They showed that these nano-zeolites release nutrients over
a far longer length of time than standard fertilizers do, significantly reducing nutrient
leaching losses [15]. One of the crucial micronutrients for plants, copper is needed for
the development of chlorophyll, seeds, and other enzymatic processes that take place
in the plant system. Because of its lack, grain crops are more prone to illnesses like
ergot. Thus, copper serves as both a fertilizer and a seed priming agent, protecting
seeds from a variety of fungi.

In order to improve nutrient absorption capacity and reduce the likelihood of
fungal disease while minimizing the environmental effects brought on by the use
of conventional and environmentally hazardous materials, a simple and affordable
method for the synthesis of copper micronutrient loaded nano-zeolite system is
designed and analyzed for slow release in water.
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2 Experimental Section

2.1 Materials and Methods

Sodium hydroxide pellets AR (NaOH, caustic soda, 40 g mol™"), Al,(SO4)3.16H,O
(630.38 g mol™!), Na,Si03.9H,0 (284.2 g mol™!), C;HgO, (62.07 g mol~') were
purchased from Central Drug House India. CuCl,.2H,0 (170.48 g mol~!) was
purchased from Qualikems Fine Chem India. Fourier transformation infrared (FT-IR)
spectroscopy was used to analyze each manufactured composite material. On a Perkin
Elmer Spectra Two-IR Fourier-Transform spectrophotometer, the FT-IR spectrum of
nano-zeolite and its composite was captured in the 400-4000 cm™~' region. UV-
Visible analysis was used to check for micronutrient presence in the water release
research sample. On a SHIMADZU MODEL UV-1900, the UV-Visible spectrum
of the water release research was obtained between 200 and 1000 cm™!.

2.2 Synthesis of Loaded Micronutrient Nano-zeolite (LNZ)

According to a study by, Lateef et al. [4] nano-zeolite (NZ) was made using a modified
co-precipitation technique. In this procedure, ethylene glycol (2.5 ml) and sodium
silicate (22 g/30 ml distilled water) were added to a round-bottomed flask. To create
a uniform mixture, the mixture was swirled for a half-hour at a temperature of 50—
60 °C. Aluminum sulfate (7.87 g/25 ml) and sodium hydroxide (3 g/25 ml) were
added drop by drop to the aforementioned mixture while being continuously stirred
and heated at 50-60 °C. Following the whole addition, the pH of the mixture was
brought back to neutral using concentrated HCI. Thereafter, filtration and oven drying
at 100 °C were performed. The mixture was ground, then put into a muffle furnace
and calcined at 650 °C for five hours. The finished sample was chilled to room
temperature after calcination. The sample was marked as NZ and was gray in color.
Simply impregnating nutrients into nano-zeolite produced more LNZ. To get the
most nutrient impregnation into the nano-zeolite, a 5% solution of the micronutrient
(Cu) in the form of its salts (CuCl,.2H,0) was added to the previously synthesized
nano-zeolite in distilled water (5 g/10 ml). The finished product was then dried,
filtered, and finely ground. The final LNZ product was tagged and kept in an airtight
container.

2.3 Slow Release Studies in Water

By conducting an experiment in centrifuge tubes (15 ml) with 0.5 g of LNZ in distilled
water (pH 7) and acidic media, the seven-day gradual release or leaching pattern of
LNZ in water was determined (pH 5). Throughout the experiment, the volume of
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each tube was kept at the 5 ml threshold. To ascertain the release of nutrients over
the course of seven days, water samples in increments of 4 ml were taken at intervals
of 2 h, 24 h, 3 days, 5 days, and 7 days.

3 Result and Discussion

3.1 Characterization of NZ and LNZ

In Fig. 1, FT-IR spectra of NZ and LNZ are presented. Peaks at 1102.13 (doublet)
and 613.52 cm™! are attributed to AI-O and Si-O bending and stretching in the
zeolite (NZ) structure [4]. The peak shift in the FT-IR spectra for LNZ, or micronu-
trient doped nano-zeolite, to 979.32 (merged) and 709.77 cm~! for copper doped
micronutrient, respectively, relates to the nutrient incorporation into the zeolite struc-
ture leading to the doped product. The IR spectra for the NZ and LNZ are depicted
in Fig. 1.

3.2 Water Release Study

To examine the release pattern of LNZ for copper in water at two different pH
values, the UV-Vis spectral analysis was used (5 and 7). In both cases, experiments
were carried out in triplicate, and the findings were averaged out based on the total
amount of nutrients present in LNZ. The % release was estimated using a standard
curve created for cupric chloride at various concentrations (0.001, 0.005, 0.01, 0.025,
and 0.05 g/ml) showed in Fig. 2. The first indicator was that the release of nutrients is
much higher at pH 5 than in neutral medium, and the second was that there is a burst
release after a set amount of time, such as after seven days in neutral medium. Existing
research on slow release fertilizers, which reveals a substantial nutrient release in
an acidic medium, supports the findings [2]. Therefore, the synthesized sample’s
gradual release behavior can be used to promote germination, growth, flowering,
and fruiting.

4 Conclusion

The current study focuses on the synthesis of an environmentally friendly fertilizer
that is a slow release micronutrient carrier based on zeolite. In order to extend the
plant’s access to nutrients, nano-porous zeolite’s properties were used to integrate
micronutrients. The progressive provision of nutrients under neutral soil conditions is
further supported by slow release research, which reduces the traditional fertilizers’
tendency to leak from the soil. As a result, utilizing nano-fertilizers to boost plant
growth and productivity may open up new avenues for agricultural practice. Plant
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response to nano-fertilizers, on the other hand, varies depending on the plant species,
growth stage, and nanomaterial composition. The safety, bioavailability, and toxicity
of various NFs or NPs used in agricultural production should be the focus of future

research.
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Mechanical Behavior of Friction Stir )
Welded Al-Alloy AA6063 + 5%SiC,, e

Pardeep Gahlot, Narinder Kaushik (®, Naveen Hooda, Rajkumar Duhan,
and Rakesh Kumar Phanden

Abstract Friction stir welding of Al-alloy AA6063-5%SiCp was carried out by
applying various permutations of tool rotating velocity and tool traverse velocity
using vertical milling machine (VMC). FSW is termed as the green joining technique
of the present and future generation. In this research work, the welded joints have
been obtained by altering input variables at two-level variation ranges. Tool rotating
velocity, tool traverse speed and dwell time were the input variables in this experi-
mental research. Sound weld joints thus obtained were tested for various mechan-
ical properties, namely hardness, tensile strength, etc., during welding process. The
results showed that there is a sharp increase in the hardness and tensile strength of
the SiC particulate reinforced AA6063. The obtained results were complied with
graphs and optical images to analyze the exact behavior.

Keywords Friction stir welding (FSW) « VMC-vertical milling machine - FSW -
SiC,

1 Introduction

FSW does not need consumable filler material and can eliminate some welding faults
like cracks and porosity. It is usually referred to as a green welding technology as
well as a promising welding procedure that can produce high-strength joints [1].
The Welding Institute (TWI) invented friction stir welding in 1991 [2]. Numerous
researchers have used the FSW approach to combine comparable and dissimilar
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Fig. 1 Mechanism of friction stir welding process

metals, particularly aluminum alloys and its series, since its discovery [3—7]. When
welding aluminum alloys and aluminum-based composite materials, green welding
technologies like FSW approaches are preferable.

As in the case of solid state welding method, the metals does not undergo melting
and so the problems of cracks arising during solidification occurs. The other disad-
vantages of fusion welding like porosity, development of HAZ, segregation and
development of brittle intermetallics are also minimized. FSW promised to be the
most attractive solid state joining technique for the fusion of al-based alloys and
aluminum-based composites in producing variety of joints such as butt joints as
shown in Fig. 1 and lap joints, etc. [8, 9]. In order to impart properties that are
not achievable with discrete phases, metallic matrix composites are intermetallic
compounds made up of two or more chemically and physically distinct metal phases
that are implanted inside a metallic matrix [10].

The literature lists various manufacturing processes for creating aluminum matrix
composites. Based on the reinforcement and matrix material, a production method is
selected. The most popular, economical and practical method for creating AMCs is
stir casting. The right manufacturing technique has an impact on the microstructure
of the produced composite, the dispersion of the reinforcement particles into the alloy
matrix and the interfacial bonding of particles between the matrix and reinforcement
phase [11, 12].

In this paper, AA6063 reinforced with SiC, has been friction stir welded. The
parameters under consideration were tool feed rate, tool rotating velocity and dwell
time. The level of variation has been kept as two. The produced welds have been
examined for the tensile strength, macro hardness. The results have analyzed and
optimized using full factorial method, and each parameter’s percentage contribution
is calculated.
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2 Materials and Methods

In this experimental work, AA6063 reinforced with 5% particulate Sic composite
matrix was manufactured via stir casting method and cut in the dimensions of thick-
ness 6 mm, width 50 mm and length 100 mm. The optical pictures of as produced
AA6063 strengthen with 5% SiC particulates is shown in Fig. 2. AA6063 is an Mg-
Si alloy. AA6063 finds application in many industrial and architectural framework
irrigation pipes, tubes and automobile sector, etc. The welding samples, 100 x 50 x
6 mm, were butt welded using CNC milling machine with a special designed fixture
as shown in Fig. 3. In this experiment, the tool used was made to have pin geometry.
It was made from EN-24. The tools were made on the lathe machine and had cylin-
drical shoulder. The tool’s pin was threaded and tapered for speedy metal removal
and to facilitate the rapid transmission of heat from the metal. To strengthen the
tool’s strength, it was further heated in a muffle furnace to a temperature of 850 °C.
Tool rotational speeds of 1800 and 2300 rpm were used in combination with traverse
speeds of 20 and 40 mm/min and dwell time of 20 and 50 s as depicted in Table 1 to
produce the butt-welded joints. Full factorial method was used to prepare the matrix
for experimentation [8].

The samples for tensile testing were prepared in accordance with ASTM EOS8
standards. The test specimens have been set at 90° to the welding joint route and
then machined and finished as per test dimension specifications. Three testing speci-
mens for tensile examination have been cut from each plate to get the average tensile
strength across each joint. The 100 KN capacity of computer operated universal
tensile testing machine (FIE UNITEK-94100) was used to measure the tensile

Fig. 2 As-cast AA6063 + 5%SiC,
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Table 1 Experimental matrix

Sample number | Rotational velocity (rpm) | Traverse velocity (mm/min) | Dwell time (sec)
1 2300 40 20
2 2300 20 50
3 1800 40 50
4 1800 20 20
5 2300 20 20
6 1800 20 50
7 2300 40 50
8 1800 40 20

strength of the test samples. Specimens for measuring hardness were set in accor-
dance with standard metallographic procedures. A Brinell hardness tester at a load
of 100 kgf was used to measure the macro hardness of the samples [8].

3 Results and Discussion

3.1 Tensile Test

100 KN capacity of computer operated universal tensile testing machine (FIE
UNITEK-94100) was employed to measure the tensile strength of test samples at a
strain rate of 0.4 mm/min. Test samples were cut by using WEDM. The dimensions
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of the test samples were kept 20 mm x 10 mm x 6 mm as length, width and thick-
ness, respectively. Load against displacement and stress against strain graphs have
been plotted for the test samples. A relative plot as shown in Fig. 5 depicting the test
specimen number 5 with greater tensile strength at the weld nugget from all of the
8 test samples. The related welding parameters with the sample having maximum
tensile strength can be described as:

Tool spindle speed: 2300 rpm
Feed: 20 mm/min
Dwell time: 20 s.

For each weld sample, the rotating velocity, feed rate and dwell time were main-
tained constant during the whole experiment. An analysis of the variation in the
tensile strength was done using the tensile strength data that was gathered for several
samples at varied welding conditions. The graph that was created for all 8 samples
revealed that sample No. 5 had the highest tensile strength, which was 105 Mpa. The
graph unequivocally demonstrates the greater tensile strength of the low feed weld
area. Figure 4 displays an optical view of a 5% SiC Al AMC weld nugget. The sharp
increase in the tensile strength of sample no. 5 is due to the smashing of SiC particles
in the weld region which is depicted in Fig. 5 [13, 14].

_.;w TP~ T rd '”C?":-_‘
g Tt ?;“ﬂ&ﬂ’&& X

g " *€Thoroughly breaked SiC -

Fig. 4 Optical image showing weld nugget of 5% SiC Al AMC welded joint (sample no. 5)
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3.2 Macro Hardness Test

A Brinell hardness tester at a load of 100 kgf was used to measure the macro hardness
of the samples. The indenter diameter was 10 mm. The indentation was made on the
weld samples at the 5 points. These points are the weld center, 2 points in HAZ and 2
points on the base metal on the either side of the center. In each of the specimen, the
hardness was calculated at the middle of the weld and a graph is plotted to analyze the
sample with maximum hardness at the weld nugget and also to describe the related
welding parameters. In Fig. 4, the optical image showing the weld nugget of 5% SiC
Al AMC welded joint. The sharp increase in the hardness in weld zone of sample
no. 3 is due to the smashing and scattering of SiC agents in the joint area [13, 14].
The fine distribution of SiC particulates, and grain refinement in the weld nugget of
sample no. 3 with the associated welding parameters was responsible for the increase
in hardness. A sufficient amount of heat generated at the selected welding parameters
was responsible for the fine grain refinement and ultimately increase in the hardness
of the welded joint as displayed in Fig. 6.

The graph as shown in Fig. 7 represents the hardness of the various 8 samples
welded at different welding parameters. The graph clearly depicts that the sample no.
3 exhibits the maximum hardness of 138BHN with its associated welding parameters
as:

Tool spindle speed: 1800 rpm
Feed: 40 mm/min
Dwell time: 50 s.
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Fig. 6 Optical picture showing weld nugget of 5% SiC Al AMC welded joint (sample no. 3)
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4 Conclusions

FSW seems to be a useful method for joining AA6063 AMC strengthen with 5% SiC
particles. In this experiment, the FSW of 6 mm thick AA6063 with 5 weight percent
SiC composite plates was performed. It was determined how the eight samples of
AA6063/SiC matrix composite plates that were friction stir welded at various welding
conditions compared in terms of tensile strength and hardness. The welded joint’s
maximum tensile strength was seen at low feed rates and dwell times combined with
a high tool rotational speed of 2300 rpm. The sharp rise in tensile strength in the
weld nugget was caused by the fine grain structure, crushing, and scattering of SiC
particles. At lower tool rotating speeds of 1300 rpm, as well as high feed rates and
dwell times, the weld joint’s maximum hardness was noted. Due to the increased
quantity of SiC reinforcing agents in the nugget zone, some agglomeration was also
noted. The variance in the joints’ ultimate tensile strength is responsible for the
agglomeration. Agglomeration caused a reduction in UTS in some samples, which
was noted. Some locations in the joint showed variance in the joint’s hardness value,
and as a result, some locations showed a decline in hardness.
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3D Printing of Phase Change Materials: )
Issues and Challenges L

Deepak Kumar Yadav, Basant Singh Sikarwar, Arvind Kumar Gupta,
and Rajeev Kumar Singh

Abstract Latent heat storage offers most preferable technique for thermal energy
storage because of invariable working temperature and high energy storage density.
Latent heat storage systems use phase change materials (PCM) for energy storage.
These systems suffer from low thermal conductivity of PCM which elongates
charging and discharging time. A lot of research is being carried out to enhance the
performance of PCM by using high thermal conductivity additives and porous media
to enhance thermal conductivity, using cascaded or multistage latent heat technique
to ameliorate heat transfer uniformity, using encapsulated PCM and finned structure
to increase heat transfer surface. This paper reviews fabrication methods of PCM-
based system using 3D printing technique. In addition, the research gaps in this field
are also discussed and some recommendation for further research are also proposed.

Keywords PCM - Latent heat storage systems * 3D printing

1 Introduction

Today, there is a key issue for effective energy utilization due to concern over green-
house gas emissions and finite reserve of fossil fuels. PCMs for thermal energy
storage (TES) offer a viable solution for efficacious energy management and without
greenhouse gas emissions. PCM in TES systems enhances the storage efficiency and
these systems find their application in industrial (automobile, electronic, biomedical,
construction, textile, etc.) and domestic sectors. The utilization of PCMs in energy
storage systems preserves energy, improves reliability, and fills the gap between
supply and demand. PCMs exhibit high energy density with the capability to store
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and release large amount of thermal energy during melting and solidification, respec-
tively, at nearly constant temperature. These materials store and release energy in
the form of latent heat. PCMs include polymeric materials like polyethylene glycol
(PEG), organic compounds like fatty acids and paraffins and inorganic compounds
like salt and salt hydrates [1].

The desirable properties of ideal PCMs are high thermal conductivity in solid and
liquid phase, high energy density, high specific heat, insignificant volume change
during phase change, congruent melting, low vapor pressure at the operating temper-
ature, high nucleation rate, no supercooling, adequate rate of crystallization, non-
flammable, non-toxic, non-explosive, non-corrosive, long-term chemical stability,
and completely reversible freeze/melt cycle. Apart from this, it should be abundantly
available at low cost [2].

2 Conventional Manufacturing Methods for PCM Systems

The favored way of preparation of PEG-based phase change systems are chemical
modification for realizing PEG solid—solid PCM (such as polyurethane, hexamethy-
lene diisocyanate biuret, and halloysite nanotubes), physical blending of PEG with
other supporting materials (such as microcrystalline cellulose and graphene aero-
gels), and vacuum impregnation in porous materials (such as mesoporous silica)
[3]. The paraffin wax has large latent heat capacity but poor thermal conductivity
(~ 0.2 W/m K). The thermal conductivity of paraffin wax can be enhanced by using
nanoadditives like graphene [4], carbon nanotube [5], nanoparticles of zinc oxide,
alumina, titania, silica [6], copper oxide [7], etc. The paraffin wax is melted, and these
nanoadditives/nanoparticles are added and stirred. Upon cooling, the wax solidifies
with uniformly dispersed nanoparticles. This method is known as dispersion method.
Fins or extended surfaces render additional heat transfer surface in concentric double
pipe and shell and tube heat exchangers. In these systems, heat is dissipated from
inner tube surface and PCM is stored in annulus/shell. There is an increase in thermal
resistance between liquid PCM which is away from inner tube and solidified PCM
adjacent to inner tube during discharging. This results in poor heat transfer to the
liquid PCM. Attachment of fins to the tube renders superior thermal contact with heat
transfer surface resulting in decreased thermal resistance [8]. Paraffin wax can be
encapsulated in polymeric shell by cross-linking of polymerizable vinyl monomers
via facial suspension polymerization in order to enhance thermal conductivity as
well as latent heat [9]. Fatty acids like lauric acid, capric acid, palmitic acid, stearic
acid, etc., are used as PCM because of fairly high latent heat. Their melting temper-
ature can be adjusted by mixing different fatty acids in different proportions. The
constituent fatty acids are mixed in liquid state by melting them, holding them at that
temperature, and then solidifying at room temperature [10].

Salt hydrates possess moderate to high latent heat but large supercooling and
incongruent melting limits their use as PCM in thermal energy storage systems.
Anhydrous salt form solid crystalline structure in the presence of water in specific
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molar ratio and is then known as salt hydrates. The examples of salt hydrates are
sodium sulfate decahydrate (Na,SOy4-10H,0) (also known as Gauber’s salt), lithium
chlorate trihydrate (LiClO3-3H,0), potassium fluoride tetrahydrate (KF-4H,O),
dipotassium hydrogen phosphate hexahydrate (K,;HPO4-6H,0), calcium chloride
hexahydrate (CaCl,-6H,0), calcium nitrate tetrahydrate (Ca(NO3),-4H,0), sodium
thiosulfate pentahydrate (Na,S,03-5H,0), etc. As compared to paraffins, salt
hydrates possess lower material energy cost and high thermal energy density for
melting temperature over 20 °C. Upon charging (gaining heat), salt hydrates melts
and releases water and forms aqueous solution. There is insufficient released water
to completely dissolve anhydrous salt. This results in incongruent melting. Upon
discharging (releasing heat), anhydrous salt fails to recombine with water [11].

3 3D Printing Methods for PCM

3.1 Thermoplastic Polyurethane Blends

3D printing of thermoplastic polyurethane blends was performed using fused depo-
sition modeling (FDM) machine for sports applications to provide thermal comfort
to athletes. The polyurethane blends consisted of polyurethane and encapsulated
paraffin wax. The paraffin wax particles were encapsulated in melamine formalde-
hyde resin which formed hard shells of size ~ 20 jum. The paraffin wax had 85-90 wt%
in encapsulated particles with latent heat of 157-167 kJ/kg. Polyurethane in gran-
ular form was mixed with encapsulated particles in different proportions and then
extruded to form 1.75 mm diameter wire form to be used as filament material in
FDM machine. During 3D printing process, deposition rate, bed temperature, nozzle
temperature, and layer thickness were maintained at 40 mm/sec, 40 °C, 240 °C,
and 0.20 mm, respectively, in FDM machine as these were optimized parameter
for this composite. As the concentration of encapsulated particles in composite was
increased, melt flow index (MFI) was increased indicating enhanced flowability. The
melting and crystallization temperature of 3D printed composite were 5 °C and —
9 °C, respectively, and were almost invariable for change in encapsulated particles
concentration. With increase in encapsulated particles concentration, the ductility of
3D printed composite decreased (enhanced embrittlement). Higher elastic modulus of
shell material in composite was responsible for this embrittlement. In creep analysis
of 3D printed composite, no tertiary creep was observed and by increasing concen-
tration of encapsulated particles, decrease in creep compliance was observed. Latent
heat of 3D printed composite was 70 kJ/kg for encapsulated particles concentration
of 50 wt% [12].
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3.2 Concrete Mixed with PCM

The PCM was added to building materials and then it is 3D printed to obtain excel-
lent thermoregulatory properties. The PCM in concrete absorbs heat when ambient
temperature is rising and releases heat when ambient temperature is declining. In
this way, PCM enhances thermal comfort inside the building. The PCM consisted of
paraffin wax encapsulated in polymethyl methacrylate with particle size 2—10 pm.
Since 3D printers for printing concrete are not available commercially, so indige-
nously designed and built 3D printer with accuracy of 0.1 mm was used as shown in
Fig. 1.

Ordinary concrete mixture could not be used in 3D concrete printer because
limitations of fluidity, low compressive strength and extrusion efficiency and less
workability, plasticity, viscosity, and hydration rate. So certain additives were added
in concrete apart from PCM to enhance its viability to be used in 3D concrete printer.
Glass beads were added in concrete in place of fine sand to enhance compressive
strength and extrusion efficiency. Fly ash, hydroxypropyl methylcellulose, lithium
carbonate, and magnesium aluminum silicate were added in concrete mixture to
improve workability, viscosity, hydration, and fluidity, respectively.

As the PCM concentration was increased, the compressive and flexural strengths
were decreased by 24% and 44% and 4% and 39% for PCM concentration of 10%
and 20%, respectively, as compared to without PCM concrete mixture. Although,
the 3D printed hollow and solid blocks made by concrete mixture with PCM fulfilled
the minimum requirement of compressive strength from buildings code viewpoint.
The thermal conductivity of 3D printed concrete was also decreased with increasing

Nozzle tip
Diameter : 15mm

(@) (b)

Fig. 1 3D concrete printer a printing system along with nozzle b details of nozzle [13]
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concentration of PCM. This decrease was ~ 24% for both concentration of 10 and
20%. Interfacial gap and porosity in concrete were responsible for reduced thermal
conductivity. Maximum indoor temperature of 3D printed room was reduced to 6 °C
and 8 °C for PCM concentration of 10% and 20%, respectively. This decrease in room
temperature balances the grid load and reduces the building energy consumption [13].

3.3 Aluminum Silicon Alloy Grid

The thermal conductivity of PCM-based thermal energy storage system can be
enhanced by employing grid structure. These grid structures with complex shape
can be rapidly and accurately fabricated using 3D selective laser melting process as
shown in Fig. 2a—c.

The material for the grid structure was aluminum silicon alloy (AlSil0Mg) and
three types of grid structures, viz. uniform fin thickness, non-uniform fin thickness,
and tapering fin thickness were fabricated in heat exchanger as shown in Fig. 2a—c.
Two PCMs, viz. paraffin wax and myristic acid were used for the study. Due to highest
alloy content in case of non-uniform fin thickness heat exchanger, charging time was
fastest indicating more efficacious heat transfer. The charging power (W)/time (min)
was 450/9.67, 430/11, and 405/10 and discharging power (W)/time (min) was 670/
6, 545/7.85, and 604/7.33 for uniform fin thickness, non-uniform fin thickness, and
tapering fin thickness type heat exchanger, respectively, for paraffin wax. Discharging
time was shorter as compared to charging time in all three cases because of higher
temperature difference between heat transfer fluid and melting temperature of PCM.
Also discharging power was more as compared to charging power in all three cases
for paraffin wax as PCM. Heat transfer was enhanced due to 3D printed alloy grid
skeleton which escalates the phase transition rate of the PCM which was responsible
for enhanced efficiency of heat energy storage and release. The superior performance
of grid type heat exchanger was accredited by low convection thermal resistance and
high conduction. Similar results were obtained for myristic acid. Average power
for massive phase change were 435 W and 895 W during charging and discharging
respectively for myristic acid PCM [14].

3.4 Fused Filament Fabrication

The composite PCM can be 3D printed using fused filament fabrication. For it,
composite is made in wire form (wire diameter 1.75 mm) using extrusion process
then it is supplied to heated nozzle of the fused filament system. The composite
consists of polymer and PCM. Fused filament system prints the structure as per
computer-aided design (CAD) using composite wire.

High density polyethylene (HDPE) and PureTemp 42 were used as polymer and
PCM, respectively, for making wire of 1.75 mm using the extrusion process to use
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(©)

Fig. 2 Grid type heat exchanger a uniform fin thickness b non-uniform fin thickness and ¢ tapering
fin thickness (I, I, and Il in a indicating orthogonal grid, parallel grid, and grid spacing, respectively)
made by 3D selective laser melting machine [14]
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in fused filament system. This system printed the composite PCM by moving the
nozzle in X- and Y-directions. Pure PCM and pure HDPE had melting temperature
of 44 °C and 133 °C, respectively, while PCM and HDPE in composite had melting
temperature of 40 °C and 124 °C, respectively, in case of 3D printed structure.
Similarly, for the same 3D printed structure, the latent heat of melting for pure
PureTemp 42 and pure HDPE was 64 kJ/kg and 120 kJ/kg, respectively. The thermal
conductivity of 3D printed composite PCM was 0.365 W/m K which was in between
the thermal conductivity of pure PCM (k = 0.276 W/m K) and pure HDPE (k =
0.576 W/m K) [15].

3.5 Aluminum Honeycomb with Prickly Structure

3D printed aluminum honeycomb with prickly structure (3D Al-Hc) was filled with
paraffin wax (PW), expanded graphite (EG), high-density polyethylene (HDPE),
and carbon fibers (CF) by melt blending to make form stable composite phase
change material (CPCM). Prickly structures were extended surfaces inside hexag-
onal structure. These prickly structures were added to enhance compressive strength
and thermal conductivity of CPCM. In this CPCM, paraffin wax acted as phase
change material, expanded graphite, and high-density polyethylene acted as support
material, whereas role of carbon fibers was to enhance thermal conductivity.

Experimental investigation revealed that PW (82.5 wt%)/EG (7 wt%)/HDPE
(6 wt%)/CF (4.5 wt%)/3D Al-Hc attained maximum thermal conductivity (5.723 W/
m K). The thermal conductivity of same CPCM with honeycomb structure (i.e.,
without prickly structure) attained was 4.465 W/m K. This indicated the role of
extended surface in increasing thermal conductivity. Reduction in the carbon fiber
content lowered the thermal conductivity of CPCM. Increase in carbon fiber content
lowered the melting temperature and enhanced the freezing temperature of CPCM.
There was a trend of decrease in latent heat of fusion and freezing with increase
in carbon fiber content. Compressive strength in increasing order was PW/EG/
HDPE/CF, PW/EG/HDPE/CF/Al-Hc (i.e., simple hexagonal structure and without
prickly structure) and PW/EG/HDPE/CF/3D Al-Hc. The deformation for 100 kPa
compressive stress in these CPCM was 8 mm, 4.9 mm, and 1.25 mm, respectively
[16].

3.6 Biopolymer

The polyester polycaprolactone, which is a biopolymer, is a suitable candidate mate-
rial for additive manufacturing technology. This polymer can be processed in fused
deposition modeling system. Shape stabilized composite PCMs (SS-CPCM) were
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formed by mixing paraffin RT27 (Rubitherm) and Micronal DS5040 (Microencap-
sulated PCM) (Microtek Labs) in it via dissolution method. Experimental investiga-
tion demonstrated that increase in PCM content enhanced the latent heat of fusion
in both SS-CPCM (i.e., polycaprolactone + RT27 and polycaprolactone + Micronal
DS5040). No significant change was observed in melting temperature of RT27 and
polycaprolactone for RT27 content from 10 to 60% in RT27-based SS-CPCM. Due
to shell damage during SS-CPCM formation, slight variation in melting temperature
of Micronal DS5040 was observed for DS5040 content from 10 to 60% in DS5040-
based SS-CPCM. There was no significant change in the melting temperature of
polycaprolactone in this CPCM for all wt%.

Different objects were printed (as shown in Fig. 3) by fused deposition modeling
method using polycaprolactone/RT27 (20 wt%). These 3D printed material had latent
heat of fusion and melting temperature as 10 kJ/kg and 27 °C, respectively. The 3D
printed material had lower latent heat of fusion than material formed by dissolution
method. Reduction in latent heat capacity of 3D printed material can be attributed to
high temperature of extruder which was responsible for phase separation in composite
PCM. Enthalpy loss was detected in both SS-CPCM after large number of thermal
cycling [17].

Fig. 3 3D printed sample
using polycaprolactone/
RT27 (20 wt%) [17]

Y
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3.7 Cold Source Design

In selective freezing 3D printing process, there is a requirement of uniform temper-
ature over the substrate and platform. Methods for this requirement are application
of PCM, peltier cooling, and metal block cooling. Among these methods, PCM is
capable to provide uniform temperature over the entire surface of substrate/platform.
In order to print uniform porous structure by selective freezing 3D printing process,
uniform temperature of substrate is prime requirement.

Aqueous ammonium chloride and sodium chloride in different concentrations
were tried as PCM to obtain cold source in selective freezing 3D printing process.
Both aqueous salts were capable to provide extremely stable temperature up to
150 min that was sufficient for one printing round. Higher concentration of aqueous
salts resulted in longer phase change time which was the desirable characteristic of
selective freezing 3D printing process. 400 ml volume of aqueous salt was sufficient to
provide cold temperature up to 4 h in selective freezing 3D printing process. Fin struc-
ture in platform enhanced heat transfer efficiency resulting in a more stable cooling
system. Fin structure in platform doubled the phase change duration compared to plat-
form without fin structure. Spatially temperature of the platform was fairly constant
till 70 min indicating that PCM can provide stable temperature for this duration in
selective freezing 3D printing process. More homogeneous interior structure was
obtained when parts were fabricated using PCM as cold source [18].

3.8 Hydrogel as the Cooling Phase Change Medium

One of the probable applications of hydrogel is in cooling, where it acts as phase
change material. Water-based hydrogels possesses the property of stability, non-
toxicity, eco-friendliness, affordability, superior softness, biocompatibility, wetness,
and bioactivity. High water content in it provides liquid like attributes like trans-
parency to optical and acoustic waves and permeability to different types of biolog-
ical and chemical molecules to it. Water content in it absorbs heat which makes
water-based hydrogels a candidate material for cooling devices.

A CPCM, consisted of layers of Ca-alginate/polyacrylamide hydrogel and poly-
dimethylsiloxane (PDMS), was demonstrated a suitable material for cooling appli-
cation. In this CPCM, PDMS served as thermal insulation barrier and prevented the
dehydration of hydrogel layer. This CPCM can absorb large amount of water. It was
experimentally demonstrated that optimum value of water in hydrogel was 85 wt%
to control the temperature increment rate by maintaining a balance of conduction
pathway between polymer network and water. A linear relationship was obtained
between cold retention capacity and hydrogel layer thickness in CPCM. If hydrogel
layer thickness increases, cold retention capacity also increases. Cooling capacity
of CPCM increased by 60 min for every added layer of hydrogel. Hydrogel with
80 wt% and 95 wt% water exhibited highest young’s modulus (1500 kPa) and
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highest flexibility, respectively. Toughness of hydrogel decreases with increasing
water content. Experimental investigation demonstrated that for optimum overall
performance (Young’s modulus: 1.4 x 10° Pa and minimum cooling capacity:
192 min) was obtained for 85 wt% water content in hydrogel. Introduction to fumed
silica in hydrogel enhanced flexibility as well as cooling capacity.

3D printing of the CPCM was performed by stereolithography process. In this
process, cross-linking of polymer was initiated by UV light. The printed hydrogel
lattice indicated super-elastic performance suitable for sports applications. In uniaxial
compression test of printed sample, deformation was fully recoverable below 80%
strain. Large improvement in the cooling capacity of the hydrogel was observed if
PDMS was filled into porous lattice structure of hydrogel during 3D printing [19].

3.9 3D Printing of Polyethylene Glycol with Form Stabilized
Cellulose Nanofibrils

Most existing PCM suffer from instability, leakage, fossil fuel-based origin, and
volume change. There is a need to develop a PCM that is leak proof, form stable,
and tunable melting temperature. A form stable phase change nanohybrid (PCN)
was formed by polyethylene glycol (PEG) and cellulose nanofibrils (CNFs) through
aqueous blending process. CNF originates from renewable sources like microorgan-
isms, wood, and plants. In this PCN, cellulose nanofibrils served as matrix with its
content varying 15-25%. Molecular mass and fusion temperature of PEG varied
from 600 to 8000 and ~ 20-65 °C, respectively. PEG and CNF were crystalline and
amorphous, respectively. Solid to gel transition takes place in PCN as opposed to
conventional PCM, where solid to liquid transition takes place during phase change.

The PCN was 3D printed by bioprinter with pneumatic print heads. The substrate
in this printing was plastic Petri dish and rectilinear infill pattern was followed for
fabrication. PCN film had failure at 1% strain and corresponding tensile strength was
28 MPa. Due to physical interactions and high miscibility of CNF with PEG, PCN
exhibits form stable structure at the melt state. It is experimentally demonstrated that
thermal energy stored during melting and released during solidification increased
with increasing content of PEG. Larger molecular mass of PEG resulted in higher
latent heat. The stored and released heat in PCN was 81-146 kJ/kg and 71-142 kJ/
kg during melting and crystallization, respectively, for PEG molecular mass of 600—
8000. Reduction in fusion temperature was obtained as CNF content increased. The
thermal conductivity of 3D printed PCN (75% PEG 4000) was 0.040 W/m K. The
PCN is suitable for thermal management of waste heat generating electronics, smart
energy buildings, and aerospace equipment [20].
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4 Conclusions

3D printing is versatile fabrication method that has enormous possibilities for CPCM
fabrication. Fused deposition modeling is suitable for printing polyurethane-based
CPCM, HDPE-based CPCM, and polycaprolactone-based CPCM. This process
requires the CPCM to be extruded into wire of diameter 1.75 mm. This wire later on
used as feed material in extrusion head. This process can be controlled by varying
deposition rate, bed/platform temperature, nozzle temperature, and layer thickness.
To print concrete-based PCM, large sized printer with extruding nozzle is required
due to the large size of the building structure. The CPCM suitable for this 3D
printing application must have high compressive strength and extrusion efficiency,
good workability, viscosity, hydration, and fluidity.

The application of grid structure in PCM-based thermal energy storage system
enhances the thermal conductivity of the system. 3D selective laser melting process
is suitable for printing aluminum silicon alloy-based grid structure. Various geome-
tries can be printed using this technique based on design. Similarly, aluminum honey-
comb with prickly structure, printed using 3D printing process, enhances the thermal
conductivity of CPCM.

3D printing process can be improved by using PCM. In selective freezing 3D
printing process, ammonium chloride and sodium chloride can be used to make
platform temperature uniform spatially and temporally. Stereolithography can be
used to print Ca-alginate/polyacrylamide hydrogels which can hold large amount of
water. These hydrogels are CPCM and suitable for cooling applications. PEG-based
PCM can be 3D printed using bioprinter. In this CPCM, high PEG loading is possible
due to the affinity of cellulose nanofibrils.

5 Future Methods

3D printing of HDPE, polyurethane, and polycaprolactone-based CPCM was demon-
strated using fused deposition modeling technique. Other polymers with same PCM
or same polymers with other PCM can also be printed using same technique. Further
evaluation of thermal cycling for long-term stability, leakage issues, and mechanical
testing including tensile and flexural testing should be conducted on these CPCMs.
Geopolymer is a candidate material in building material. The possibility of 3D
printing of geopolymer-based CPCM should be explored. In case of grid structure
to enhance thermal conductivity of CPCM, more grid design (with fin)/grid material
like copper, etc., should be investigated by 3D printing process to obtain maximum
thermal conductivity.
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Challenges and Possibilities )
in the Welding of Advanced L
High-Strength Steels

Marcell Gaspar ® and Raghawendra P. S. Sisodia

Abstract Innumerous industrial fields, there is a demand for the application of high
strength steels (HSS). Steel producers have an increased attention to develop new
generation of HSS with good weldability properties. The users of HSS in welded
structures generally face with the problem of cold cracking, significant deterioration
of mechanical properties in the heat-affected zone and the arising questions related
to the mismatch ratio between the base and the filler material. Gas metal arc welding
(GMAW) is the commonly used technology for HSS, although welding equipment
with the function of advanced pulsed process variants is recommended to achieve
minimized heat input and acceptable penetration at the same time. Beam welding
processes can offer new opportunities with the combination of preheating, welding
and post-weld heat treatment by the same heat source. Present paper provides a brief
overview about weldability challenges and the advanced technological solutions
regarding HSS. A strong relation can be identified between the steel processing
route, weldability and the recommended welding technology.

Keywords High strength steels + Weldability - tg/s cooling time + Beam welding
processes

1 Introduction

In order to realize sustainable development, the reduction of CO, emission is one
of the key factors. The structure of vehicles is often needed to fulfil different
expectations. On the one hand, weight reduction should be realized to reduce the
fuel consumption, and so the pollutant emission. On the other hand, more safety
and convenience device should be implemented into the vehicles which can easily
increase their weight. The weight reduction and the fulfilment of safety require-
ments at the same time cannot be imagined without high strength steels (HSS).
Besides vehicle industry, HSS also appears in different kind of welded structures,
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where the main motivation is basically originated from aesthetic considerations of
designers for slim structures. Therefore, there is an increasing demand nowadays for
the application of HSS, although their welding, especially in the higher grades, is
challenging for welding engineers.

By the combination of special rolling (e.g. thermomechanical rolling) and heat
treating technologies, and the application of various microalloying elements, the steel
producers aim to develop new generations of HSS with good elongation, toughness
and weldability properties [1]. Since the origin of high strength is often originated
from a partially or fully martensitic microstructure, especially in the higher grades,
therefore the irreversible change of the non-equilibrium microstructure should not be
neglected. In the heat-affected zone (HAZ), softened and brittle subzones can form
depending on the welding heat cycle and peak temperature. Present paper provides an
overview about the development tendencies and microstructural background of HSS,
HAZ characterization and weldability difficulties, mismatch phenomena, welding
process window (tg/s), post-weld heat treatment (PWHT) and the advanced welding
technologies (e.g. pulsed MIG/MAG, beam welding processes).

2 Steel Grades and Their Production

The available highest strength structural steels have nearly four times higher yield
strength than a structural steel one hundred years ago (Fig. 1). Although the ratio
between yield and tensile strength is increasing towards one by the upper steel grades,
so their plastic reserve is relatively low. Thanks to the implementation of quenching
and tempering (Q&T) high strength steels have been produced with outstanding
toughness properties for decades. These steels have generally a tempered marten-
sitic and partially bainitic microstructure with relatively high (0.15-0.25) carbon
content, alloying with Mo, Cr, Ni and microalloying elements (Al, Ti, Nb, Zr, V
and B) depending on the steel producers. The high yield strength can be origi-
nated by the martensitic-bainitic microstructure, grain refinement, solid solution of
alloying elements and higher dislocation density. Although they are outstanding base
materials, their relatively high carbon equivalent raises numerous difficulties during
welding.

By the appearance of thermomechanical rolling (TMCP), the same yield strength
can be achieved by less carbon content and less macro alloying elements, however
microalloying has also an important role in their case. Their microstructure is gener-
ally bainitic-martensitic with even finer grain size compared to Q+T steels. Their
widespread application is limited by their plate thickness in the range of medium-
thick plates since the thermomechanical rolling cannot be realized in larger cross
sections. In case of both production routes, the steel producers try to minimize
the contamination (especially S, P) content to guarantee high toughness at low
temperature.
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Fig. 1 Development trends (a) of high strength structural steels and their mechanical characteristics
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3 Weldability Challenges

When the weldability of a given structural steel is investigated, the first step is to
analyse its position in the Graville diagram (Fig. 2), which separates structural steels
into three zones rated by their ease of weldability: zone I easily weldable, zone II
weldable with care and zone III difficult to weld. The diagram highlights that with
increasing carbon equivalent, the weldability decreases but it also emphasizes the
extremely important effect of carbon content on weldability. In Fig. 2, the positions
of different steel grades were determined based on the information provided in the
3.1 type base material certificate of several steel producers according to EN 10204.
Based on the diagram, Q+T steels generally fall into the most problematic third area
indicating high cold cracking sensitivity, while advanced TMCP steels fall into the
zone I, so they are expected to be welded without the risk of cold cracking and the
necessity of preheating.

In HSS, cold cracks can occur both in the weld (transversal direction) and HAZ
due to the presence of hydrogen, brittle microstructure and residual stresses. The risk
of cold cracking is relatively high in Q+T steels if too low welding heat input is used
without preheating.

Another significant phenomenon is the deterioration of mechanical properties in
HAZ. Depending on the steel category and welding heat input, hardened and softened
zones can form. Especially hardened, brittle coarse-grained zone (CGHAZ) is iden-
tified in Q+T steels, while in TMCP steels, generally lower hardening is observed.
The toughness can also significantly reduce in HSS, and not only in CGHAZ, but in
the intercritical zone (ICHAZ), too. In multipass welding, especially the intercritical
coarse-grained zone (ICCGHAZ) can be considered as the lowest toughness with the
presence of local brittle zone (LBZ), especially in Q+T steels. The problem with the
low impact energy in HAZ that it cannot be quantified with non-destructive testing
(NDT), while cold cracks can be generally identified by penetration testing (PT) or
ultrasonic testing (UT).

The third weldability problem of HSS is the limited availability of matching filler
metals. While steel producers can optimize the microstructure with the combination
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Fig. 2 Different structural steel grades in the Graville diagram

of heat treating, rolling and alloying, filler material producers’ only chance is to find
the ideal alloying elements to achieve the desired mechanical properties. Matching
type filler materials, with increased amount of nickel compared to base material,
nowadays are available up to the S1100 grade, however in case of S1300, only under-
matching consumables can be selected. Depending on the location of the welded joint
in the welded structure and the loading circumstances, numerous research investi-
gate the effect of mismatch ratio on the fatigue resistance of the welded joints [2].
There are combinations of base and filler materials when undermatching can be more
advantageous, while in other case, matching consumable is more expedient.

Since in welded structures, gas metal arc welding (GMAW) is the commonly used
technology, therefore the presence of increased porosity may occur. Compared to
mild steel, all literature emphasize that minimal welding heat input is recommended
to HSS to preserve the mechanical, especially toughness properties. However, in
practice, low welding heat input may increase the porosity level if the proper precau-
tions (e.g. surface cleaning, grinding between the layers, appropriate purity level
of shielding gas) are neglected. Due to the short welding cycle and so the fast
solidification, there is not enough time for gas to leave from the weld pool.

4 Technological Considerations

During the welding technology planning, a relatively narrow tg;s cooling time range is
recommended for HSS (e.g. 6-10 for S960QL, 515 for S960M). The tg;5 conception
considers the effect of preheating and welding heat input together. However, in many
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HSS grades, there is not any theoretical background for the investigation of this 800—
500 °C interval, since generally austenite to martensite transformation occurring
during welding under 500 °C depending on the chemical composition.

Nowadays, GMAW is the spready used welding technology for HSS. Especially,
there is a great future for the application of advanced process variants which can
minimize the welding heat input and the HAZ extension with ensuring the appro-
priate weld penetration at the same time. Since waving of the weld torch should be
avoided, therefore the weld built-up generally includes more welding pass compared
to conventional steels. In order to achieve acceptable productivity, the application of
metal-cored wire electrode can be prosperous.

There is an increasing tendency for the application of laser and electron beam
welding processes for HSS. The core advantage of both technologies is the high
energy density, and so deep penetration with minimal HAZ area. During special
applications, both heat sources can be used for preheating and PWHT. Solutions
can be elaborated when the welding and PWHT is realized by the same heat source
equipment. Thanks to PWHT the risk of cold cracking can be minimized and the
toughness of weld and HAZ can be significantly increased after welding.

5 Conclusion

In present paper, a short overview is provided about different high strength steel
grades and their production, weldability and technological considerations. There is a
strong relation between the steel processing route, weldability and the recommended
welding technology. Thermomechanically rolled steels seem to be less sensitive to
welding heat input in terms of the deterioration of mechanical properties in the heat-
affected zone (HAZ) compared to quenched and tempered steel. Within gas metal
arc welding, advanced pulsed process variants with metal-cored wire electrodes are
the most prosperous, while the application of beam welding technologies can be
advantageous due to the minimized area of weld and HAZ and to the opportunity of
post-weld heat treatment by the same heat source.
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Abstract Materials have been an important part of human life from its very exis-
tence. Especially metals have played a vital role in the development of human kind.
From tools to utensils, metals have been used extensively. In today’s scenario, pure
metals and metal alloys have become a bit less popular as compared to metal matrix
composites (MMCs). This has happened because of the extraordinary properties
possessed by MMCs. Properties such as high compressive and yield strength, good
creep and wear resistance, good fatigue and corrosion resistance, ability to with-
stand high temperatures, high thermal conductivity and low coefficient of thermal
expansion make MMCs suitable for most demanding applications such as aerospace,
defense, surgical, automobile, structural and thermal management applications.
MMCs have gained popularity over the years due to above-mentioned properties
which distinguish them from pure metals and traditional alloys which possess very
few of them taken together. There are several ways for the synthesis of MMCs such
as sintering, powder metallurgy (P/M), squeeze casting, liquid infiltration and stir
casting. This paper presents the latest developments in the field of metal matrix
composites reinforced with carbon nanotubes (CNTs) including synthesis and appli-
cations. Some of the classical papers from the past have also been included to
present a comprehensive picture as far as microstructure and alignment of CNT
within the metal matrix is concerned. The paper indicates toward the challenges in
the processing of CNT-reinforced MMCs and also points toward the potential future
applications of these materials in the future.
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1 Introduction

The requirement of materials in the last few decades has changed to a great extent
due to changing requirements of domestic and industrial applications [1]. There
are different materials for different needs which arise out of requirements of the
society. The usage of these materials leads to the discovery of newer materials which
can substitute the older ones in functionality and performance [2]. The selection
of materials is based on their physical and chemical properties [3]. For instance, a
structural material is required to posses’ good compressive strength. The physical
and chemical properties of a material generally make them suitable for a desired
application [4]. Composite materials are the ones which two different materials are
joined together in such a way that their combined physical and chemical properties
result in the final properties of the composite. In composite materials, the constituent
materials which are joined together remain in their individual form, bearing their
own properties, while the properties of the composite are a result of their combi-
nation composite materials which are being used in the society from the time of
oldest civilizations [5]. In today’s world, metal matrix composites (MMCs) have
gained tremendous popularity due to their extraordinary properties as compare to
pure metals and metal alloys [6]. Properties such as high tensile and compressive
strength, low weight to strength ratio high endurance limit, high resistance to creep,
high thermal conductivity, low coefficient of thermal expansion, high scratch resis-
tance, high wear resistance and excellent corrosion properties make MMCs stand
apart as the choice of material for human kind [7]. MMCs are used in wide range of
applications such as aerospace, defense, medical and surgical equipment, automo-
tive components and locomotives [8]. CNT-aluminum composites are found to be
extremely efficient against wear with very good temperature resistance, hence are
most commonly used in aerospace applications. Cu-CNT composites having very
low thermal expansion coefficient and extraordinarily high thermal conductivity up
to the order of 6000 W/m-K are generally used in thermal management applications.
Various research works have shown that Cu-CNT composites have very high strength
and damping properties, hence is used in structural applications [9]. The addition of
CNT in CU matrix not only increases wear resistance but also improves electrical
conductivity, hence it is used in high energy electrical applications. CNT-reinforced
steel nano-composites are potentially identified as structural materials for future
with respect to petroleum industry. However, there are some challenges associated
with uniform dispersion of CNT in steel matrix and alignment of CNT within the
matrix. Various researchers have suggested solutions to these challenges and future
applications of CNT-reinforced steel composites [10]. In automobile industry, brake
shoes and cylinder liners are manufactured using CNTs due to their low density
and high strength with excellent wear resistance. Aircraft brakes and landing gears
are also produced with CNT-reinforced MMCs due to the aforementioned proper-
ties. Heat sinks for thermal management in electronic devices like large servers,
databanks and high performance computers use CNT-reinforced MMCs due to their
excellent thermal properties [11]. MMCs have at least two constituents; one of them
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is required to be a metal. Other constituent can be a ceramic material or any other
material suitable for a specific application. MMCs which have more than two compo-
nents are known as hybrid MMCs. These hybrid MMCs also necessarily have one
base metal, in which two or more other constituents are added which are known
as reinforcements [12]. There are several materials which are used as base metals
such as Al, Fe, Cu and Ti. The reinforcements which are added in to the base metal
matrix can be ceramic or non-ceramic in nature and are generally added to provide
specific properties to the MMCs. The ceramics are generally added as reinforce-
ments in order to provide hardness, wear resistance and corrosion resistance to the
MMCs [13]. The electronic devices and machines are reducing in size which creates
a requirement of smaller components with desired properties in light MMCs [14].
CNTs are thin rolled graphene sheets. Graphene sheet is rolled in itself to create
singled walled carbon nanotube (SWCNT) when these tubes are attached to other tube
creating concentric multiple tubes, then the material is called multi-walled carbon
nanotube (MWCNT) (Fig. 1). CNTs are known to possess extraordinary properties
like extremely high thermal conductive (6000 W/mK), high yield strength (Up to
100 GPa) and extremely high stiffness. These CNT fibers can transform the proper-
ties of a metal completely and make it suitable for a demanding application [15]. In
graphene-reinforced composites, the reinforcement materials are equally important
as the matrix material as far as improvement in the properties of the composite is
concerned [16]. In this paper, studies pertaining to recent articles on CNT-reinforced
MMCs have been included with highlights on methods and materials and character-
ization. This paper discusses various research works carried out in the last 5 years
in the field of CNT-reinforced MMCs. The need of this work is that very few review
papers are present on CNT-reinforced MMCs. Although there are many research
gaps as far as studies on CNT-reinforced MMCs are concerned [17]. These research
gaps are listed asunder:

Uniform distribution of CNT in the metal matrix.

Orientation of the CNTs upon application of stress and heat.
Effect on microstructure of metal matrix upon addition of CNTs.
Effect of CNT properties on the microstructure of the final MMC.
Effect of processing parameter on the properties of the MMC.
Effect of matrix attributes on the composite properties.

AR e e

2 Introduction

There are several methods available for synthesis of CNT-reinforced MMCs; the list
of prominent methods is indicated in Fig. 2. Although all the methods are useful for
synthesis of CNT-reinforced composites, powder metallurgy (P/M) remains as the
most popular method for synthesis of CNT-reinforced MMCs. Electro-deposition
acts as the second most popular method especially in case of thin film deposition
of metals on CNTs and vice-versa. Metals having low melting point are processed
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Fig. 1 Multi-walled carbon nanotube (MWCNT)

through liquid processing techniques such as stir casting and squeeze casting, and
liquid processing may also be used in case of metals such as aluminum and copper
[18].

Methods for Synthesis
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Fig. 2 Prominent methods for synthesis of CNT-reinforced MMCs
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2.1 P/M Method

In P/M process, metal powders are created using ball milling or other similar tech-
niques and are mixed with CNTs by grinding or mechanical alloying [19]. After
proper mixing of metal powder and CNTs, compaction is done. This is done by hot
or cold pressing and the consolidated mixture is heated in a sintering furnace. This
sintering process may also be done through spark plasma sintering (SPS). SPS is a
recently developed technique, in which pulsed direct current is passed which creates
extraordinarily high temperature in a very short span of time. This process is better
as compared to traditional sintering as it does not allow the MMC for grain growth.
Hence, superior quality MMC is synthesized in less time. Generally, after sintering,
the CNT-reinforced MMCs are subjected to some forming process such as rolling
and extrusion. Hindrances in synthesizing the composites through P/M method are
listed as under:

Even distribution of CNTs in the matrix.

Conservation if the aspect ratio of fibers in the composite.

Developmental reactions at the interface between CNT fibers and metal matrix.
Compound formation at the interface as a result of CNT-metal bonding [20].

S

2.2 Liquid Processing

This type of processing is also referred to as melting and solidification; it is one of
the most primitive and traditional processing techniques for metals, and this method
is simpler and cheaper as compared to the other methods but there are chances of
generation of unwanted compounds at metal-CNT interface as a result of the chemical
reaction. Hence, this method is primarily used for metals with low melting points
such as Mg [21-24]. Another drawback of this method is formation of clusters of
CNT which remains suspended in the matrix thereby resulting in non-homogenous
distribution of reinforcement phase. This phenomenon is known as agglomeration
[6]. Very few papers are present which indicate about the distribution of CNTs in
the metal matrix. Also, this process involves porosity in the casted MMCs which
may reduce the endurance limit of the MMCs [25, 26]. The addition of even a small
amount of CNT may enhance the mechanical properties of the formed MMC [24, 27].

2.3 Thermal Spray

In thermal spray process, particles in molten or semi-molten form are sprayed on a
substrate thereby forming a coating due to the impact of high velocity high temper-
ature particle and its solidification [19]. This process has large cooling rates which
help in the formation of nanocrystalline structures. Depending on the heating source



362 G. Kumar et al.

utilized for conducting this process, it can be classified into flame process and plasma
process. In flame process, high temperature flame is used for melting the material to
be sprayed on the substrate, which may be obtained by combustion of gases as in case
of oxy-acetylene flame. In plasma spray, high temperature plasma is used for heating
the particles, and this plasma is stream of ionized gases by means of a spark or radio
waves. The properties of MMCs synthesized by means of high velocity oxy-fuel
(HVOF) spraying were found to be better than the ones synthesized through plasma
spray especially with reference to modulus of elasticity and hardness. This could be
attributed to the low porosity of the MMCs synthesized through HVOF [28].

2.4 Deposition Methods

Electro-deposition is a technique which involves breaking of material into ions by
means of passage of electric current in the presence of electrolyte. These ions are
deposited on the other material. Electro-deposition is mainly used for Ni-CNT [29—
33] and Cu-CNT [34-37] MMC:s as indicated in past literature.

2.5 High Energy Ball Milling (HEBM)

High energy ball milling is the process of converting bulk metal, alloys and other
high-strength materials in the powder form. The metals and alloys generally possess
coarse-grained structure which is broken down in the form of powder for use in
various applications. The breaking of bulk material occurs because of the cyclic
loading induced by the action of hardened steel balls in high energy ball mill. The
minimum particle size produced through HEBM is of the order of 1-30 nm [38].

3 Characterization

Ngo et al. compared the microstructure and mechanical behavior of pure Al- and
CNT-reinforced composites [39]. It was found that strength of the composites was
more that pure Al both in static and dynamic loading. Orowan strengthening mecha-
nism was the closest to the phenomenon noted in the study. The increase in strength
was higher in case of dynamic loading than in static loading. The agglomeration of
CNTs was given due consideration in the study as clusters of CNTs were seen in
the microstructure. The general model which considers uniform distribution of rein-
forcement phase was not considered for strength prediction rather a new prediction
model which considers the effect of agglomeration was considered for the prediction
of strength [39]. Wang et al. prepared a model representing multiphase interfacial
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structures of SiC/CNT/Al composites. The study revealed that there was signifi-
cant increase in ductility, toughness and uniaxial tensile strength [40]. Qiu et al.
prepared ex situ and in situ CNT-reinforced Al matrix composites through spark
plasma sintering. It was found that in situ processed composites showed better strain
hardening behavior than ex situ processed composites [41]. Usef et al. prepared Al
alloy-CNT MMCs through gravity die casting. It was observed from the study that
interfacial heat transfer coefficient increased around 4% of the existing value [42].
It resulted in reduction in grain size at the interface. The strength and hardness was
also found to improve due to grain refinement and strengthening mechanism [42].
Kim et al. fabricated Ag-CNT/Cu composites through friction stir welding [43]. The
comparison between CNT/Cu composites and Ag-CNT/Cu composites revealed that
thermal diffusivity was enhanced when Ag-CNT was used as reinforcement in the Cu
matrix. The number of passes was also found to increase in case of the latter one. It
was observed that beyond two passes, the thermal properties were found to diminish,
which means that at there was a certain combination of parameters which yielded best
thermal properties [43]. Zhang et al. prepared the Mg matrix composites using cold
gas dynamic spray with Al coating with and without CNTs. The modulus of elasticity
and hardness of the composites with coating of Al with CNT was found to be higher
than the ones containing pure Al coating. The corrosion and wear resistance of the Al-
CNT coating composites were found to be lower than the pure Al coating composites.
The enhancement in corrosion resistance was found to be seen due to filling of pores
and inhibition to crack propagation by the CNTs [44]. Graphene nanosheets coated
with Ni nanoparticles were used as reinforcements in the Mg matrix by Ye et al. [45].
Interfacial bonding was found to improve between graphene nanosheets and Mg due
to reaction between Mg and Ni particles. The compressive strength was found to
improve significantly due to grain refinement and improved interfacial bonding [45].
In a study conducted by Luo et al., CNT-reinforced Al alloy matrix composites were
prepared using selective laser melting. The Al alloy powder was created using ball
milling process. The hardness and tensile strength of the composites were found to
increase significantly as compared to the original matrix [46]. Abbas et al. fabricated
CNT-reinforced Mg alloy matrix composites through stir casting. The wear rates
were found to reduce significantly and the hardness was found to increase due to
homogeneous distribution of reinforcement phase in the metal matrix [47]. Figure 3
indicates the worn-out surfaces of CNT-reinforced Mg alloy. Hu et al. fabricated
the graphene nanosheets-reinforced Al matrix composite through P/M route, and the
tensile strength of the formed composite was found to be 249 MPa which was 62%
more than the pure Al matrix [48]. Hu et al. also prepared graphene-iron composites
through laser sintering technique and the hardness was found to be 600 HV which
was 93.5% more than the original matrix material [48]. Chen et al. observed that
during effective load transfer in the Al matrix composites reinforced with CNTs, the
outer walls of CNTs were damaged, while the inner walls remained intact and stable
which lead to the conclusion that CNT-reinforced MMCs possess extraordinary prop-
erties for structural applications [49]. Azarnia et al. observed the CNT phase at high
temperatures and it was found that CNTs do not lose their original properties up
to 2000 °C [50]. Up to this temperature, CNTs do not attain any allotropic form
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Fig. 3 Worn out surfaces of CNT-reinforced Mg alloy composite [47]

and preserve their original properties. Merino et al. produced the polyvinyl alcohol
composites reinforced with CNTs through magnetic stirring and sonification. The
composites were found to possess enhanced mechanical properties as compared to
the base material [51]. Naseer et al. reviewed the works done on CNT MMCs and
focused not only on the popular sintering technique but also on the less popular but
important techniques such as shot peening, annealing, hot extrusion and hot rolling
[52].

4 Challenges

Although addition of CNTs in the metal matrix as reinforcement enhances the prop-
erties of the composite to great extent, it has some challenges associated with it.
These challenges have been enumerated below as reported by Azarnia et al. [53]:

1. Non-uniform dispersion of the CNTs in the metal matrix [54].
Poor interfacial adhesion.
3. Thermal decomposition of CNTs and reaction with the metals.

5 Conclusions

The development of CNT-reinforced composites has shown remarkable progress in
the recent past, wherein CNT-reinforced MMCs have been used in thermal manage-
ment, hydrogen storage, wear resistant coatings, structural members and micro-
electromechanical systems (MEMS). The use of CNTs in metal-based composites
has been marked with increase in strength and stiffness. The use of CNTs as reinforce-
ment in Ni- and Cu matrix-based composites has shown lower friction coefficient and
improved wear rates. It has been observed that the CNT-metal interface has been one
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of the deciding factors for determining the strength of the composite. If the bonding
is not proper than load sharing by CNTs will be non-homogeneous and there will be
weak sections in the composite material [11].

After reviewing the quoted articles, following conclusions can be drawn:

1. Homogeneous distribution of CNTs in the matrix is essential for enhancement
hardness and strength.

2. Compound formation with some secondary agent like Ni acts as a catalyst in
interfacial bonding of CNTs with the metal matrix.

3. Length of the CNT and its alignment in the matrix is one of the factors, on which
mechanical properties of the composite depend.

4. Wear rates, tensile strength and compressive strength are found to be improved
due to the presence of CNT in the reinforcement phase. This may be attributed
to the fact that CNTs prevent crack propagation and fill the pores.

5. Thermal properties are found to enhance due to the presence of CNTs in the
matrix up to certain reinforcement concentration beyond which they are found
to decrease.
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Abstract The dynamic response of composite production risers w.r.t periodic and
erratic waves was derived in the time domain. The harmonic superposition method
is used to model the time series of sea surface elevation, water particle kinematics,
and vessel top motion in the context of random sea states. Instantaneous updates
to the stiffness matrix account for the intrinsically unpredictable variations in axial
tension. Time domain examination of the riser structure takes into account some
significant nonlinearities. For a range of tides typical of the deep offshore fields
in the Indian Ocean, the bending stresses in the presence of variable axial tension
are calculated. Obtaining power spectral density functions helps researchers look for
signs of resonance. As a result of their high strength-to-weight ratio, composite risers
are highlighted in the research as a potential means of increasing safety margins. In
order to provide input for the probabilistic evaluation of riser safety in a harsh ocean
environment, we extract the statistical features of the reaction, which are of stochastic
nature.

Keywords Nonlinear - Random sea + Composite riser + Dynamic analysis

1 Introduction

Risers are long slender pipes used to establish connection between the drilling facil-
ities on an offshore platform and an oil well head at the seabed. Production riser
systems are used to transport fluid and gas from an underwater oil field to an offshore
platform. There is a special sort of pipeline called a riser that was designed for this
purpose of vertical transfer. Existing risers are typically manufactured from steel.
Many academics, however, have been looking at composite risers for some time
now, and not only for shallow water applications. The advantages of composites are
not limited to their lightweight construction; they also offer superior fatigue strength,
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damping, thermal (insulation), and corrosion resistance. For a tension leg platform
system, components are reduced by switching from traditional riser to composite
risers, and the transition is unavoidable despite the high cost of riser fabrication.

Institute Francais du Petrole (IFP) and Aerospatiale of France [1, 2] began the
first effort to construct and analyse a composite production riser back in the 1980s.
The concrete TLP that the IFP/Aerospatiale riser was made for is between 500 and
1000 m deep in the sea. Midway through the 1990s, the industry came together for
a project funded by the NIST Advanced Technology Programme (ATP) to create
the first composite production riser [3, 4] and the first composite drilling riser [5—
7]. Another industry-wide initiative, the Magnolia composite production riser [8],
was only just launched. This project aims to prove that a composite production riser
joint can be fabricated that meets all of the same specifications. A 3D nonlinear big
deformation model for maritime risers was created by Bernitsas et al. [9]. Nonlin-
earities’ stiffening effects and the loads’ dependence on deformation are highlighted
as crucial considerations for both two- and three-dimensional riser studies.

Multiple parametric investigations on the response of composite risers to dynamic
excitations to the regular wave have been published using the aforementioned tech-
niques. Even yet, a literature review reveals that further parametric research is
required to fully comprehend the dynamics of composite risers subjected to random
wave stress. This paper’s goal is to examine how changing the following variables
affects the reaction of composite risers:

(i) Nonlinearity’s produced by drag force and fluctuation in top tension.
(i) Long-term periodic platform motion
(iii) Current in hydrodynamic loading.

2 Mathematical Model of Composite Riser

Including the riser joints, the composite riser system includes a wellhead, two stress
joint, one tensioner joint, and one surface tree (Fig. 1). The present study includes
some number of steel riser joints and will be used near to the stress joint and mean
water level, where significant local loads are anticipated.

Principal modelling assumptions for composite risers are as expounded by Singh
and Ahmed [10].

2.1 Motion Equations

To demonstrate the evolution of the dynamic equation regulating the motion of the
riser under the anticipated horizontal action of hydrodynamic loading, the riser is
considered to undergo mostly horizontal movements. Singh and Ahmed [4] have
formulated the equation for it. To compute this force, we assume the mass of the
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riser’s separate components is consolidated into a single mass. From [10, 11], the
equation follows:

[MU{x} + [Cl{x} + [KI{x} = {F()} (D

where the terms are expounded in [10].

The riser system’s total mass matrix comprises of structural mass and additional
mass component. The riser system’s overall mass matrix is composed of elemental
consistent mass matrices.

[M] = [Men] + [Mea] (2)

where [M_em] represents the element’s mass and [M_ea] represents the increased
mass effect. Up to the level of still water, the submerged part of the riser is evaluated
for an increased mass impact.

Due to the water surrounding the whole structure, the [M_em] structural mass
of the element is determined by the extra mass of the structure M_ea. Consid-
ering the oscillation of the free surface, Wheeler’s method simulates this changeable
submergence effect. The structure’s extra mass per unit length is provided by

xD? ..
My = pw(Cry — 1)TX 3)

where py, Cny, D, and X are the density of water, the moment of inertia, the diameter
of the member, and the acceleration of the structure, respectively.
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The stiffness matrix includes both elastic and geometric stiffness. Due to the
mechanical qualities of the riser, such as Young’s modulus and Poisson’s ratio, the
riser has elasticity. The geometric stiffness matrix is not a function of mechan-
ical qualities, but rather the geometry of the riser and the force exerted against it.
Geometric stiffness occurs in all structures; however, it is only significant if it is
greater than the structural system’s mechanical stiffness. The exhaustive stiffness
matrix [K] may be expressed as

[K] = [Ke]l + [Kq] “4)

where [K] = Total stiffness matrix, [Kg] = Elastic stiffness matrix, [Kg] =
Geometric stiffness matrix.

The damping matrix [C] is not explicitly specified, but it is assumed to be a linear
combination of [M] and [K]. Therefore, it is necessary to know the modal damping
ratio to calculate the dynamic response of the riser.

Structural and hydrodynamic damping provide the overall damping for the full
riser system. Significant damping is caused by the hydrodynamic effect. Rayleigh
damping calculates the structural damping as follows.

[C] = «a[M] + BIK] ®)

where ‘o’ and ‘B’ are the constants.

2.2 Loading Equation

Hydrodynamic loading owing to random wave and current is regarded as a source of
dynamic loading in this research [10]. Using Morison’s equation for hydrodynamic
loading under some assumption, the equation { F(¢) }is (Fig. 2) [11]

1 . . . . . . T .. .
{F(t)} = EpchD(Ui — X+ V) |Ui — & + V| + pszszU,- —m.i, (6)

where m is the mass of the riser per unit length and is given by [4].

2.3 Finite Element Model

Using the finite element approach, it is feasible to do a study of a composite deep
water riser subjected to time-varying hydrodynamic stress and real-world physical
circumstances. In genuine field issues, both wave and current hydrodynamic stresses
operate concurrently on composite risers. In the FEM, the riser’s structure as a whole
behaves as a continuum. This model is capable of including all nonlinearities, loads,
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and boundary conditions. The ABAQUS/AQUA module of the commercial finite
element package ABAQUS is deemed acceptable for this project. A second argument
for using ABAQUS is because its module AQUA represents an offshore environment
accurately.

Using the aforementioned finite element algorithm, the motion equation has been
resolved. It can describe thin and stiff bodies with realistic boundary conditions, such
as fluid inertia and viscous drag. All forms of important nonlinearities are integrated
into the model of the composite riser. In the study, the B21H element is used. It is
a Timoshenko beam element, which is used because it is suited for long buildings
with huge cross sections. In addition to displacements and rotation, axial and shear
forces are major variables for hybrid elements.

The bottom end of the riser is hinged, while the top end is horizontally constrained.
The approach incorporates nonlinearities caused by substantial deformations, vari-
able in time, submergence, buoyancy, and power of resistance.

2.4 Composite Riser Specification

The study includes the composite risers in deep water (approximately 2000 m).
Consideration is given to a general composite riser design (Fig. 1) that is indica-
tive of current technology in the Krishna Godavari basin in the Indian Ocean. The
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composite riser assists to establish probability approach and comprehend the sensi-
tivity of numerous components leading to composite riser failure scenarios. The riser
system includes the well head, the stress joint, the steel riser joint, the composite
joint, the tensioner, and the surface tree. For this research, an 1860-m long single-
string composite riser system is explored. The length of each composite riser joint is
18.9 m. The composite riser joints stretch from 31.1 m to 1906.25 m in height. Above
1220.42 m, fairings will be fitted to minimise vortex-induced vibration (VIV). There
is a standard steel riser junction between the top of the stress joint and the bottom of
the composite riser, and there are two steel joints between the top of the composite
riser and the bottom of the tensioner joint. Singh and Ahmed [10] have shown the
specifications of the composite riser.

3 Results and Discussion

This section contains validation study, static, and dynamic analysis carried out for
the composite riser mentioned in the above section.

3.1 Validation Study

It is essential to conduct the validation research, in which the acquired findings are
compared to previously published data. A 639-element beam model is subjected to the
stresses and the axial tension, bending moment profiles, and natural frequencies are
derived. Stress Engineering Services, Inc. matched the study’s findings to previously
published results and existing finite element analysis data. The magnitudes of the
applied loads are as described in the preceding section. The charts for axial tension
and bending moment along the elevation from the sea bottom in Fig. 3 of the validation
study are in excellent agreement with existing data.

3.2 Static Loads of Composite Riser

For static loading, just component weights and top tension are applied to the model.
Depending on the service situation, the top tension is typically 1.5 times more than
the total of the riser weight and the effective weights of all the joints. Keeping the
whole composite riser under tension serves primarily to regulate its deflection and
avoid buckles caused by axial compression. In this investigation, a tension factor of
1.3 is used, resulting in a notional peak tension of 141.8308 kN.

The tensioner’s stiffness is set at 596.94 kN/m. Due to the fact that the top tension
exceeds the entire effective weight, the riser system is stretched when the weight
and top tension are applied. When the basic setup and tensioner are complete, the
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platform’s mean offset is implemented. The highest offset is 109 m. The lateral
displacement of the composite riser is seen in Fig. 4.

On the same, deep water composite riser stated in this section. For the following
load situations, dynamic responses have been obtained: I regular waves (ii) random
waves. The period (Hs, Tz) of 15 m—15 s and 15 m—10 s was selected for the current
research in order to investigate the behaviour of the composite riser under severe,
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Fig. 4 Lateral displacement of the composite riser

near-resonant, and non-resonant dynamic excitations. The offset for the composite
riser is determined to be 109 m.

Effect of Normal Wave on Composite Riser.

Figure 5 depicts simply the plot for the 15 m/15 s (Case I) regular wave. It
was observed, that the regular wave time domain analysis underestimates the riser
system’s bending stress because it does not accurately describe the actual wave state,
in which many regular waves coexist.
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Fig. 5 Regular wave time history
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3.3 Effect of Random Waves Without Current on Composite
Riser Response

To study the effect of long-crested random sea on composite riser, bending stress
time histories are plotted. Figure 6 show the plots under 15 m/15 s (Case II) random
sea states for bending stress time history. Maximum and minimum bending moments
are taken at every node from its corresponding moment time histories. Bending stress
history is plotted. Bending moment envelope is drawn and is shown in Fig. 7.

Maximum bending stress is calculated using flexural equation at point just below
the sea surface, where maximum bending moments are observed.
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4 Conclusions

In time domain, a P-M spectrum simulation of the sea state is used to conduct a
dynamic study of a composite riser for an irregular, long-crested, random sea. In the
study of the dynamic response, the relative velocity squared drag term, the long-term
drift oscillation, and the present velocity are taken into account. Until steady state
is established, time records for different outcomes are created. For the random sea
state alone, the reaction of the structure is dictated primarily by the excitation force
resulting from the dominant sea state under consideration. Maximum bending strains
are seen towards the riser’s apex in the wave splash zone. In the given scenario, the
frequency response at low frequencies predominates. When the current velocity is
added to the water particle velocity in the calculation of the hydrodynamic loading,
the composite riser’s dynamic response may be significantly altered. The magnitude
of change is determined by the ratio of wave period to structure period. For the
resonance situation, the addition of a modest current may result in a significant shift
in dynamic responsiveness. It has been discovered that the addition of no current
velocity to a random sea with lengthy crests reduces the bending stress.
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