
Lecture Notes in Mechanical Engineering

Chander Prakash
Sunpret Singh
Grzegorz Krolczyk
B. S. Pabla   Editors

Advances 
in Materials 
Science and 
Engineering
Select Proceedings of ICFMMP 2019



Lecture Notes in Mechanical Engineering

Series Editors

Fakher Chaari, National School of Engineers, University of Sfax, Sfax, Tunisia

Mohamed Haddar, National School of Engineers of Sfax (ENIS), Sfax, Tunisia

Young W. Kwon, Department of Manufacturing Engineering and Aerospace
Engineering, Graduate School of Engineering and Applied Science,
Monterey, CA, USA

Francesco Gherardini, Dipartimento Di Ingegneria, Edificio 25, Università Di
Modena E Reggio Emilia, Modena, Modena, Italy

Vitalii Ivanov, Department of Manufacturing Engineering Machine and tools,
Sumy State University, Sumy, Ukraine



Lecture Notes in Mechanical Engineering (LNME) publishes the latest develop-
ments in Mechanical Engineering—quickly, informally and with high quality.
Original research reported in proceedings and post-proceedings represents the core
of LNME. Volumes published in LNME embrace all aspects, subfields and new
challenges of mechanical engineering. Topics in the series include:

• Engineering Design
• Machinery and Machine Elements
• Mechanical Structures and Stress Analysis
• Automotive Engineering
• Engine Technology
• Aerospace Technology and Astronautics
• Nanotechnology and Microengineering
• Control, Robotics, Mechatronics
• MEMS
• Theoretical and Applied Mechanics
• Dynamical Systems, Control
• Fluid Mechanics
• Engineering Thermodynamics, Heat and Mass Transfer
• Manufacturing
• Precision Engineering, Instrumentation, Measurement
• Materials Engineering
• Tribology and Surface Technology

To submit a proposal or request further information, please contact the Springer
Editor of your location:

China: Dr. Mengchu Huang at mengchu.huang@springer.com
India: Priya Vyas at priya.vyas@springer.com
Rest of Asia, Australia, New Zealand: Swati Meherishi at
swati.meherishi@springer.com
All other countries: Dr. Leontina Di Cecco at Leontina.dicecco@springer.com

To submit a proposal for a monograph, please check our Springer Tracts in
Mechanical Engineering at http://www.springer.com/series/11693 or contact
Leontina.dicecco@springer.com

Indexed by SCOPUS. The books of the series are submitted for indexing to
Web of Science.

More information about this series at http://www.springer.com/series/11236

mailto:mengchu.huang@springer.com
mailto:priya.vyas@springer.com
mailto:swati.meherishi@springer.com
mailto:Leontina.dicecco@springer.com
http://www.springer.com/series/11693
mailto:Leontina.dicecco@springer.com
http://www.springer.com/series/11236


Chander Prakash • Sunpret Singh •

Grzegorz Krolczyk • B. S. Pabla
Editors

Advances in Materials
Science and Engineering
Select Proceedings of ICFMMP 2019

123



Editors
Chander Prakash
School of Mechanical Engineering
Lovely Professional University
Phagwara, India

Sunpret Singh
Centre for Nanofibers and Nanotechnology
National University of Singapore
Singapore, Singapore

Grzegorz Krolczyk
Opole University of Technology
Opole, Poland

B. S. Pabla
Department of Mechanical Engineering
National Institute of Technical Teachers
Training and Research
Chandigarh, India

ISSN 2195-4356 ISSN 2195-4364 (electronic)
Lecture Notes in Mechanical Engineering
ISBN 978-981-15-4058-5 ISBN 978-981-15-4059-2 (eBook)
https://doi.org/10.1007/978-981-15-4059-2

© Springer Nature Singapore Pte Ltd. 2020
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore

https://orcid.org/0000-0001-9592-4828
https://doi.org/10.1007/978-981-15-4059-2


Preface

The book entitled Advances in Materials Science and Engineering, by Springer,
aims to present the comprehensive and broad-spectrum picture of the state-
of-the-art research, development, and commercial perspectives of various discov-
eries conducted in the real-world materials science and their applications. This book
also presents the various synthesis and fabrication routes of functional and smart
materials for universal applications such as materials science, mechanical engi-
neering, manufacturing, metrology, nanotechnology, physics, biology, chemistry,
civil engineering, and food science. Indeed, the content of this book has opened
various scientific horizons which are proved to be of utmost beneficial for uplifting
the standards of the day-to-day practices in the biomedical domain. Noticeably,
myriads of innovations in the materials science and engineering are transforming
our day-to-day life in an extraordinary manner. This book has captured all the
aforementioned trends of the materials science and engineering. With this, we are
highly confident that this contribution will benefit all the readers in different ways.

Phagwara, India Chander Prakash
Singapore Sunpret Singh
Opole, Poland Grzegorz Krolczyk
Chandigarh, India B. S. Pabla
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A Brief Study on the Heterogeneity
of the P91 Welded Joint

Sachin Sirohi, Chandan Pandey, and Amit Goyal

Abstract The gradient microstructure occurs along with the P91 steel pipe welds
joint which has been characterized in detail. The welding thermal cycle results in
variation in mechanical behavior along the welded joint that leads the degradation
in the mechanical performance of the welded joint at elevated service temperature
in power plants. The gas tungsten arc welded (GTAW) joint has been subjected
to as-welded and heat treatment conditions to study the role of heterogeneity on
microstructure across thewelded joint and themechanical properties. TheP91welded
joints have been subjected to tempering at 760 °C for 2 h (HT1) and post-weld
normalizing and tempering (HT2). The precipitation hardening, quenching stress in
welded joint and martensite softening are mainly associated with heat treatment.
A negligible variation in hardness and microstructure has been observed across the
welded joint for HT2 treatment.

Keywords P91 · GTAW · Heterogeneity ·Welded joint ·Microhardness

1 Introduction

The 9Cr-1Mo-V-Nb (P91) martensitic steel is an attractive material for fossil power
plant components having an operating temperature which is more than 650 °C due to
high-temperature microstructure stability and attractivemechanical properties [1–3].
P91 steel offers high oxidation and corrosion resistance, resistance toward corrosion
cracking along with high thermal conductivity and low-temperature thermal expan-
sion coefficient [4–6]. Metallurgical behavior and mechanical properties of the P91
steel are highly influenced by the heat treatment, and it is subjected to normalizing
and tempering before long-term elevated temperature service [7–9]. The material
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derives their strength from the tempered martensite along with dislocation density
and grain boundaries surrounded byM23C6 carbide and MX carbonitride [10, 11]. A
drastic change in themicrostructure is reported during the prolonged service duration
and deals with lath widening, grain coarsening, precipitate coarsening and evolution
of the inter-metallic Laves and Z-phase [12–17].

In P91welded joint, themicrostructure gradient across thewelded joint is reported
by the researchers as result of highheat input. The region adjacent to the fusionbound-
ary is subjected to higher temperature, and temperature decreases as to move away
from the fusion boundary. The microstructure strongly depends on the temperature
experienced by the region, and it leads to variation in the mechanical behavior of
the welded joint [18, 19]. The welding cycle also introduces the quenching stress
in weld fusion zone along with the formation of the untempered brittle martensitic
microstructure. All these factors degrade the mechanical performance of the welded
joint. The transition heat-affected zone (HAZ) area forms after the fusion bound-
ary and also shows the gradient microstructure due to the variation in temperature
experienced by the region and divided into number of sub-zones. The maximum
temperature experienced in coarse-grained HAZ (CGHAZ) that resulted in the for-
mation of coarse grain with high strength and poor Charpy toughness. The region of
HAZnear the unaffected base zone experienced the low temperature among all HAZs
and forms a complex microstructure of undissolved coarse precipitates and newly
formed untempered martensite and tempered martensite. The region is considered as
the softest zone and termed as inter-criticalHAZ (ICHAZ) [20]. The region dealswith
high Charpy toughness and poor strength among all HAZs. The fine-grained HAZ
(FGHAZ) region experienced the temperature more than the experienced by ICHAZ
and less than the experienced by CGHAZ and represents themoderate Charpy tough-
ness and strength. The creep properties and rupture life of welded joint are strongly
governed by the variation in mechanical properties of the welded joint. The most
common type of the failure for P91 welded joint was reported in soft ICHAZ and
termed as Type IV cracking [21, 22]. Hence, heterogeneity across the welded joint
is mainly responsible for Type IV cracking and also leads to the poor mechanical
strength of the welded joint.

The present work focused to overcome the microstructure gradient across P91
welded joint using different heat treatments.

2 Experimental Details

P91 steel pipe of outer diameter 60 mm and thickness of 11 mm has been utilized
for making the weld joint using gas tungsten arc welding (GTAW) process using the
AWSER90S-B9 electrode, and the composition of pipe material and filler is listed in
Table 1. As per the manufacturer, the heat treatment condition was described below:
(1) Normalizing was carried out for 10 min at 1040 °C/air cooling, (2) tempering for
120 min at 760 °C/air cooling. The schematic of heat treatment is shown in Fig. 1.
The process parameters for root pass and filling passes are depicted in Table 2.
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Fig. 1 Heat treatment applied on received P91 pipe

Table 2 Welding process parameters and heat treatment for welded joint

No. of passes Current (amp) Voltage (V)

Root pass 105–115 12

Filling passes (1–8) 115–125 12–20

Heat treatment

HT1 – Tempering at 760 °C/2 h

HT2 Normalizing at 1040°C for 40 min Tempering at 760 °C for 2 h

Fig. 2 a Grooved pipe, b groove design, c schematic of root and filling pass

Fig. 3 Schematic of the weld fusion zone and heat-affected zones in P91 welded pipe

The grooved pipe, groove design and filling pass are shown in Fig. 2. Welding was
performed inmedium of pure argon gas, and flow rate was 15 l/min. The schematic of
the welded joint with different zones is shown in Fig. 3. The welded joint subjected to
two different type of the heat treatment process, HT1 and HT2, as shown in Table 2.
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For microstructure characterization, the specimens were removed from the heat-
treated samples and subjected to standard polishing and after that etched in Vilella’s
solution. Optical microscopy and scanning electron microscopy have been utilized
for the microstructure characterization, and microhardness tester has been utilized
for the hardness measurement at the load of 500 g.

3 Results and Discussion

3.1 Characterization of As-received Metal and Weldments

Figure 4a shows the typical optical micrograph of P91 steel consisting of tempered
martensite. The micrograph consists of equiaxed prior austenite grains (PAGs) with
grain boundaries. The carbide particles are observed to be allocated along the PAGBs,
while fine particles are observed inside the boundary region (Fig. 4b). The carbide
rich M23C6 precipitates are confirmed along the lath and PAG boundaries having
cylindrical, spherical or globular shape with size in range of 100–200 nm, while the
fine particles of V and Nb-enriched carbonitride are inside the boundary region of
size in range of 10–40 nm [23, 24].

The typical SEM micrograph of the welded joint is depicted in Fig. 5. For as-
welded condition, a micrograph of the weld zone (WZ) consisted of untempered
lath martensite with typical columnar laths (Fig. 5a). Precipitates that enhance the
strength of the material get dissolved during the welding as a result of high peak
temperature and contribute to solid solution strengthening. The CGHAZ is char-
acterized by coarse PAGs with negligible precipitates (Fig. 5d). The dissolution of
grain boundaries’ particles during the welding cycle results in coarse grain forma-
tion in CGHAZ. In FGHAZ, equiaxed grain with partially dissolved precipitates is
observed (Fig. 5g). The ICHAZ shows a complex microstructure of coarse and fine

Fig. 4 a Optical micrograph of P91 steel, b SEM image of P91 steel showing PAGBs and
precipitates
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Fig. 5 Typical SEM image of the various zones in P91 welded pipe for weld fusion zone a as-
welded, bHT1, c HT2; CGHAZ, d as-welded, e HT1, f HT2; FGHAZ, g as-welded, hHT1, iHT2;
ICHAZ, j as-welded, k HT1, l HT2

PAGs. The temperature experienced in ICHAZ is not sufficient to dissolve the pre-
cipitates and results in the formation of microstructure with undissolved precipitates
and new PAGs. Figure 5j shows the typical micrograph of the ICHAZ. Each zone of
the P91 welded joint shows a unique characteristic that results in a microstructure
gradient across the weld joint. To overcome microstructure gradient and enhance the
strength of the welded joint, heat treatment has been performed as discussed below.

The HT1 results in a tempering reaction that imparts the ductility. The temper-
ing reaction leads to the precipitation of dissolved carbide particles that result in
softening of the martensitic matrix due to reduction in solid solution hardening.
The various zone of the welded joint after the HT1 is shown in Fig. 5. The WZ
is characterized by newly precipitated particles with columnar lath morphology, as
depicted in Fig. 5b. In CGHAZ, the precipitate gets evolved along the PAGBs and
lath boundaries and considered as the Cr, Mo-rich M23C6-type carbides. The fine
MX and M23C6 precipitates are also observed inside the lath blocks. However, the
microstructure of CGHAZwas observed completely different from theWZ (Fig. 5e).
The FGHAZ and ICHAZ show similarity in terms of microstructure after the HT1
treatment and consist of tempered martensite with equiaxed laths. However, in both
the zone, heterogeneity still exists in terms of particle size as a result of the partial
dissolution of the precipitates during the welding cycle. The size of M23C6 particles
was measured in range of 100–250 nm for WZ and CGHAZ; however, it was more
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Fig. 6 Schematic of the sub-zone in P91 welded pipe after the HT2 treatment [18]

than 250 nm in FGHAZ/ICHAZ. The coarse precipitate in soft zone behaves as brittle
particles and facilitates the crack nucleation sites. Figure 5h, k shows the micrograph
of FGHAZ and ICHAZ, respectively. Hence, it is clear that the HT1 minimizes the
microstructure gradient; however, it does not remove it completely.

In HT2 treatment, the micrograph of different zone is shown in Fig. 5. In WZ, the
columnar laths and PAGs are observed clearly (Fig. 5c). It looks completely different
from the WZ present in HT1 condition. In HT2 condition, normalizing results in the
dissolution of the precipitates in weldments and welded joint homogenized in terms
of microstructure, but it offers higher strength and hardness due to higher solid
solution hardening. The tempering of the normalized welded joint was performed
to overcome the brittleness and impart the ductility by reducing the solid solution
hardening. A schematic of the precipitates evolution across the welded joint as a
result of HT2 treatment is presented by Pandey et al. [18] and shown in Fig. 6. The
micrograph of CGHAZ, FGHAZ and ICHZ looks similar in HT2 condition, but it
was completely different as compared to the micrograph of HT1 condition. In HT2
condition, coarse PAGs and carbide precipitates are observed as compared to HT1
condition. The gathering of the coarse carbide particles along the PAGs is clearly
noticed from the SEMmicrograph of HAZs. From the micrograph, it is clear that the
heterogeneity present along the weld joint in terms of microstructure gets removed
after the HT2 treatment. However, the coarse precipitates in HT2 condition might
lead to the failure of the welded joint because of their brittle nature.

The grain size variation along the welded joint was measured in welding and HT
conditions. Without HT, the grain size was measured 250 ± 35 μm, 35 ± 10 μm
and 25 ± 8 μm for CGHAZ, FGHAZ and ICHAZ, respectively, that clearly shows
the heterogeneity in the microstructure along the welded joint of P91 pipe. In HT1
condition, it was measured 280± 25μm, 55± 10μm and 52± 12μm for CGHAZ,
FGHAZ and ICHAZ, respectively. It is clear that HT1 results in the coarsening of
the grains. The grain size measured for the FGHAZ and ICHAZ was almost similar,
but it was much lower than the CGHAZ (280± 25 μm). In HT2 condition, the grain
size was measured 75± 12μm, 72± 13μm, 72± 12 and 73± 15μm for CGHAZ,
FGHAZ, ICHAZ and WZ, respectively. A negligible variation in grain size for HT2
condition confirms the homogeneity across the welded joint.
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3.2 Microhardness

The variation in the microstructure governs the variation in mechanical properties
such as strength, hardness and Charpy toughness. The hardness variation is shown in
Fig. 7. In as-welded condition,WZandCGHAZshow the hardnessmore than 450HV
that is attributed to untempered lath martensite. The WZ hardness was measured in
range of 450–490 HV with average of 470 ± 10 HV, while the peak hardness in
CGHAZ was 480 HV due to the formation of untempered martensite. The variation
in the hardness in WZ is attributed to the preheating of the filling passes by the
subsequent passes. The hardness was noticed as a function of the HAZ width and
shows a continuous reduction as to move away from fusion boundary to base metal
and maximum variation was measured in FGHAZ. The maximum and minimum
hardness were measured 400 HV and 320 HV, respectively. The minimum hardness
was measured 232 HV in ICHAZ. For HT1 condition, the variation in hardness
of the WZ and FGHAZ gets reduced as compared to that of as-welded condition,
and it was measured 235 HV, 230 HV and 243 HV for WZ, FGHAZ and CGHAZ,
respectively. The hardness of the soft ICHAZ zone was remained unaffected after
the HT1 treatment, and it was 221 HV. From the hardness variation, it is clear that
heterogeneity gets reduced as a result of tempering reaction. However, the variation
in CGHAZ and ICHAZ hardness is still noticeable.

In HT2 condition, a negligible heterogeneity was measured in the hardness value,
and peak hardness was measured 215± 6 and 213± 8HV for CGHAZ and ICHAZ,
respectively. Hence, it is clear that HT2 is more effective to overcome the gradient
across the welded joint.

Fig. 7 Variation in hardness for different heat treatment processes
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4 Conclusions

The paper discussed the effect of the HT on the heterogeneity of the P91 pipe
weld joint in terms of microstructure and microhardness. In as-welded condition,
the microstructure gradient across the welded joint led to the variation in hardness
of the welded joint. The HT1 treatment produced the microstructure with moderate
heterogeneity across the welded joint, while in HT2 treatment, a negligible gradient
was observed. However, the size of precipitates was measured higher in case of HT2
than that of HT1 condition.
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Recent Innovation on Synthesis Methods
of Graphene-Based Composites

Ravi Kumar, Rajeev Rathi, and Sumit Sharma

Abstract Graphene has been considered as one of the best carbon-based nanofillers
for different composites. Recently, the use of graphene as nanofillers has been stud-
ied intensively, and several researchers start developing graphene-based composites.
Inclusion of graphene in a small quantity in the given matrix can create composites
with remarkable functional properties. It is very important to understand various syn-
thesis routes of graphene-based composites because the synthesis route affects the
dispersion of the graphene in a matrix material. Despite the exceptional potential of
graphene, homogeneous dispersion in amatrix remains the key challenge. In this arti-
cle, different synthesis methods of graphene-based composites have been explored
andmade a discussion on different preparation routes of graphene-based composites.
Present study provides several insights into preparation methods to researchers and
practitioners of graphene-based composites.

Keywords Graphene · Synthesis · Composites · Nanofiller · Solution blending ·
Melt mixing · In situ polymerization

1 Introduction

Nowadays, composites with various reinforcement or nanofiller materials are
endowed with great mechanical, electrical and optical properties. As per the cur-
rent scenario, various carbon-based nanofillers are used to boost different properties
of the composite. Owing to their distinctive combinations of mechanical, optical and
electrical properties, carbon-based nanocomposites have been explored for different
industrial applications. The presence of these nanofiller increases the thermal and
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electromagnetic properties of the polymer composites. Carbon-based nano materi-
als such as carbon nanotubes (CNTs), graphene oxide (GO), fullerenes and nano-
diamonds are the important materials for various applications in medicine including
drug delivery. Mechanical, thermal and electronic properties can readily increase by
adding nanofiller contents in various matrix materials. Carbon nanotubes possess
outstanding mechanical, thermal, electrical properties and lightweight properties as
it shows thermal stability up to 2800 °C, thermal conductivity double as high as
diamond and high electric current capacity. It has been studied that increased con-
centration of CNTs can increase different properties of composites. From the per-
spective of properties and cost, it is required to find out the alternative of CNTswhich
can produce potential properties. Several studies reveal that properties of graphene
are much better than CNTs upon the same loading in matrix. The entire interest of
the researchers has been shifted towards graphene as filler due to its extraordinary
properties over all other nanofillers. The reason of their interest is due to significant
properties like high electron mobility at room temperature, high thermal conductiv-
ity, good electrical conductivity and high modulus of elasticity. The properties of
graphene-based composites are affected by their fabrication method adopted during
their development. These properties are greatly depending on the dispersion rate of
graphene in polymer or metal matrix, and the fabrication route of the composites
strongly affects the dispersion rate of graphene. In order to get uniform dispersion
of graphene, different preparation routes are used by researchers in literature. Like
solution mixing is used to fabricate graphene-based composites by mixing solvent in
graphene using ultrasonication. Melt mixing is used by mixing graphene and desired
matrix in a molten state by stirring them at the required temperature. Existing meth-
ods for synthesis provide only 70–80% dispersion, and 100% uniform dispersion
still remains the key challenge. Till now, this is very challenging for a practitioner
to pick up a suitable method for the synthesis of graphene-based composites among
available methods. So, the present study is to thoroughly review the different syn-
thesis route of graphene-based composites in order to explore the best method for
specific application.

Although somany challenges are there in developing graphene-based composites,
these specific materials are still able to find their applications in different fields as
mentioned in Fig. 1. With high carrier mobility, high electrical conductivity and
optical transmittance in visible limits of spectrum, graphene-based composites have
been used in solar cells, LCD’s and OLED’s. Li-ION battery as the energy storage
device is considered as the most promising storage system due to its high absolute
potential and solution blending and in situ methods are most common methods in
the preparation of these storage systems. These composites are also able to find their
properties in the field of biomedical where drug delivery, gene delivery, bioimaging,
artificial muscles and cancer therapy are the most common application.
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Fig. 1 Applications of graphene-based composites

2 Literature Search Methodology

In this present study, systematic review of the literature, which explores the common
factors of dispersion of graphene, has been reviewed. While undertaking literature
review, low impact journals were excluded. Thus, only high impact journals like
Elsevier, Taylor & Francis, journal of materials chemistry, macromolecules, polymer
and advanced materials and interfaces were included in the literature review. While
searching for relevant research papers, different keywords have been used such as
synthesis of graphene, polymer composites, solution mixing, ultrasonication, melt
compounding and in situ polymerization. During this literature review, less than ten-
year-old peer-reviewed journal papers were considered. The data which were not
relevant to the topic or lacked explanations were removed from the study. While
carrying out a review, we filter out nearly 50 relevant papers for deep exploratory
analysis of synthesis method of composites. The analysis is processed under various
characteristics in response to year of publication, journals, authors, researchmethods
and drawbacks of synthesis methods.

3 Graphene as Nanofiller

Graphene is a flat two-dimensional, one atom thick single layer of carbon atoms with
distinctive properties. Graphene is composed of pure carbon with atom arranged in
a hexagonal pattern as same as graphite. It has attracted the grand attention of aca-
demicians and engineers due to its magnificent properties. Graphene can be used
as a nanofiller or reinforcement to enhance various properties of polymers, ceram-
ics and metals matrix. It holds astounding high Young’s modulus, tensile strength,
aspect ratio and surface area. Due to these above-mentioned properties, graphene is
used for different applications like OLEDs, LCDs, solar cells, sensors, batteries and
super capacitors. Reinforcing efficiency of graphene depends on the homogeneous
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Table 1 Applications and properties of graphene

Author; year Material Author’s remarks

Wang et al. (2018) [2] Graphene Graphene exhibits superior flexibility and
reliability over 60,000 cycles of 180°
bending and releasing without fracture

Neuberger et al. (2018) [3] Graphene Author reviewed the unique applications of
graphene in the oil and gas industry which
includes drilling and lubrication

Papageorgiou et al. (2017) [4] Graphene Author carried out a review study on
different preparation and exfoliation routes
of graphene. It has been concluded that
applications of graphene are practically
endless because of its great mechanical
properties

Fazli et al. (2015) [5] Graphene These materials have been constructed for
various applications such as automotive
panel body, automotive tires, organic light
emitting diodes, liquid crystal devices,
solar cells, battery electrodes and super
capacitors

dispersion of graphene in the desired polymer matrix. Homogeneous dispersion in
poly dimethyl siloxane (PDMS) can be obtained using a shear mixing process [1].
So, uniform dispersion purely depends on synthesis route of preparing graphene and
graphene-based nanocomposites. Table 1 shows different applications and properties
of graphene.

Above discussion describes prominent features of graphene. It can be concluded
from the above study that graphene exhibits great mechanical properties, and due to
these properties, graphene shows its tremendous application in different engineering
fields such as electronics, mechanical and optical.

3.1 Preparation Routes of Graphene

Preparation of graphene plays an important role in the properties of the composite.
While extracting graphene, lot of impurities came upwith the graphenewhich further
causes degradation of properties over the time. So, it is very important to get pure
graphene to form healthy composites. Following are certain approaches to extract
graphene.

Mechanical Exfoliation Mechanical exfoliation is the simplest and cheapest way
to extract graphene, and surprisingly this method led to Geim and Novoselov being
awarded the noble prize. A repeated scotch tape exfoliation over a piece of graphite
is then transferred to the substrate. Number of layers can be peeled off using this
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Fig. 2 Mechanical route of
exfoliating graphite into
graphene layers

method and can be evaluated using atomic force microscopy, Raman microscopy
and optical microscopy (Fig. 2).

Liquid Phase Exfoliation (LPE) It is the most promising way in the production of
graphene. The speed and simplicity associated with this process make it attractive for
mass production of graphene. This method involves three simple steps (i) Dispersion
in a solvent (ii) Extraction (iii) Removal of traces of solvent. Ultrasonication time
is depending upon concentration of graphene; higher the concentration, higher the
ultrasonication time is followed by ultracentrifugation which leads to thinnest flakes
with its small lateral size which is useful for composites.

4 Graphene-Based Composites: Synthesis Methods

During the preparation of graphene-based polymer composites, the main aim is to
ensure the homogeneous dispersion of graphene in a matrix. Dispersion is the key
challengewhile preparing these types of composites [6]. Uniform dispersion rises the
mechanical properties of as prepared composites. The number of synthesis methods
has been proposed by various researches, and some majorly used methods have been
taken up for deep review in present study.

4.1 Solution Mixing

Solution compounding involves the blending of graphene-based polymers that may
be in the form of solution or powder. Method comprises these basic steps that involve
the dispersion of filler by suspension or ultrasonication, addition of polymer and
evaporation of solvent by heating. Thermoplastic polyurethane (TPU)/graphene-
based nanocomposites were fabricated where graphene was dissolved in dimethyl
formamide (DMF) and stirred for nearly two days. TPU was added to solution and
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Fig. 3 Schematic diagram showing solution blending method via sonication

stirred for 5 days, and composites were cast on a glass sheet. During evaporation of
solvent, aggregation of solvent was observed. Graphenewas added in THF by stirring
using amagnetic bar and then ultrasonicated for 30min to obtain uniform dispersion.
THFwas evaporated at 120 °C. Graphene-based polyurethane (PU) composites were
prepared by solution blending where graphene was dispersed in DMF via ultrasoni-
cation. PUwas added in a solution. Nano-indentation test reveals excellent improved
hardness.

Figure 3 shows the preparation route of composite through solution mixing or
blending. Mixing takes place with high amplitude ultrasonication and high-speed
mixing. Graphene platelets are first introduced in high amplitude ultrasonicator for
the shear mixing with solvent followed by blending with polymer in sonicator and
then heated in a furnace to remove the traces of solvent from polymer. This will
be followed by curing process to provide better intermolecular bonding between
graphene and polymer matrix (Table 2).

From the above discussion, it can be stated that solution mixing provides uniform
dispersion of graphene in a polymer matrix. This method also improves mechani-
cal properties of as prepared composites due to higher interfacial bonding between
graphene and matrix. There may be chances of agglomeration of graphene in matrix
if samples are not dried properly in an oven to remove the traces of solvent. Solu-
tion mixing is the most commonly used method in the fabrication of polymer-based
composites such as epoxy/graphene, PVA/graphene and PP/graphene.

4.2 Melt Blending

Melt blending process involves heating and melting of polymer at high temperature
and mixed with graphene. The technique uses high temperature and shear force to
disperse nanoparticle in a given matrix. This process involves the use of toxic-free
solvent, but generally it is less effective method to disperse graphene in a poly-
mer matrix. Graphene-based polypropylene nanocomposites were prepared via melt
mixing route. Addition of 0.1 wt% graphene rises tensile strength, yield strength and
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Table 2 Literature available on fabrication routes using solution mixing

Author; year Matrix Method of
fabrication

Researcher’s view

Arun et al. (2018) [7] Epoxy Solution mixing It was found that
composites with 2.5
wt% exhibits high
tensile strength, and
the sample was much
ductile than other
wt% fractions

Li et al. (2017) [8] Epoxy Solution blending TEM confirms the
uniform dispersion of
graphene in epoxy
matrix which results
high mechanical
reinforce efficiency
at relatively higher
filler contents

Klimek-McDonald
et al. (2018) [9]

Epoxy Solution blending Tensile modulus and
ultimate tensile
strength of composite
raise to 2.84 Gpa and
81.2 Mpa,
respectively, when
compared with neat
epoxy

Shang et al. (2015)
[10]

Polyvinyle chloride
(PVA)

Solution mixing Composite shows
large aspect ratio
which exhibits good
interfacial stress
transfer efficiency
under loading
conditions

Ma et al. (2014) [11] Epoxy Solution mixing Result shows strong
adhesion and
mechanical
interlocking between
graphene and matrix

Liao et al. (2014)
[12]

Polyimide (PI) Solution blending Graphene oxide
shows poor
compatibility with PI
matrix and forms
agglomeration of
graphene in a matrix

(continued)
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Table 2 (continued)

Author; year Matrix Method of
fabrication

Researcher’s view

Tang et al. (2014)
[13]

Epoxy Solution mixing Addition of graphene
oxide increases
tensile strength as
well as Young’s
modulus

Yu et al. (2014) [14] Polyvinyle chloride
(PVA)

Solution mixing Dispersion of
graphene was
confirmed by
FESEM in PVA
indicates crystallinity
of graphene
oxide/PVA

Wu et al. (2013) [15] Natural rubber (NR) Solution mixing Graphene shows
some aggregation at
loading up to 2 wt%,
still homogeneously
dispersed

Wang et al. (2015)
[16]

Epoxy Solution mixing Tensile modulus of
composite has been
increased by 49%
upon 5 wt% loading
of graphene in epoxy
matrix

Chong et al. (2016)
[17]

Epoxy Solution mixing Tensile modulus was
enhanced by 24%
upon 1 wt% loading
of graphene where
matrix modulus is
found to be 2.9 Gpa

Zakaria et al. (2017)
[18]

Epoxy Solution mixing Tensile strength and
modulus both were
increased by 11%
and 11.5%,
respectively, at 1 wt%
loading of graphene

Rafiee et al. (2009)
[19]

Epoxy Solution mixing Tensile strength and
fracture toughness
both were found to
be increased by 42%
and 53%,
respectively, upon
0.1 wt% loading of
graphene in epoxy
matrix

(continued)
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Table 2 (continued)

Author; year Matrix Method of
fabrication

Researcher’s view

Prolongo et al.
(2015) [20]

Epoxy Solution mixing Tensile modulus has
been increased by
28% upon 5%
loading of graphene,
and tensile strength
has been increased
by 3% at 1 wt% of
graphene in the
matrix of graphene
where matrix
modulus is 2.5 Gpa

Wang et al. (2016)
[21]

CTBN/Epoxy Solution mixing Fracture toughness
has been increased by
109% when polymer
reinforced with 3
wt% of graphene

Liu et al. (2012) [22] Epoxy Solution mixing Tensile strength has
been enhanced by
97% upon loading of
0.4 wt% of graphene
in epoxy matrix

Vadukumpully et al.
(2011) [23]

PVC Solution mixing Tensile modulus and
tensile strength both
were increased
greatly by 135% and
71%, respectively,
when polymer is
loaded with 2 wt% of
graphene

Wang et al. (2011)
[24]

PBS Solution mixing Tensile strength has
been by increased by
21% upon 2 wt%
loading of graphene

Abdolmaleki et al.
(2016) [25]

PVA Solution mixing Tensile modulus and
tensile strength both
were increased
significantly by
150% and 153%
upon 5 wt% loading
of graphene

(continued)
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Table 2 (continued)

Author; year Matrix Method of
fabrication

Researcher’s view

Zhao et al. (2010)
[26]

PVA Solution mixing Tensile strength and
tensile modulus both
increase by 166%
and 990%,
respectively, upon 3
vol.% loading of
graphene in PVA
matrix

Papadopoulou et al.
(2016) [27]

Nylon 6,6 Solution mixing Tensile strength has
been increased by
45% upon 10%
loading of graphene

Bourque et al. (2016)
[28]

PU Solution mixing Upon loading of 2
wt% of graphene in
PU matrix, there is a
increase in tensile
strength by 51%

Chen and Lu (2012)
[29]

HDPE Solution mixing Upon 15 wt%
loading of graphene,
13% rise in tensile
strength has been
observed

Young’s modulus up to 33 MPa, 30 MPa and 1.25 GPa, respectively. Polypropy-
lene and graphene were mixed for 10 min after keeping them in an oven for few
days at 70 °C. Significant improvement has been observed and indicated high load
transfer efficiency. Polyamide (PA 12)/graphene was prepared using melt blending
technique. Study reveals that graphene exhibits winkled surface which improves
its interfacial interactions with matrix material and provides homogeneous disper-
sion. Author fabricated polyethylene/graphene composites through melt blending
route which reveals significant improvement inmechanical properties. Table 3 shows
fabrication of composite using melt mixing.

While taking the review of melt blending technique, it has been observed that
the technique is not adequate to disperse graphene uniformly in a matrix because
the agglomeration of graphene in matrix takes place. Wrinkled surface of graphene
increases bonding between graphene and matrix but promotes the failure point while
testing. PA12/graphene and PET/graphene composites are generally fabricated using
this technique because of increasing chances of strong interfacial bonding. Lot of
modification processes have taken place to improve properties and dispersion of the
composites. Form of co-extruder which was developed by Baer and co-workers for
the making of polymer blends into distinct polymer structure (Fig. 4).
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Table 3 Fabrication of graphene-based composites using melt mixing

Author; year Matrix Method of fabrication Researcher’s view

Maio et al. (2015) [30] Polyamide 12 Melt mixing Evidence shows that
melt intercalation is
not adequate to
disperse GO in PA 6
matrix

Chatterjee et al.
(2013) [31]

Polyamide (PA 12) Melt mixing During fabrication
process in extruder,
the shear force created
helps in increasing the
chances of
re-aggregation in
composites

Araby et al. (2013)
[32]

Elastomer EPDM Melt blending Addition of 26.7
vol.% GnPs in
elastomer EPDM
enhanced tensile
strength and Young’s
modulus by 404% and
710%, respectively

El Achaby et al.
(2012) [33]

(PVDF) Melt mixing Properties of PVDF
were improved due to
good dispersion of
graphene in a matrix

Mahmoud (2011) [34] (PET) Melt mixing TEM study reveals
uniform
distribution/dispersion
of graphene sheet in
PET polymer matrix
and improves
electrical conductivity

Kim and Macosko
(2009) [35]

Polycarbonate Melt mixing Long-term annealing
exhibits random
orientation of
graphene particles in a
PC matrix

Valles et al. (2015)
[36]

PMMA Melt mixing Tensile modulus has
been increased by
74% upon 20 wt%
loading of graphene

Mayoral et al. (2015)
[37]

PA6 Melt mixing 412% increase has
been observed in
tensile modulus upon
20 wt% loading of
graphene

(continued)
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Table 3 (continued)

Author; year Matrix Method of fabrication Researcher’s view

Ahamd et al. (2017)
[38]

PP Melt mixing Tensile modulus has
been increased by
54% when PP
polymer was
reinforced with 1.7
wt% graphene where
matrix modulus is
1.3%

Zhong et al. (2016)
[39]

PP Melt mixing Tensile strength has
been increased by
10% upon 10 wt%
loading of graphene

Quiles-Diaz et al.
(2017) [40]

PP Melt mixing Tensile strength
enhanced by 8% at 1
wt% loading of
graphene

Song et al. [41] PP Melt mixing 54% rise in tensile
strength has been
observed upon 0.42
wt% of graphene

Chieng et al. (2014)
[42]

PLA Melt mixing Tensile strength has
been increased by
24% upon 0.3 wt%
loading of graphene

Mittal et al. (2016)
[43]

PE Melt mixing Tensile strength has
been increased by
17% upon 2 wt% of
graphene in PE matrix

Guo et al. (2013) [44] HDPE Melt mixing 19% increase in
tensile strength upon 1
wt% loading of
graphene in HDPE
matrix

Botta et al. (2012) [45] Bioflex Melt mixing Tensile modulus has
found to be increased
by 39% of the polymer
when loaded with 5
wt% of graphene
whose matrix modulus
is 0.14 Gpa

Istrate et al. (2014)
[46]

PET Melt mixing 42% rise has been
observed in the tensile
strength of polymer
upon addition of 0.08
wt% of graphene
where matrix modulus
is 0.8 Gpa
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Fig. 4 Melt blending process using injection moulding

This above-mentioned work is an example of the effect of fillers of graphene
along with the modification of the preparation strategies for the improvement of the
structure and properties of the composites.

4.3 In Situ Polymerization

In situ polymerization comprises mixing of graphene with polymer or monomer and
polymerization process that is performed afterwards which leads to strong interfacial
interaction and better dispersion. Graphene sheets/polypyrrole (PPy) composite was
fabricated through in situ polymerization. It has been found that graphene layers
homogenously dispersed in PPy, and no agglomerations have been found in the
mixture. Fabrication of nylon-6-graphene composites has been reported by in situ
polymerization. Addition of 0.1 wt% of graphene shows increase in tensile strength
and Young’s modulus by 2.1 folds and 2.4 folds, respectively. Table 4 shows the
literature on in situ polymerization route for synthesis.

In situ polymerization provides better load transfer capability due to increased
interfacial bonding between graphene and polymer matrix, as prepared composites
provide better chemical stability. This method also provides wrinkle-free composites
and well dispersion of graphene in a matrix. Method shows less dispersion rate as
compared to others fabrication routes.

5 Discussion on Findings

Graphene is found to be most prominent carbon-based nanofiller for the fabrication
of composite materials. Earlier researchers were using some other nanofillers like
SWCNTs, MWCNTs, glass fibres and fullerenes, etc., as a reinforcement in com-
posites, but now graphene takes all the attention of researchers due to its magnificent
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Table 4 Fabrication of graphene-based composites using in situ polymerization

Author; year Matrix Method of fabrication Researcher’s view

He et al. (2018) [47] Silver nanoparticle In situ Composite shows the
improvement in
chemical stability of
synthesized
nanocomposites when
compared with neat
polymer

Milani et al. (2013)
[48]

Polypropylene (PP) In situ PP/graphene
composites were
investigated. TEM
and XRD study reveal
uniform dispersion of
graphene sheets in PP
matrix

Stürzel et al. (2012)
[49]

Polyethylene (PE) In situ Composites show
higher electrical
conductivity, stiffness
and elongation at
break when compared
with the electrical
conductivity, stiffness
and elongation of neat
polymer

Wang et al. (2011)
[50]

Polyimide (PI) In situ Study reveals strong
interaction link with
PI for high load
transfer promoting
better dispersion of
GO in matrix

Huang et al. (2010)
[51]

Polypropylene (PP) In situ SEM and TEM study
report homogeneous
dispersion of
graphene oxide in PP
matrix

Wang et al. (2009)
[52]

Polyaniline In situ Fabricated composites
shows considerable
tensile strength of
12.6 MPa and stable
electrochemical
capacitance

(continued)
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Table 4 (continued)

Author; year Matrix Method of fabrication Researcher’s view

Liu et al. (2013) [53] PA6 In situ Prepared composites
shows significant rise
in the tensile strength
by 65% upon 0.1 wt%
loading of graphene in
PA6 matrix

Yadav and Cho (2013)
[54]

PU In situ As fabricated
composites shows
significant rise in the
tensile strength by
31% upon 2 wt%
loading of graphene in
PA6 matrix

Wang et al. (2012)
[55]

PMMA In situ 114% increase has
been observed in the
tensile strength of
composite upon 0.5%
loading of graphene
when compared with
the strength of
polymer

Zhao et al. (2013) [56] PES In situ Tensile strength has
been increased by
40% when loaded
with 0.5 wt% of
graphene where
matrix modulus is
0.38 Gpa

Yuan et al. (2013) [57] Nylon 11 In situ Tensile modulus of
the polymer has been
increased by 38%
when loaded with 0.5
wt% of graphene

Zhao et al. (2014) [58] PF In situ Tensile strength of the
composite has been
increased by 65%
upon 0.5 wt% loading
of graphene when
compared with neat
polymer

Appel et al. (2012)
[59]

PU In situ 242% increase in the
tensile strength of the
polymer composite
has been observed
upon loading with 2
wt% of graphene
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Fig. 5 Number of papers published on fabrication of graphene-based composites in past 15 years

properties and its extraordinary response when reinforced in any other matrix mate-
rial. Graphene when used as a reinforcement in a given matrix greatly increases
properties of as prepared composites. Present review depicts that different synthesis
routes for the fabrication of composites can be used to enhance different properties
of composites. Some majorly used methods for synthesis of graphene-based com-
posites have been discussed in the present study. It has been observed that interfacial
interaction between graphene and matrix must be strong enough to get better prop-
erties, which can be obtained by different synthesis methods like solution mixing,
melt blending and in situ polymerization (Fig. 5).

6 Conclusion

Graphene when used as reinforcement in amatrix greatly enhances overall properties
of the as prepared composites. These properties are affected by the dispersion of
graphene in a polymer matrix, but uniform dispersion remains the key challenge.
Dispersion of graphene should be uniform to avoid agglomeration of graphene in a
matrix which leads to promote weak points while testing. Homogeneous dispersion
and efficient load transfer capability will be obtained by different synthesis routes as
discussed in literature. Some majorly used methods for synthesis of graphene-based
composites have been discussed in the present study. This study shows that solution
blending process provides strong interfacial bonding between graphene and polymer
matrix with few chances of agglomeration of graphene in a matrix. It can be avoided
by proper sintering process that involves drying of composites by maintaining the
required temperature. It has been observed from the literature that solution blending
also provides homogeneous dispersion of graphene in a matrix. It can be stated
from that melt blending technique is not able to provide adequate dispersion of
graphene in a matrix because it gives a wrinkled surface of graphene in composites
which promotes the failure points while testing. In situ polymerization provides
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better chemical stability and avoids the chances of agglomeration of graphene but
having less dispersion rate. This process increases the mechanical properties of the
composites but less as compared to solution blending. It can be stated from the above
discussion that solution blending is a method which provides better dispersion and
properties as compared to melt blending and in situ polymerization. It should be
stated that still a lot of challenges need to be tackled to produce better composite
through dispersion. Issues such as uniform dispersion, orientation and interfacial
bonding with polymer matrix still require further research and improvements.
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Evaluation of Mechanical Properties
of Carbon Fiber-Reinforced Multiwall
Carbon Nanotube-Based
Nanocomposites

Sumit Mahajan, Lochan Sharma, Mandeep Singh Rayat, and Ranjit Singh

Abstract In the present study, reinforcement of treated multiwall carbon nanotubes
(MWCNTs) in the carbon fiber matrix was done. MWCNTs are mixed into epoxy
resin in different weight ratio (0.0, 0.2, and 0.5 wt% of weight of resin). By varying
the percentage of MWCNTs into the epoxy resin, different sheets are prepared by
applying the resin to carbon fiber sheets. Mechanical properties are tested as per the
ASTM Standards. From the results, it was found that composite with 0.5 wt% of
treated MWCNTs produced better mechanical strength among all the other samples
because of the uniform dispersion of treated MWCNTs in the epoxy as compared to
non-treated MWCNTs.

Keywords Fiber-reinforced plastics ·MWCNT · PDAC · Nanocomposites ·
Chemical vapor deposition

1 Introduction

Due to their enhanced thermal conductivity, mechanical and thermal properties,
nanocomposites become the major interest for the researchers. Different industries
like automobile, aerospace, sports, and marine widely used nanocomposites due to
its high strength-to-weight ratio [1, 2]. A small addition of nanoparticles to epoxy
resin imparts better mechanical properties and improves the glass transition tem-
perature [3]. To improve the strength, impact toughness, and interlaminar strength,
researchers reinforce these fiber-reinforced plastics (FRPs) using nanofillers like
montmorillonite nanoclay, MWCNTs, etc. To improve the mechanical and physi-
cal properties of the nanocomposites, these nanoparticles are considered to be the
most potential fillers. The main advantages of these nanofillers are their huge spe-
cific surface areas and their unique properties due to their nanometric size [4–7].
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MWCNTs are now being a great interest to the researches due to their extraordinary
thermal conductivity, mechanical, and electrical properties. Addition of the very low
amount of MWCNTs into FRPs results the improved properties of the FRPs. Many
researchers are still using the MWCNTs’ addition to the matrix. Using MWCNTs
as a reinforcing component in polymer composites requires the ability to tailor the
name of the MWCNT walls in order to control the interfacial interaction between
the MWCNTs and the polymer chains [2, 8]. Several studies have been reported on
the mechanical properties of MWCNT-reinforced polymer nanocomposites, where
the MWCNTs were used without surface modifications [2, 8–10]. MWCNT uni-
form dispersion is one of the challenges faced by the researchers. Homogeneous
dispersion of carbon nanotubes into the epoxy resin is one of the major challenges
while working with MWCNT-based nanocomposites which affect the performance
of recovered composite material. Another main issue in the realization of mechani-
cally reinforced MWCNT/polymer composites is the tuning of interfacial adhesion
between theMWCNTs and the polymer. An experimental determination of the inter-
facial strength is still a difficult procedure; however, some progress has been made in
this field, but most of the potential arises from theoretical predictions [7, 10–12]. So,
there are a number of methods reported to make the MWCNT-reinforced FRPs, but
the basic steps to make the MWCNT nanocomposites are to disperse the MWCNTs
to the epoxy resin with the help of mechanical stirrer, then ultrasonicate the mixture
for the better dispersion, and apply this mixture using hand lay-up method to pro-
duce the nanocomposites. As the exfoliation of the MWCNTs to the mixture is still
a challenge, some other methods like homogenization of the MWCNTs to the epoxy
and chemical vapor deposition (CVD) show improved results [1, 8, 13].

So, this article is an attempt to produce MWCNT-based nanocomposite by chem-
ically treating the MWCNTs to improve the dispersion into the matrix. The effect
of MWCNT addition to composite matrix on the mechanical properties of the
nanocomposites was also studied.

2 Material and Experimental Procedure

The carbon fibers (CFs) used in this study were unidirectional fibers in which a group
of CF strands is woven with a fiber thread in a diamond manner supplied by BASF,
Delhi, India (Fig. 2). The MWCNTs used here were having an average diameter
ranging 10–20 nm and a length of 1.5 um (item code 280514-33), with the purity of
95% supplied by Autus Nanolab Pvt. Ltd., India (Fig. 1). The matrix resin used in
this study is havingMasterBrace 4500 Part A epoxy resin andMasterBrace 4500 Part
B amine hardener, supplied by BASF Construction Chemicals (India) Pvt. Ltd. The
amine hardener and the epoxy resin are mixed in the ratio of 40–100 g byweight. The
polyelectrolyte used in this study having cationic polymerwithout reactive functional
group was poly (diallyldimethylammonium) chloride (PDAC) supplied by Flourish
Paper&Chemicals Ltd. Someof the polyelectrolytes, including cationic polymer and
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Fig. 1 Carbon nanotubes in
powder form

anionic polymer, are listed above in Table 1 with reactive and non-reactive functional
groups. The work carried out in this investigation is presented in Fig. 3.

Fig. 2 Carbon fiber roll

Table 1 Enumeration of polyelectrolyte having cationic and anionic polymers

Polymer Name Abbreviation Functional group

Cationic polymer Poly (diallyldimethylammonium)
chloride

PDAC No

PDACMA • Carboxylic
• Hydroxyl

DAC-maleic acid copolymer PEI • Carboxylic
• Hydroxyl

Polyethyleneimine

Anionic polymer Poly (4-styrenesulfonic acid) sodium
salt

SPS No
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Fig. 3 Flowchart of the work carried out in this study

2.1 Preparation of Polyelectrolyte-Treated Multiwall Carbon
Nanotubes

Multiwall carbon nanotubes (MWCNTs) were first oxidized by mixing 0.7 g of
MWCNTs in 10ml of nitric acid (HNO3) and kept for 30min in ultrasonicator which
agitates themixture. Themixture is then filtered by using 0.2-µm-pore-diameter filter
paper (Avarice Laboratories Pvt. Ltd.). The residue obtained on the filter paper was
mixed in the solution of polyelectrolyte and sodium chloride (NaCl) in the ratio
0.070 wt% MWCNTs, 0.014 wt% polyelectrolyte, and 0.010 wt% sodium chloride,
and the total volume of the aqueous solution was 344 ml. The complete solution was
kept into a sonicator for 2 h for proper mixing and agitation of mixture. After 2 h of
sonication, the solution was kept for filtration by using 0.2-µm-pore-diameter filter
paper. A schematic diagram is shown in Fig. 4.
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Fig. 4 Schematic explanation of experimental procedure

2.2 Preparation of Polyelectrolyte-Treated MWCNT-Coated
CF Sheet

The epoxy resin and amine hardener were mixed in a ratio of 40:100. Firstly,
100 g epoxy resin was taken, and 0.7 g of polyelectrolyte-treated MWCNT which is
0.5% wt. of consolidated wt. of 140 g matrix resin was mixed gradually into epoxy
resin with the help homogenizer by keeping the shearing speed ranging between
3000 and 4000. Every time, a small amount of MWCNTs was mixed into epoxy
resin, by doing so a complete homogenous mixture was obtained. A proper disper-
sion of MWCNTs into epoxy resin was obtained because of cationic polymer, which
charges theMWCNTswith positive charge; due to this, a repulsive force is generated
among the positively charged MWCNTs which give the good dispersion of MWC-
NTs as shown in Fig. 5. Now the 40 g amine hardener was mixed into homogenous
mixture by keeping the shearing speed ranging 1000–1500. A CF sheet was cut into
a dimension of 30 × 50 cm. Then, the hand lay-up method was used to spread the
homogenous mixture onto a CF sheet. A uniform layer 0.1 cm of matrix resin on one
side was obtained and kept for one day to cure. The same process on the other side
was applied to obtain a double-side-coated CF sheet. Then, coated sheet is kept for
6 days to cure.

2.3 Characterization of Treated MWCNT-Coated CF Sheet

The content of matrix resin was evaluated by weighing the CF sheet before and after
the coating procedure. The formula for calculating the coating contents is:

k = wk − wo

wo
× 100 (1)
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Fig. 5 Cationic polymer treatment of MWCNT to improve dispersion

where k is the coating content, w0 is the weight of CF sheet before coating, and wk

is the weight of CF sheet after coating.

2.4 Preparation of CF Sheets (Virgin, 0.2–0.5 wt% MWCNT
Coated)

The CF sheet was cut into a dimension of 30 × 50 cm. A mix ratio of 40:100 g
of amine hardener and epoxy resin, respectively, was taken. The matrix resin was
coated on the both the sides of CF sheet by using the hand lay-up method and then
kept the coated sheet for 6 days to cure. After these procedures, matrix resin-coated
CF sheets were obtained.

A CF sheet was cut into a dimension of 30 × 50 cm. A fresh 0.7 g MWCNT
which is 0.5 wt% of 140 g matrix resin is taken; then, this 0.7 g MWCNT was
gradually mixed into the epoxy resin by using the same procedure applied above
in treated MWCNTs. After mixing, a hand lay-up process is applied to coat the
both sides of CF sheet. After these procedures, the MWCNT-coated CF sheet was
obtained. Similarly, the MWCNT-coated CF sheets were also prepared using the 0.2
wt.% (0.28 g) of CNT addition to the epoxy resin.
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3 Results and Discussion

3.1 Dispersion of Carbon Nanotubes

Carbon nanotubes are weighted, and the desired amount of MWCNTs was mixed
into epoxy resin after the homogenization of the mixture was done with high-shear
homogenizer at a speed of 3000–4000 rpm. The epoxy/MWCNT mixture was then
mixed with amine hardener and applied onto the carbon fiber mat using hand lay-up
method. For the observation of dispersion behavior of MWCNT in epoxy matrix for
treated and non-treated samples, SEM analysis was done.

From the SEM images, agglomeration of MWCNT (Fig. 6) was observed due to
the improper mixing with the epoxy matrix. Uniform dispersion of MWCNTs into
the matrix is important to achieve better properties of the CFRPs. So, the MWCNTs
were then chemically treated, and the same procedure is repeated to produce CFRP
sheets. As we can see in Fig. 7, the dispersion of MWCNTs was improved to some
extent which was accomplished only due to the treatment of MWCNTs in a cationic
polymer. The basic principle behind this improvement is that the MWCNTs get
positively charged, and because of same charge among the MWCNTs, it gets the
repulsive force among them due to which they get dispersed among the epoxy [2].

Fig. 6 SEM micrographs of 0.5 wt% MWCNT-CFRP without treatment
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Fig. 7 SEM micrographs of 0.5 wt% MWCNT-CFRP with treatment

3.2 Tensile Strength

The specimen was cut from the prepared nanocomposite sheet and prepared as per
the ASTM Standards D3037/3039 for tensile testing as shown in Figs. 8, 9, and 10.

Table 2 shows the result produced from the tensile testing of CFRP without
MWCNT loading. Different tensile strength was obtained due to the failure of sam-
ples from different positions. The samples which are fractured from the center show
good results of the tensile strength, while in case of one sample, the failure is from
the tab. So, five samples are tested, and the mean value is considered which comes
out to be 148.323 MPa. Figures 11 and 12 show the sample conditions before and
after tensile testing.

250 mm 

15mm

Fig. 8 Tensile test specimen geometry without tabs

138mm
             56mm 

Fig. 9 Tensile test specimen geometry with tabs
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Fig. 10 Specimen for tensile testing

Table 2 Result showing maximum stress and maximum strain for virgin samples (without
MWCNTs)

S. No. Maximum force
(N)

Maximum
displacement (mm)

Maximum stress
(N/mm2)

Maximum strain
(%)

1 7120.63 4.18800 207.901 8.37600

2 2553.4 1.45200 92.8185 2.90400

3 3377.81 2.09700 101.497 4.19400

4 4622.34 3.12500 138.559 6.25000

5 5924.69 4.04200 200.837 8.08400

Mean 4719.78 2.98080 148.323 5.96160

Fig. 11 Samples before test

Table 3 and Figs. 13 and 14 show the result outcome of 0.2 wt% MWCNTs.
From above results, it can conclude that max stress is varied between 92.9858 and
267.331 N/mm2 having a mean value of 152.426 N/mm2. If we compare the result
of 0.2 wt% MWCNTs from virgin sample, we could have found that there is an
improvement in tensile strength.

Table 4 and Figs. 15 and 16 show that maximum stress value is varied from
175.593 N/mm2 to 305.338 N/mm2 having a mean value of 230.667 N/mm2 as
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Fig. 12 Samples after test

Table 3 Result outcome of 0.2 wt% MWCNTs

S. No. Maximum force
(N)

Maximum
displacement (mm)

Maximum stress
(N/mm2)

Maximum strain
(%)

1 3632.81 1.76400 147.699 3.52800

2 3789.84 1.80300 127.176 3.60600

3 6149.69 3.03400 267.331 6.06800

4 2703.75 1.60100 126.937 3.20200

5 2890.00 1.33600 92.9858 2.67200

Mean 3833.22 1.90760 152.426 3.81520

Fig. 13 Samples of 0.2 wt%
before test
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Fig. 14 Samples of 0.2 wt%
after test

Table 4 Result outcome of 0.5 wt% MWCNTs

S. No. Maximum force
(N)

Maximum
displacement (mm)

Maximum stress
(N/mm2)

Maximum strain
(%)

1 6062.19 4.54000 175.593 9.08000

2 8446.88 4.46600 305.338 8.93200

3 8939.38 3.86100 250.108 7.72200

4 9275.63 4.20500 286.444 8.41000

5 7663.13 3.54500 187.491 7.09000

6 7077.50 3.04100 179.087 6.08200

Mean 7910.78 3.94300 230.677 7.88600

Fig. 15 Samples of 0.5 wt%
MWCNTs before test
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Fig. 16 Samples of 0.5 wt%
MWCNTs after test

compared to the other outcome of above result; this is quite impressive. Tensile
result shows that there is a great improvement from the virgin samples, and even
from the 0.2 wt% MWCNTs, the maximum stress value jumps from 148.323 to
230.667 N/mm2 in virgin samples and in 0.2 wt%MWCNTs, it jumps from 152.426
to 230.667 N/mm2 which is also quite astonishing.

Table 5 and Figs. 17 and 18 show that the result came from this experiment is quite
good and impressive; the maximum stress values are ranging between 216 N/mm2

and 400 N/mm2, having a mean value of 304 N/mm2 which is greatest among all the
samples tested under the same condition. From this, it was concluded that the treated
MWCNTs have the highest tensile strength.

FromTable 6 andFig. 19, itwas observed that themaximumstress value is increas-
ing as we increase the % of MWCNTs because the stress value is distributed among
the dispersed MWCNTs which enhanced the overall tensile strength of the sam-
ples, but the treated MWCNTs have quite astonishing result among all which shows
that the MWCNTs among the epoxy are uniformly distributed. Maximum force and
maximum displacement are fluctuating according to the overall stiffness variation.

Table 5 Tensile result of 0.5 wt% treated MWCNTs

S. No. Maximum force
(N)

Maximum
displacement (mm)

Maximum stress
(N/mm2)

Maximum strain
(%)

1 7488.13 3.89300 311.694 7.78600

2 7356.56 3.53000 292.391 7.06000

3 7525.63 3.76100 299.682 7.52200

4 9667.50 4.81300 400.476 9.62600

5 6125.31 2.98700 216.948 5.97400

Mean 7632.63 3.79680 304.238 7.59360



Evaluation of Mechanical Properties of Carbon Fiber-Reinforced … 43

Fig. 17 Samples of 0.5 wt%
MWCNTs before test

Fig. 18 Samples of 0.5 wt%
MWCNTs after test

Table 6 Comparison of result of all the different types of samples

S. No. Maximum force
(N)

Maximum
displacement
(mm)

Maximum stress
(N/mm2)

Maximum strain
(%)

0.0 wt%
MWCNTs

4719.78 2.98080 148.323 5.96160

0.2 wt%
MWCNTs

3833.22 1.90760 152.426 3.81520

0.5 wt%
MWCNTs

7910.78 3.94300 230.677 7.88600

0.5 wt% treated
MWCNTs

7632.63 3.79680 304.238 7.59360
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Fig. 19 Tensile strength to MWCNT loading (wt%)

Samples with 0.5 wt% treated MWCNTs show the improved tensile strength which
results approx. 51% improvement compared to without MWCNT samples. 0.5 wt%
treated MWCNT composites’ tensile strength was improved by 24% than 0.5 wt%
without treated MWCNT addition.

4 Flexural Properties

Flexural properties of the prepared MWCNT polymer nanocomposites were evalu-
ated using three-point bend test. Flexural samples were prepared according ASTM
D790 Standard as shown in Figs. 20 and 21.

Six samples were taken from each system, and the three-point bending test was
performed using the universal testing machine. The results were shown for all the
samples in the following Tables 7, 8, 9, and 10.

Above tables show that maximum stress value is ranging between 51.60 N/mm2

and 78.85 N/mm2, having the mean value of 62.17 N/mm2.

12.7 mm 

125 mm 

Fig. 20 Specimen dimensions for bending test
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a b

c d 

Fig. 21 a Samples without MWCNTs after test, b samples with 0.2 wt% MWCNTs after test,
c samples with 0.5 wt% MWCNTs after test, and d samples with 0.5 wt% treated MWCNTs after
test

Table 7 Bending result of the virgin samples

S. No. Maximum force
(N)

Maximum
displacement
(mm)

Maximum stress
(N/mm2)

Maximum strain
(%)

1 38.53 20.06 62.87 3.13

2 33.97 17.73 65.08 2.45

3 26.59 20.36 51.60 2.96

4 41.75 19.71 55.78 3.36

5 39.38 21.13 58.86 3.55

6 49.44 19.33 78.85 3.04

Mean 38.28 19.72 62.17 3.08

Standard
deviation

7.65625 1.15114 9.49414 0.37807

Above table shows the different values of bending after which we can conclude
that max stress value compared to virgin samples is quite good.

Above table concludes that the maximum stress values are improved as the %wt.
of MWCNTs are increased.

From above bending result presented in Fig. 22, the samples without MWCNT
show the maximum bending stress 62.17 MPa. It is clearly seen that as the MWCNT
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Table 8 Bending result of 0.2 wt% MWCNTs

S. No. Maximum force
(N)

Maximum
displacement
(mm)

Maximum stress
(N/mm2)

Maximum strain
(%)

1 18.44 21.42 69.00 2.34

2 22.06 21.92 87.90 2.37

3 22.84 22.55 89.95 2.46

4 20.78 21.32 79.51 2.30

Mean 21.03 21.80 81.59 2.37

Standard
deviation

1.92420 0.56323 9.53135 0.06801

Table 9 Bending result of 0.5 wt% MWCNTs

S. No. Maximum force
(N)

Maximum
displacement
(mm)

Maximum stress
(N/mm2)

Maximum strain
(%)

1 49.19 20.04 138.27 2.53

2 41.41 20.47 123.96 2.51

3 51.03 5.03 137.23 0.65

4 52.56 10.83 138.52 1.40

5 53.34 12.60 146.41 1.60

Mean 49.51 13.79 136.88 1.74

Standard
deviation

4.79568 6.53070 8.10080 0.79691

Table 10 Bending result of 0.5 wt% treated MWCNTs

S. No. Maximum force
(N)

Maximum
displacement
(mm)

Maximum stress
(N/mm2)

Maximum strain
(%)

1 51.22 22.00 158.85 2.53

2 60.44 21.45 210.38 2.32

3 58.03 25.28 150.68 3.19

4 51.25 20.38 162.56 2.32

5 51.25 16.41 128.18 2.07

Mean 54.44 21.10 162.13 2.49

Standard
deviation

4.46118 3.19841 30.0945 0.42595
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Fig. 22 Flexural strength to MWCNT loading (wt%)

content is increased, the flexural strength is also increased. There is a significant
enhancement in the flexural strength at the 0.5 wt% treated MWCNT loading.
After chemical treatment of MWCNTs, it shows a visible increase in the flexural
strength of about 101 MPa with the same 0.5 wt% of MWCNT loading. Chemical-
treated MWCNT is more efficient as reinforcing agents than non-treated MWCNTs.
Chemical-treatedMWCNT epoxy matrix also has the better dispersion ofMWCNTs
than non-treated MWCNT epoxy matrix which enables the effective stress transfer
between the epoxy matrixes due to the interfacial bonding.

5 Conclusion

Carbon fiber-reinforced composite has been formed by using carbon fiber as rein-
forcement and epoxy mixed with MWCNTs as a matrix. MWCNTs are mixed into
epoxy in different weight percentages.

• Thedispersion ofMWCNTs is improvedwhenMWCNTswere chemically treated
in a cationic polymer.

• Samples with 0.5 wt% treated MWCNTs show the improved tensile strength
which results approx. 51% improvement compared to without MWCNT samples.
0.5 wt% treated MWCNT composites’ tensile strength is improved by 24% than
0.5 wt% without treated MWCNT addition.

• As the MWCNT content is increased, the flexural strength is also increased.
There is a significant enhancement in the flexural strength at the 0.5 wt% treated
MWCNT loading. After chemical treatment of MWCNTs, it shows a visible
increase in the flexural strength of about 101 MPa with the same 0.5 wt% of
MWCNT loading.
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Mechanical Characterization
of 60Pb40Sn Reinforced Al6061
Self-healing Composite

Nitin Kumar Gupta, Manoj Kumar, and G. D. Thakre

Abstract The present study concentrates on the mechanical characterization of
Al6061 self-healing metal matrix reinforced with low-melting points composite.
It has been prepared by reinforcing low-melting point alloy in aluminummatrix. The
self-healing characteristic has been obtained due to the presence of solder alloy. The
developed material has been characterized using SEM andmicrograph. The mechan-
ical characteristics of the developed material have been determined experimentally
by performing the tensile and Charpy tests. The comparison between self-healing
composite with pure matrix material has been developed. And experimental assess-
ment results show a reduction in tensile force as well as stress by 30%. Reduction
by 50% in other properties like braking distance and strain in fabricated self-healing
matrix. Similarly, in the case of the Charpy test, it reduces by 39% for self-healing
samples as compared to pure aluminum sample.

Keywords Self-healing · Low-melting point alloy · Tensile strength · Charpy test

1 Introduction

After the Stone Age, it was the discovery of metals that has dramatically changed
human evolution. Over time, people started using alloys like brass, bronze, gold, etc.
in their day-to-day life. Today, materials have become an integral part of industrial
development. High strength along with longer useful life has been a primary pre-
requisite of the materials for industrial applications. This has challenged the material
scientists to think beyond the boundaries of conventional materials and develop
new generation materials with better characteristics. As a result of which the metal
matrix composites (MMCs) have come into existence. The MMCs are prepared by
reinforcing differentmaterials in the formof particles or fibers into the parentmaterial

N. K. Gupta (B) · M. Kumar
DIT University, Dehradun, India
e-mail: nitin.gupta@dituniversity.edu.in

G. D. Thakre
CSIR-IIP Dehradun, Dehradun, India

© Springer Nature Singapore Pte Ltd. 2020
C. Prakash et al. (eds.), Advances in Materials Science and Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-4059-2_4

49

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4059-2_4&domain=pdf
mailto:nitin.gupta@dituniversity.edu.in
https://doi.org/10.1007/978-981-15-4059-2_4


50 N. K. Gupta et al.

in order to enhance the latter’s properties and/or impart unique properties as per the
specific design need. They can be developed into materials possessing high; wear
resistance, specific stiffness, specific strength, hardness, thermal conductivity, and
energy absorption along with being light in weight. The research in MMCs had seen
significant interest around the globe paving the way to the development of smart,
self-lubricating, synthetic foams, and self-healing composites [1–5].

Self-healing in metals shows a remarkable development in engineering materials.
This leads to self-repair itself by some sort of mechanism. Literature shows that there
are three important methods have used to develop this kind of self-healing materials.
Some of the researchers have followed supersaturated solid solutions methods to
fill the developed cracks into the matrix, whereas some of them have used shape
memory alloy as reinforcement and the third methods show huge potential by using
low-melting point alloy like solder as reinforcement in the metallic matrix [6–8].

The first method initiated by researchers to fabricate the concept of crack closure
into materials [8–12]. The method was further improved by notable contributions
from [13–16]. Using this technique, Alaneme et al. and Omosule et al. [17–20] setup
and experimentations to show the self-healing in Al-Mg-Si alloy. Similarly, Lumley
[16] utilized this technique to investigate the self-healing behavior in wrought Al-
Cu-Mg-Ag alloy. Laha et al. show a huge potential of these methods by improving
self-healing behavior in stainless steel. This method is more suitable to fill the cracks
like voids and microcrack; this will restore the mechanical properties [21–23].

The second method of incorporating shape memory alloy into the metal matrix
utilizes the capability of material to remember its shape [18]. An exhaustive literature
has been reported about the incorporation of SMA into a metal matrix system [19].
As a result, the fabricated self-healing reinforced with shape memory alloy when
develop cracks. In such cases, wire will get stretched followed by separation into
matrix. And these cracks would be closed by applying temperature to materials. This
approach has been reported by [24–27]. Ferguson et al. [20] emphasize the process
of development of the self-healing materials through zinc alloy ZA-8 by reinforcing
NiTi [28, 29]. However, it is a very expensive development [27].

This method has shown great potential among the material scientists to develop
self-healing materials. The solder alloys when exposed to a certain healing temper-
ature, melts and it also flows under gravitational force. The capillary actions play a
critical role to fill up the cracked site. After that, they solidify and close the cracks
partially. Oladijio et al. [30, 31] reported an experimental work on the impact proper-
ties of self-healing composites using an impact test. The authors reported the highest
healing efficiency of 61% [30–33].

As per the literature, this reveals that the area of self-healing composites is still in
the nascent stage. Various researches are trying to develop techniques that will help
them to fabricate efficient self-healing materials. In the present study, the concepts
of solder material reinforced in the matrix are taken into consideration to develop
the self-healing matrix. And physical characterizations of the fabricated materials
are taken to compare the physical properties of the pure matrix. The study will
be of significant help for material scientists in developing material for industrial,
automotive and aerospace applications.
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Table 1 Al6061 alloy and 60Pb40Sn solder alloys chemical Composition

Al6061 Solder (60Pb40Sn)

Si 0.65 Sn 40

Cu 0.25 Pb 60

Mn 0.15

Mg 0.8

Cr 0.7

Zn 0.025

Ti 0.15

Al Balance

Table 2 Al6061 alloy and 60Pb40Sn solder alloys mechanical properties

Property Tensile
strength
(MPa)

Density
(g/cm3)

Hardness
(BHN)

Melting
points
(°C)

Modulus
elasticity
(GPa)

%
elongation

Al6061 124 2.7 45 >660.3 69 8%

Solder
(60Pb40Sn)

37.0 9.27 – 180–238 25%

2 Materials

Alumium is the most suitable material to be used in industries due to its various
promising properties like lightweight, high strength, less corrosion intensity and ease
of availability in the market. In this experimental work Al6061 alloy has been used
as a base matrix and solder 60Pb40Sn as the reinforcement. The materials used in the
experimental process were purchased from the local Uttarakhand Indian market. The
chemical composition andmechanical properties of thematrix and reinforcement are
given in Tables 1 and 2.

3 Concept of Sample Design

Figure 1 shows the drawing of the sample to be fabricated. The sampleswere prepared
through casting followedbydrilling and thenfilling itwith solder alloywhich exhibits
low-melting properties. The detailed methods have been explained in [34–36].

The fabricated samples of Al6061 are shown in Fig. 2. This sample has the rein-
forcement with and without solder. The samples were exposed to temperature (220–
240 °C). After temperature, the sample gets filled by flowing low-melting alloy into
the 2 mm drilled hole. The low-melting point alloy at high-temperature melts and
under the influence of gravity flow to the crack/gaps thereby healing it. Figure 3
shows the healed Al6061 sample under temperature.
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a b

Fig. 1 Experimental sample of self-healing composite developed a sample fabricatedwithout crack
and b sample fabricated with developing an artificial crack [34]

Fig. 2 Sample of partially self-healing Al6061 alloy
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Fig. 3 Partially healed
sample at 200–240 °C

4 Mechanical Characterization

4.1 Mechanical Properties

To investigate the mechanical properties of the sample, a standard ASTM method
has followed in testing. The following two different test specimens were developed:

(i) pure Al6061 alloy
(ii) Al6061 alloy with solder (60Pb40Sn) (this has very low-melting point).

This solder was filled into a sample by a preset procedure. Drilling a through-
hole of 3 mm diameter in cast matrix of Al6061 alloy. And then use hydraulics
pressure filling setup to forced solder into that hole under preheated condition of the
sample.To evaluate the conditionof thefillingof the cavity, the propermicrostructural
examination has been performed.

4.2 Tensile Test

The testwas performedonUTMas per the standard test procedure ofASTME8M-04.
The samples A and sample Bwere prepared by pure Al6061 alloy. The sample Bwas
then filled with solder 60Pb40Sn based material. Sample C was fabricated through
casting methods and it also gets filled with solder material. Figure 4 represents the
actual fabricated sample
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Fig. 4 Tensile test specimens, fabricated test sample with solder and without solder

4.3 Charpy Test

To get the results for impact strength Charpy test has performed. An E-23-07 ASTM
standard has followed into this testing. Figure 5 shows the developed samples for
the impact test. Two different samples were fabricated; first one was without filling
of solder materials and the second sample was filled with the solder materials.

5 Results and Discussion

5.1 Physical Characteristics

Figure 6 shows the results of the tensile test performed on the developed samples.
A Stress–Strain curve has developed for the pure Al6061 and self-healing Al6061
alloy.

From the results, this has observed that the specimenprepared frompure aluminum
6061 alloy has very high strain of about 23%. Whereas self-healing sample has
11% of strain and similarly sample fabricated by casting procedure has 10% strain.
Further investigation of the tensile sample shows that the value of ultimate stress
of 313 MPa, 219 MPa, 166 MPa, respectively, for the pure Al6061specimen, self-
healing Al alloy, and the cast sample. The results for the tensile tests are given in
Table 3. 30% reduction in ultimate force and in ultimate stress has observed in the
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Sample E Sample D

Fig. 5 Impact test specimen

Fig. 6 Stress-strain behavior of pure and self-healing Al alloy
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Table 3 Tensile strength results

Sample—flat sample Speed of the UTM—4.00 mm/min

Width
(mm)

Ultimate
force (N)

Area
(mm2)

Thickness
(mm)

Breaking
distance
(mm)

Ultimate
stress
(MPa)

Strain
(%)

Sample
A

6.00 10,602 33.8 5.64 5.70 313 22.8

Sample
B

6.00 7395 33.8 5.64 2.84 219 11.3

Sample
C

6.00 5627 33.8 5.64 2.44 166 9.77

Table 4 Results of Impact
test

Code Description Impact energy
(J)

Initial energy
(hammer) (J)

D Pure matrix of
Al6061

61.447 408

E Solder material
filled

37.427 408

self-healing sample and similarly 50% reduction has noted in Breaking distance and
strain [34, 35] as compared to pure Al6061 alloy.Whereas sample made from casting
Al6061 shows poor results. Low-melting point alloy does not play a significant role
to improve tensile strength of materials. The result shows the load does not transfer
from aluminum matrix to solder materials due to weak atomic bonding. Due to this,
results for tensile strength are received very poorly in self-healing Al alloy. Similarly,
in the case of cast samples, the materials get oxidized and hence brittle resulting in
poor tensile properties.

As per the date mention in Table 4 received from testing shows that the impact
energy of the self-healing sample is reduced to 37.43 J whereas in the case of sample
with Al6061 has 67.14 J of rupture energy, which as more than the self-healing
sample. This difference of the results is due to the weak interface between matrix and
reinforced solder. Furthermore, the stress concentration may also play a significant
role due to 3 mm hole, which created stress concentration in the sample. Material
separations were also observed in the process of the testing, the self-healing sample
with solder does not allow material to separate into two pieces. But in the case of
cast sample and pure aluminum, the sample get to break into two pieces.

5.2 Microstructure Examination

The microstructures of the solder reinforced Al6061 alloys sample were investigated
using advanced Laboratory Metallurgical Microscope. Figure 7 shows the boundary
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Fig. 7 Microstructure images of self-healing samples

between matrix and reinforced material, which clearly shows the flow pattern of
solder materials and self-healing of Al6061 materials.

6 Conclusion

This experimental work proves that the solder alloy (low-melting point alloy) can
play amajor role in self-healingAl6061 alloy. This type of newmaterial will improve
the survivability of the materials with the compromise of mechanical properties. The
above experimentation results concluded that the developed self-healing material
shows a reduction in tensile strength. Similarly, 39% reductions of rupture energy
were reported in impact strength of self-healing.
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A Brief Overview of Crystal Plasticity
Approach for Computational Materials
Modeling

Lakhwinder Singh, Sanjay Vohra, and Manu Sharma

Abstract This article presents an overview of crystal plasticity (CP)-based
modeling and simulation. A typical CP approach includes the kinematics and consti-
tutive laws to determine the mechanical response of polycrystalline materials. Con-
stitutive laws can be phenomenological or microstructure-based. The latter allows
incorporating different deformationmechanisms responsible for deforming themate-
rial plastically. For solving the equilibrium and compatibility equations, the types
of numerical solvers used are also discussed. For modeling the inhomogeneity in
the polycrystalline and multiphase material systems, homogenization techniques are
used in CP for the flow of information from single crystal to polycrystalline scale.

Keywords Plasticity · Constitutive · Phenomenological · Microstructure ·
Homogenization · Polycrystalline

1 Introduction

Prediction and understanding of the behavior of structural materials can be effec-
tively achieved by incorporating microstructural description of the material into its
constitutive model [1]. Continuum models are able to predict materials’ behavior by
using information about their microstructure, phases (in case of multiphase alloys),
crystallographic texture, etc. Results of these continuum models-based simulations
can be compared to the experimental results for validation [2–4].

Crystal plasticity (CP) method is used to predict the behavior of polycrystalline
materials subjected to external loadings. Crystal plasticity (CP) theory assumes the
crystallographic slip to be responsible for plastic deformation of the material [5].
The knowledge of deformation mechanisms from the experiments on single crys-
tals has led to the development of suitable constitutive models. In crystal plasticity
modeling, the constitutive models used are mainly of two types: phenomenologi-
cal and physics/microstructure-based [6]. In phenomenological CP models, the state
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(microstructural) variable used is the slip resistance or critical resolved shear stress
(CRSS) while microstructure-based CP models use the internal variables like dis-
location densities, second phase fractions, grain shape and size, etc., to describe
microstructural state of a material. Nowadays, the microstructure-based constitutive
models are gainingmore attention as they capture information in terms ofmicrostruc-
tural parameters. Further in CP, the generally used numerical solvers for solving
governing partial differential equations (PDEs) are the finite element method (FEM)
and spectral method. However, in some cases, spectral solvers using fast Fourier
transform (FFT) have shown great results over FEM solvers [7, 8]. As in practical
applications, polycrystalline materials and multiphase alloys are used, thus homoge-
nization methods are used in CP to address the issue of microstructural inhomogene-
ity of these materials due to different phases, texture, precipitates, etc. [1]. In this
article, a brief overview is presented on above-mentioned aspects of crystal plasticity
approach.

Organization of this article is as: Sect. 2 discusses kinematics of CP. Section 3
describes the constitutive models commonly used in CP. In Sect. 4, the types
of numerical solvers used in CP are presented. Section 5 describes the various
homogenization schemes. Section 6 presents conclusions followed by references.

2 Kinematics

For large deformations, multiplicative splitting of the total deformation gradient
tensor ‘F = ∂x

∂X ’ is done (shown in Fig. 1) into its elastic and plastic components as
[6]:

F = FeFp (1)

Fig. 1 Different configurations of a continuum body and splitting of deformation gradient
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where ‘x’ and ‘X’ are the position vectors of the material points in current and refer-
ence configurations; ‘Fe’ stands for the elastic component of F due to the reversible
response of the lattice while ‘Fp’ is the plastic component of F and is irreversible.

Time evolution of Fp, i.e., plastic component of F in terms of plastic component
of velocity gradient tensor ‘Lp’ is given as:

Ḟp = LpFp (2)

The kinematics remains the same for the different constitutive models used in CP.

3 Constitutive Models

Constitutive models are used to predict the material’s response when subjected to
external loads. InCP, different types of constitutivemodels are usedwhich have equa-
tions for both elasticity and plasticity. The elastic equation is a generalized Hooke’s
law explained in Sect. 3.1. The plastic constitutive equations involve the slip rates
which depends upon the stress ‘σ ’ applied externally and the state (microstructural)
variable ‘r’ of the material [6], i.e.,

γ̇ = f (σ , r) (3)

Based on the type of constitutive model, state variable ‘r’ and its evolutionary
equations are defined for the material.

3.1 Elasticity

The elastic equation is the generalized Hook’s law given as [5]:

S = C : E (4)

where S is the second Piola–Kirchhoff stress tensor, C is the fourth-order tensor
of elastic stiffness, E is the elastic Green–Lagrange strain tensor given as E =
(FT

eFe − I)/2; here Fe is the elastic component of F and I represents the identity
tensor of second order.

3.2 Plasticity

The plasticity equations may be phenomenological or physics-based depending on
the state variables used formicrostructural description. Plastic component of velocity
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gradient, i.e., Lp is written as the summation of slip rates on all slip systems [6]:

Lp =
n∑

α=1

γ̇ αmα ⊗ nα (5)

whereα denotes a slip system (combination of one slip plane and one slip direction on
that plane), n is the number of active slip systems, γ̇ α is the slip rate on a particular
slip system α,mα is the unit vector parallel to slip direction, and nα is the unit vector
normal to slip plane of slip system α.

The component of shear stress resolved in slip direction on a slip system is respon-
sible for the shearing/slipping on that slip system, and it is given by Schmid’s law
as [6]:

τα = S · (mα ⊗ nα) = S · Pα
Schmid (6)

where S is the second Piola–Kirchhoff stress, Pα
Schmid = (mα ⊗ nα) is the Schmid

tensor. In twinning-based CP models, Eq. (5) contains some additional terms. The
plastic velocity gradient Lp includes the twin shear γtwin along with slip rates γ̇ α ,
twin volume fraction f β and its evolution ḟ β , unit vectorsmβ

twin and n
β

twin of a twin
system β [6].

Phenomenological CP models
Phenomenological models of CP generally use the slip resistance or critical value
of resolved shear stress τα

c as microstructural state variable [9–12]. In this class, the
most commonly used power law is discussed below.

Phenomenological Power law The state variable used to describe the material con-
dition is ‘Slip resistance’ τα

c (or critical value of resolved shear stress). The slip rates
on a particular slip system α are given as [6, 10]:

γ̇ α = γ̇0

∣∣∣∣
τα

τα
c

∣∣∣∣

1
m

sgn(τα) (7)

where γ̇0 is the reference value of slip rate and exponentm is for rate sensitivity. This
power law Eq. (7) has many other variations available in literature like using sinh
function [6] or in some places; the exponent in power has different forms [13]. The
evolution of critical resolved shear stress is given as [6, 10]:

τ̇ α
c =

n∑

β=1

hαβ

∣∣γ̇ β
∣∣ (8)

Equation (8) describes the effect of some slip systemwith indexβ on the hardening
action of another slip system with index α where hαβ is the hardening matrix given
as [6, 10]:
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hαβ = qαβ

[
ho

(
1 − τ

β
c

τs

)a]
(9)

where qαβ is the parameter of latent hardening and ho, τs , and a are parameters of
material for slip hardening. Equation (8) is generally referred as the hardening law.
Also, there are other variations of hardening law available in literature. In case of
twinning-based CP phenomenological models, for a twin system β, the evolution of
twin volume fraction ḟ β is generally described by a power law and the slip hardening
law (Eqs. 8 and 9) is also modified [6].

Microstructure-based CP Models
Physics/microstructure-based CP models incorporate the internal variables like dis-
location densities, second phase fractions, grain shape and size, etc., to describe
microstructural state of material. Dislocation density is the most important state
variable considered in this class of models. In this approach, the dislocation density
ρ and its evolution ρ̇ are incorporated into the constitutive equations and from them
flow stress is calculated. Many such models are available in the literature [14–16].
In dislocation density-based models, the equation of kinetics, i.e., Eq. (7), is gener-
ally replaced by Orowan equation which relates slip rates γ̇ α to mobile dislocation
density ρm as [6, 9]:

γ̇ α = ρα
mbv

α (10)

where b is the Burgers vector (magnitude) and v represents the velocity (average)
of mobile dislocations. Similarly, in this class of CP models, the Eq. (8) in the
above phenomenological equations is replaced by the evolutionary equations of dis-
location densities. Some dislocation density-based models incorporate statistically
stored dislocations (SSDs) and geometrically necessary dislocations (GNDs) into
the constitutive equations [17, 18].

4 Numerical Solvers

For determining the response of material under loadings, one is required to solve a
coupled system of governing partial differential equations (PDEs). Depending upon
the configuration chosen, the equilibrium equations can have the forms [19]:

Div P = ρo ẍ in reference configuration (11)

div σ = ρt ẍ in deformed configuration (12)
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where P is the first Piola–Kirchhoff stress tensor, σ represents the Cauchy stress
tensor, ρ is the mass density of material, and x is the position vector of material point
in current/deformed configuration. For static case, ẍ = 0 in the above equations.

In crystal plasticity (CP), the above-mentioned PDEs are generally solved by finite
element method (FEM) and spectral solvers. FEM discretizes the continuum into
finite elements and within the elements, shape functions are defined for interpolating
field quantities. The FEM implementations in crystal plasticity are available in the
literature in detail [9, 10]. Similarly, the fast Fourier transform (FFT)-based spectral
solvers are also used for CP simulations. FFT reduces the coupled system of complex
PDEs into ordinary differential equations (ODEs) in the Fourier space. The detailed
implementation of FFT-based spectral solvers in CP is available in literature [20–
23]. Spectral methods have shown better performance in terms of faster convergence
as compared to FEM. FFT solvers need periodic boundary conditions but are more
efficient in terms of computational time and memory. Commercial FE packages like
ABAQUS allow user-defined constitutive laws with FORTRAN subroutines UMAT
and VUMAT. UMAT is used for static or implicit dynamic analysis in ABAQUS
while VUMAT is used for explicit dynamic problems. It is easier to write VUMAT
as it does not involve the calculation of stiffness matrix which is there in UMAT.

Open-source packages like VPSC [24], DAMASK [19, 26, 25], PRISMS Plas-
ticity [27, 28], and MOOSE [29] are also available for CP simulations. DAMASK
includes the spectral solvers based on FFT, and for FEM solution, it provides inter-
face with commercial packages ABAQUS and MSC.MARC. One can incorporate a
new constitutive model through FORTRAN in DAMASK like UMAT and VUMAT.
PRISMSPlasticity is also an open-source package built on finite element (FE) library
deal.II and it is used for crystal plasticity-based FE simulations.

For generating microstructures, Dream.3D [30, 31] and Neper [32] packages are
commonly used. DAMASK itself has the inbuilt tool to generate microstructures
from EBSD data or randomly. Also, the microstructures generated from Dream.3D
can be exported to DAMASK for simulation. PRISMS Plasticity also allows the
microstructures generated fromDream.3D and Neper as input for CPFE simulations.

5 Homogenization

In polycrystalline and multiphase materials, the issue of microstructural inhomo-
geneity due to different phases, texture, precipitates, etc., needs appropriate homog-
enization methods for switching response of a single crystal to the polycrystalline
aggregate. Commonly used homogenization methods in crystal plasticity include
isostrain [10, 11], finite element (FE) averaging [10–12], and relaxed grain cluster
(RGC) [33]. Isostrainmethod assumes that all grains/constituents have the same local
deformation gradient as that of the macroscopic deformation gradient, and at every
material point, the response value of stress is the average of stresses of individual
grains/constituents of that material point [5, 10], i.e.,
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F = F(k), (13)

and σ = 1

N

N∑

k=1

σ (k) (14)

For a material point, F(k) is the local deformation gradient for the kth grain, F
represents the volume-averaged macroscopic deformation gradient, σ is the volume-
averaged Cauchy stress, σ (k) stands for the Cauchy stress of kth grain/constituent,
and N represents the total number of constituents/grains of that material point. Finite
element (FE) averaging approach assumes that one grain is represented by an element
and an orientation is assigned to it as an initial texture [11, 12].

6 Conclusions

This paper provides a brief overview of crystal plasticity (CP)-based approach to
study deformation behavior of polycrystalline materials. CP simulations are proving
to be great modeling tools for solving problems of materials modeling. Physics-
based constitutive models consider the deformation mechanisms like dislocation
slip, twining, martensitic formation, and also their interactions. FFT-based spectral
solvers are found to bemore efficient than FE simulations, and their implementations
in CP are becoming popular nowadays. Homogenization techniques help to study
multiphasematerial systems and allow the user tomake transitions from single crystal
level to polycrystalline scale. Applications of CP simulations range from micro- to
macroscale includingmicrobending, damage initiation, deepdrawing,metal forming,
nano-indentation, texture formation, texture evolution, etc. For the case ofmultiphase
alloys, even the existing phenomenologicalmodels can be enhanced by incorporating
the information of different phases present in the material.
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Evaluation of Creep and Compressive
Behavior of MWCNTs Reinforced
Polyurethane Composites

Dinesh Kumar and Prashant Jindal

Abstract Polyurethane (PU) has a great potential of use in various low-load-bearing
applications. Reinforcing PU with mechanical strong material like MWCNTs can
be very useful for improving the mechanical behavior of PU. In this contrast, the
present study has been undertaken to evaluate the mechanical behavior of MWCNTs
reinforced PU by varying the concentration of MWCNTs. Creep test shows that
the presence of MWCNTs into PU matrix results in a reduction in creep strain. A
significant reduction of 82% in creep strain of 7 wt% MWCNT composite has been
observed in comparison with pure PU. The behavior of MWCNTs reinforced PU
composite under compressive load has been evaluated within its elastic limit, and it
has been observed that compressive modulus has been increased with the influence
of increasing MWCNTs. Significant enhancement of 70% has been observed in
the compressive modulus of PU/MWCNT composite with a higher composition of
MWCNTs (10 wt%). Uniform dispersion of MWCNTs into PU matrix and their
adhesion with PU molecules are the suggested reasons for significant improvement
in mechanical properties.

Keywords PU ·MWCNTs · Creep · Injection molding · Solution mixing ·
Compressive modulus

1 Introduction

Among the thermoplastic category of polymers, polyurethane attracted a lot of atten-
tion due to its applicability in various low-load-bearing applications like helmets,
shoe sole fabrication, sports equipment, and medical devices. Being composed of
soft and hard segments, properties of PU can be easily modified by reinforcing
appropriate filler material to its matrix. Nanotechnology considered to be the best

D. Kumar · P. Jindal (B)
University Institute of Engineering and Technology, Panjab University, Chandigarh, India
e-mail: jindalp@pu.ac.in

D. Kumar
e-mail: dnsharma327@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
C. Prakash et al. (eds.), Advances in Materials Science and Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-4059-2_6

71

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4059-2_6&domain=pdf
http://orcid.org/0000-0001-7133-6108
http://orcid.org/0000-0002-3844-3494
mailto:jindalp@pu.ac.in
mailto:dnsharma327@gmail.com
https://doi.org/10.1007/978-981-15-4059-2_6


72 D. Kumar and P. Jindal

approach for developing high strength PU-based composite material for industrial
applications [1]. Filler materials like carbon nanotubes are drawn significant attrac-
tion by scientists for improving themechanical performance of soft materials like PU
towithstand amoderate amount of load in various applications. The use of CNTs into
PU matrix as filler material has the capability to improve the mechanical properties
of PU by 100% or well above the performance obtained by traditional filler material
like clay [2]. CNTs have excellent mechanical and thermal properties which make
them suitable filler candidate for polymer composite fabrication. More importantly,
their nanoscale dimensions make them a better choice for reinforcement as they
can easily be dispersed into the polymer matrix. CNTs have an excellent value of
Young’s modulus around 1TPa [3] and tensile strength up to 60 GPa [4]. CNTs have
a good value of aspect ratio around 1000 and density around 2.6 g/cc [5]. In addition
to excellent mechanical properties, CNTs also have significant thermal properties
as they remain stable up to 2400 °C in vacuum [6] and good thermal conductivity
around 3000 W/K [4]. Uniform dispersion of CNTs into the polymer matrix is the
prime factor [7, 8] to obtain high strength polymer-based composite material. But
the dispersion of CNTs into the polymer matrix is still a challenge for scientists due
to strong intermolecular forces of CNTs. Several methods have been invented in the
past by various groups of scientists to achieve uniform dispersion of CNTs into the
polymer matrix. Reports are available in the literature, showing that the mechanical
performance of polymer-based CNT composite material can be improved by achiev-
ing uniform dispersion. Scientists reported the improved mechanical performance
of polymer/CNT composite material by different methods. In situ polymerization,
twin-screw extrusion, and solution mixing are some of the techniques used by a
different group of scientists in the past for fabrication of polymer-based composite
material. Therefore, for fabricating high strength polymer-based composite material,
uniform dispersion of filler material is the prime factor to achieve.

Jia et al. [9] worked on creep and creep recovery behavior of TPU with pristine
and functionalized MWCNTs. They observed that creep strain has been improved
with an increase in temperature; a marked increase of 46% has been observed when
temperature raised from 35 to 80 °C for a time span of 30 min. Starkova et al. [10]
worked on the evaluation of the creep behavior of epoxy-based MWCNT composite
and reported that 1 wt% of MWCNTs has a negligible effect on the creep behavior
of Epoxy. Jia et al. [11] studied the creep behavior of polypropylene (PP)/MWCNT
composite under the influence of the varying composition of MWCNTs for different
temperature conditions. Scientists reported that with 1 and 2.8 vol.% of MWCNTs,
the unrecovered creep strain has been reduced by 53% and 73%, respectively, in
comparisonwith pure polymer. Yao et al. [12] used PU/MWCNTcomposite prepared
by in situ polymerization for creep study. Scientist reported that the presence of CNTs
results in a significant increase in creep resistance of composite, but the increase is
not monotonous with an increase in CNTs as it is highly dependent on the dispersion
of filler material.

After the comprehensive study of the previous work, it has been observed that
scientists seem not much interested toward the compressive study of the PU-based
MWCNTs composite material, and a little attention has been paid toward creep
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study of the composite material. As PU has great potential of interest in various low-
load-bearing applications, the material has to withstand compressive load for a long
period of time. Creep behavior of PU-based composite material is a very important
aspect for widening its applicability for the fabrication of quarter (part of the shoe)
which undergoes a low loading effect for a long period of time. There are merely
few reports which are available on the study of the creep behavior of PU-based
CNT composite material. To deeply understand how the presence of CNTs leads to a
reduction in creep strain of PU, it is important to further evaluate the time-dependent
creep behavior of PU. Therefore, the present study has been undertaken to evaluate
the creep behavior of PU-based MWCNT composite material under the influence of
the varying composition of MWCNTs. In addition to creep behavior, the mechanical
behavior of PU/MWCNT composite under compressive loading within its elastic
range has also been evaluated.

2 Materials and Methods

2.1 Materials

As grownMWCNTs with a diameter around 20–50 nm and length up to fewmicrons
have been used as filler material. Beads of pure PU have been used as base material,
and the composition of MWCNTs has been varied from 1 to 10 wt%.

2.2 Synthesis of PU/MWCNTs Composite

Simple solution mixing [13–22] technique has been used for the fabrication of thin
films of PU/MWCNT composite by varying the composition of MWCNTs. Beads
of pure PU have been dissolved into dimethyl formamide (DMF) by using magnetic
stirring until a clear solution obtained. MWCNTs have also been dispensed into
the same solvent, and different suspensions of MWCNTs have been prepared by
varying the composition of MWCNTs (0, 1, 3, 5, 7, and 10 wt%) with respect to
the weight of PU. Individual suspension then mixed with PU solution and again
magnetically stirred for 3–4 h to disperse MWCNTs into PU matrix. After this,
the mixed solution allowed for casting in the oven and the solvent gets evaporated.
After drying, thin films (0.2–0.3 mm thick) of PU/MWCNT composite with varying
composition of MWCNTs have been obtained. These thin films then molded by
using injection molding [23–28], and the required shapes of the specimen have been
prepared. Before using for molding, these films are used for FESEM to validate the
dispersion of MWCNTs (Fig. 1). For creep tests, dog-bone-shaped specimens have
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Fig. 1 FESEM of PU/MWCNT composite film

been prepared according to ASTM D638 Type5, and for compressive tests, small
disks with a diameter of 10 mm and thickness of 5 mm have been prepared as shown
in Fig. 2.

2.3 Mechanical Characterization

Creep testing has been performed on micro Universal Tensile Machine UTM (model
MBA500) having an axial load capacity of 400 N and a stroke length of 50 mm. A
load of 20 N has been applied on the moving end of the specimen for a time period of
600 s. These tests have been performed at room temperature and humidity of 47%.
The compressive test has been performed on the same UTM by applying a load of
400 N in compression mode. The grip of specimens for creep and compressive tests
is shown in Fig. 3.
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Fig. 2 Images of specimen used for (a) compressive test and (b) creep tests

3 Results and Discussion

3.1 Creep Behavior

Figure 4 shows the axial load versus time response during creep testing. As shown
in Fig. 4, the load has been kept constant to 20 N during the time period taken into
consideration. The constant stress of 1 MPa has been induced in the specimen as
shown in Fig. 5.

Variation in creep strain with the influence of the varying composition of MWC-
NTs is shown in Fig. 6. All the specimens have been stretched for 10 min, and
corresponding axial strain has been recorded. In Fig. 6, two stages of creep (primary
and secondary creep) can be easily observed, but no evidence has been found for
tertiary creep, which requires higher stress and a longer time period.

Creep strain of all the PU/MWCNT composite specimens has been reduced in
comparison with pure PU for the time period taken into consideration. After char-
acterizing pure PU, our attention turned to analyze the effect of MWCNTs on the
creep behavior of PU. A maximum strain of 175% has been observed for pure PU,
which reduced to 50% for the higher composition of MWCNTs (10 wt%). Creep
strain has been reduced by 23%, 37%, 77%, 82%, and 71% for PU/MWCNTs with
1 wt%, 3 wt%, 5 wt%, 7 wt%, and 10 wt%, respectively, in comparison with pure
PU. It is interesting to notice that maximum reduction in strain has been achieved
for 7 wt% composition. Therefore, 7 wt% is the optimum value which possesses a
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Fig. 3 Grip of the specimen (a) during creep testing and (b) during compressive testing

higher amount of reduction in strain, and beyond this value, no more reduction has
been observed, but the creep strain increases (55%) for higher composition (10 wt%)
in comparison with 7 wt%. The reduction in creep strain indicates that the creep
resistance of the composites has been significantly improved. Jia et al. [11] reported
similar behavior for polypropylene and CNT composites. Uniform dispersion and
better adhesion [29] of MWCNTs could be the reason for improved creep resistance
of the composites. There may be some other reasons, such as alteration of bulk struc-
ture [12], and other unknown factors which may also lead to the improved creep
resistance are worthy to study in the future.
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Fig. 4 Axial load versus time response

Fig. 5 Axial stress versus time response
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Fig. 6 Creep strain of PU/MWCNT composites at the varying composition of MWCNTs

3.2 Compressive Behavior

As discussed above, the compressive behavior of PU/MWCNT composite mate-
rial has been evaluated within its elastic limits. A load of 400 N has been applied
on the surface of the specimen, and corresponding strain has been recorded. As
shown in Fig. 7, stress induced in the specimen remains almost the same for all the
compositions of MWCNTs.

The corresponding strain of PU/MWCNT composites has been reduced with the
increasing composition of MWCNTs. As Fig. 7 depicts, its 7 wt% for which maxi-
mum reduction has been observed in comparison with pure PU. In comparison with
pure PU, a reduction of almost 50% has been observed for 7 wt% PU/MWCNT
composite material.

Figure 8 shows the compressive modulus of PU-based MWCNT composites for
varying composition of MWCNTs. It has been observed that the modulus of the
specimen under compressive load has been significantly increased with the increase
in MWCNT composition. The value of compressive modulus for pure PU has been
observed as 13.33MPa which peaks to 23MPa for the higher composition of MWC-
NTs (10 wt%), showing significant enhancement of 72%. A minor composition of
3 wt% is sufficient to improve the compressive modulus by 30% in equivalence to
pure PU. For 5 wt%, the value of compressive modulus falls to 15 MPa, but the
value is still higher than that of pure PU by 12%. Table 1 shows that the compressive
modulus of PU/MWCNT composite material has been enhanced significantly for all
the composition of MWCNTs.
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Fig. 7 Stress–strain plots for PU/MWCNT composites under compressive loading

Fig. 8 Compressive modulus under the influence of the varying composition of MWCNTs
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Table 1 Results of compressive tests with their standard deviation

Composition of MWCNTs in PU, wt% 0 1 3 5 7 10

Compressive modulus, MPa 13.33 14 17.33 15 19.66 23

Standard deviation 0.577 1 0.57 1 1.52 3

PU comprised of soft segments, and these segments get displaced easily under
compressive loading. Random orientations of MWCNTs into the PU matrix provide
strength to PU molecules which result in increased binding of the molecules. The
void space between PU molecules is occupied by MWCNTs which restrict the dis-
placement of PUmolecules, therefore reducing the strain of PU/MWCNT composite
material. Reinforcement with MWCNTs having nanoscale dimension is beneficial
for achieving uniform dispersion ofMWCNTs throughout the PUmatrix. Therefore,
uniform dispersion of MWCNTs provides extra resistance to PU molecules against
the deformation which results in reduced creep strain of composite material.

The compressive modulus of PU/MWCNTs has also been increased under the
influence of increasing composition ofMWCNTs. AsMWCNTs itself have an excel-
lent value of Young’s modulus, reinforcing PU with mechanically strong MWCNTs
results in the improved mechanical properties of PU/MWCNT composite. Some
reports are available which reported that MWCNTs are reasonably strong in the
radial direction in comparison with the axial direction. As MWCNTs are randomly
oriented in PU, therefore they undergo a combined effect of axial and radial loading,
which results in enhanced mechanical strength of the material. Moreover, in the case
of pure PU, slipping of molecules may happen when the load is applied at the surface
of the specimen. Reinforcement of MWCNTs into PU matrix can provide resistance
to PU molecules against slipping, and therefore, the binding of molecules increased.
It is worthy to notice that its 7 wt% composition of MWCNTs which provides max-
imum reduction in strain creep as well as compressive tests. Therefore, it is safe to
conclude that the reinforcement of MWCNTs beyond 7 wt% leads to the agglom-
eration of MWCNTs. Uniform dispersion of MWCNTs and their adhesion with PU
molecules are the other suggested reasons for improved mechanical properties of
PU/MWCNT composite material.

4 Conclusion

From the present study, the following conclusions can be drawn:

1. Composites of MWCNTs reinforced PU have been successfully prepared by
using the solution mixing approach.

2. Creep strain of PU/MWCNT composites has been reduced under the influence
of the increasing composition of MWCNTs. Maximum reduction of 82% has
been observed for 7 wt% PU/MWCNT composite material in comparison with
pure PU.
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3. This reduction in creep strain indicates that MWCNTs provide extra resistance
to PU molecules to get deformed under constant loading.

4. The compressive modulus of PU-based MWCNTs composite has also been
increased with the increasing composition of MWCNTs. A significant improve-
ment of 72% has been observed in compressive modulus of PU/MWCNTs with
7 wt% of MWCNTs.

5. After evaluating the present results, it is safe to conclude that the concentration
of MWCNTs around 7–10 wt% is sufficient to enhance the overall mechanical
behavior of PU-based composite material which could be beneficial for the fab-
rication of midsole and quarter of shoes which undergoes creep and compressive
loading during its service.

6. Further work can be done on the functionalization ofMWCNTs before reinforce-
ment which could enhance the binding of molecules with MWCNTs, therefore
increasing the strength of the material.
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Influence of Particle Morphologies
of Mesoporous Hydroxyapatite
Nanopowders on Controlled Delivery
of Vancomycin Drug

Ravinder Pal Singh and Jagdeep Singh

Abstract Mesoporous hydroxyapatite (HAP) nanopowders (NPs) with distinct par-
ticle morphologies of nanorods (HAP-NR) and hierarchically nanostructured micro-
spheres (HAP-MS) were synthesized. HAP was a major phase in both products.
Crystals were nanodimensional and exposed to tensile strain. HAP-NR was more
crystalline thanHAP-MSNP. Particles ofHAP-NR andHAP-MSNPswere nanorod-
like (aspect ratio of five to six) and hierarchically nanostructured microspheres in
shape, respectively. Average particle sizewas 88± 30 nm (along c-axis) for HAP-NR
and 1.5–2 μm for HAP-MS NP. EDX results were in agreement with XRD phase
analysis. Specific surface areas of HAP-NR and HAP-MS NPs were 15 m2 g−1 and
22 m2 g1, respectively. HAP-MS NP was more porous than HAP-NR and, therefore,
exhibited 45% higher vancomycin loading efficiency than HAP-NR NP. In addition,
drug-releasing rate of HAP-MSNPwasmore than HAP-NR in simulated conditions.

Keywords Nanorods · Microspheres · Hydroxyapatite · Vancomycin ·
Mesoporous · Drug delivery

1 Introduction

In recent years, enormous work has been made in the field of effective drug carriers
for loading and controlled release of contraceptives, hormones, antibiotics, etc. In
contrast to customary medicinal treatment procedures including systematic admin-
istration of drugs, advancement of precisely controlled drug-releasing techniques
results in a number of benefits like steady and sustained release of drugs, improve-
ment in therapeutic index, with least harmful impact on neighbouring tissue(s) [1].
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Drug carriers play critical role in controlled delivery of drug(s), as these store and
discharge drug molecules progressively with respect to time. Mesoporous hydroxya-
patite (HAP) bioceramic has been considered as a potential drug carrier as compared
to other materials such as graphene, polymers and silica.

HAP is an inorganic principal constituent of natural bone and teeth, and therefore,
synthetic HAP has been extensively employed as an artificial bone substitute [2]
and drug delivery systems [3, 4] attributed to its magnificent biocompatibility and
bioactivity [1].Moreover, additional features like surface porosity and structuralOH−
ions enable HAP as an appropriate candidate for loading and discharge of an array
of pharmaceutical molecules [3]. Stoichiometric HAP crystals are the most stable
family member of calcium phosphate-based materials [5], which do not dissolve
quickly in body fluids and thus can be delivered at infected site(s) in human body
through surgical placement and inoculation procedures.

A number of drugmolecules such as ibuprofen, vancomycin, ciprofloxacin, amox-
icillin and many more have been employed as model drugs for drug delivery appli-
cations. These are synthetic antibiotic drugs with a broad spectrum of bactericidal
capacity against both gram-positive and gram-negative bacterial strains. Vancomycin
drug is highly resistant against numerous gram-positive bacteria. It is exceptionally
potential against resistant forms of Staphylococcus aureus bacteria, which is highly
prevailing in hospitals. Therefore, developing efficient delivery methods to avert the
development and spread of such resistant strains is profoundly desirable.

For effective loading and releasing efficacy of drug in body fluids, one contempo-
rary technique is to developmesoporous structures of drug carriers. The drug loading
capacity is potentially enhanced in mesoporous materials due to their inherent pore
volume and large specific surface area. The drug loading and releasing abilities of
carriers are improved by mesoporous nanostructured particles [1]. Apart frommeso-
porous structure, particle morphology of drug carriers additionally influences the
drug administration capacity and biological functions [6]. For instance, microspheres
[1], nanorods [6, 7], superparamagnetic nanoworms [8], etc., have been studied for
a variety of multifunctional applications including drug delivery systems, molec-
ular imaging and anti-cancer therapies. However, tailoring particle morphology of
HAP is generally a complicated process due to complex crystal structure of HAP
[1]. Thus, synthesis of distinct particle morphologies of HAP crystals with improved
drug loading and releasing abilities has been a challenge to scientific community.

To these aims, mesoporous HAP nanopowders (NPs) having distinct particle
morphologies of nanorods (HAP-NR) and microspheres (HAP-MS) were syn-
thesized and tested for drug loading and releasing efficiencies. Structural and
physico-chemical properties were comprehensively examined. In addition, the crys-
tallographic structure of products was investigated by the Rietveld refinement
technique.
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2 Materials and Method

Calcium and phosphorus ions were extracted from calcium nitrate tetrahydrate
(CNT,Merck) and diammonium hydrogen orthophosphate (DAHP,Merck) reagents,
respectively. Trisodium citrate (TSC, Merck) and EDTA (Merck) were employed as
templating agents. The pH of solutions was maintained using ammonium hydroxide
(NH4OH) and nitric acid (HNO3). Synthesis protocols have been shown in Fig. 1.

Briefly, for the synthesis of HAP-NR NP, a mixture of 0.1 M hydrous CNT and
0.1MEDTAwas drop-wise added to 0.0598Mhydrous DAHP precursor and formed
HAP solid solution. Thereafter, NH4OH was gradually added to maintain pH of
HAP solid solution to nine. The solution was then stirred and placed in household
microwave at 800W for 30min.After cooling to room temperature, resultant solution
was centrifuged andwashed. This centrifugation–washing cyclewas repeated for five
times. The resultant precipitates were dried in air oven at 110 ± 2 °C for 24 h. The
obtained product was crushed into fine powder.

The synthesis protocol of HAP-MS NP was adopted from a published literature
[9]. Briefly, pH of 0.1 M hydrous DAHP solution was adjusted to six using HNO3.
Then, hydrous solution of 0.167 M CNT was rapidly added to hydrous DAHP pre-
cursor to form HAP solid solution. Its pH was adjusted using HNO3. The TSC
solution (0.4175 M) was drop-wise added and stirred for some time. The suspension
was hydrothermally heated at 180 °C for 24 h in muffle furnace and subjected to

Fig. 1 Synthesis methodology of a HAP-NR and b HAP-MS NPs
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annealing. The resultant precipitates were centrifuged and washed. This centrifuga-
tion–washing cycle was repeated for five times. The obtained products were dried in
air oven at 110 ± 2 °C for 24 h and later crushed into fine powder.

2.1 Characterization

XRD (Bruker D8) with Cukα radiations was employed to study the crystal structure.
XRD patterns were obtained with scan range from 20° to 60° and step size of 0.02°.
TheRietveld refinement ofXRDpatternswas studied usingMAUDsoftware. A fifth-
order polynomial function andpseudo-Voigt algorithmwere employed for refinement
purposes. The PDF data for monetite (01-071-1759), HAP (09-0432), β-TCP (09-
0169), CaCO3 (5-586), CaO (01-074-1226), sodium nitrate (NaNO3, 01-085-1467),
and sodium chlorate dihydrate (NaClH2O5, 001-0603) were used.

Crystal size (Xs in nanometer) of HAP was calculated using Eq. (1).

Xs = 0.9λ

βcosθ
(1)

where λ is wavelength ofX-rays,β (in radians) is FWHMand θ (in degree) is Bragg’s
angle. The peaks, i.e. (002), (211), (112), (300), (202) and (310) ofHAP crystals were
selected to calculate crystal size. Degree of crystallinity (Xc) was determined using
Eq. (2) [9]. WH-ISM (Eq. 3) and WH-ASM (Eq. 4) models were used to calculate
lattice strain (ε) and crystal size of HAP crystals.

Xc = 1 − (
V112/300

/
I300

)
(2)

βhkl cos(θhkl) = 0.9λ

Xs
+ 4ε sin(θhkl) (3)

βhkl cos(θhkl) = 0.9λ

Xs
+ 4σ sin(θhkl)

E
(4)

where V112/300 is the intensity of hollow between (112) and (300) diffraction peaks,
I300, is the intensity of (300) diffraction peak of HAP crystals and E is Young’s
modulus. FESEM (Hitachi, S-4800) outfitted with EDX (Bruker, XFlash 4010) was
employed to examine the particle morphology and elemental composition. HRTEM
(FEI Tecnai G2 S-Twin) was employed to examine the particle shape and atomic
structure. ImageJ software was employed to quantify the size and aspect ratio of
particles [10]. The textural properties of particles were measured using BETmethod.
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2.2 In Vitro Drug Loading

The 100 mg of NP was uniformly dispersed into measured volume of vancomycin–
ethanol solution with initial drug concentration (a) of 20 mg ml−1. This suspension
was incubated at 37 °C for 24 h in dynamic mode. The precipitates and supernatant
were alienated following centrifugation process. The final drug concentration (b) in
supernatant was tested using UV-VIS at 230 nm. Drug loading efficiency (DLE, η)
was determined using Eq. (5).

η =
[
a − b

a

]
∗ 100 (5)

2.3 In Vitro Drug Release Test

Themixture of 1:1 byvolumeof drug-loadedparticles and simulated bodyfluid (SBF)
was incubated in different polyethylene tubes. The 5 ml solution was extracted after
selected time intervals and centrifuged at 5000 rpm. Refreshment of SBF was also
ensured. Drug concentration in supernatant was measured spectrophotometrically at
230 nm wavelength.

3 Results and Discussion

3.1 Particle Development Mechanisms

During the synthesis of HAP-NR NP, EDTA reacted with Ca2+ ions and formed
strong complex of Ca and EDTA ions [12]. EDTA ions wrapped around metal ions
and acted as a hexadentate unit [3]. Initially, 3D clusters formedwhich acted as nuclei
for the formation of HAP crystals. These HAP nuclei further developed into nanodi-
mensional rod-like crystals under MW irradiation [12]. Schematic representation of
nucleation and growth of HAP-NR NP has been shown in Fig. 2a [13].

During the synthesis of HAP-MS NP, elevated temperature and pressure in
hydrothermal cell improved nucleation and growth of HAP crystals [13]. Follow-
ing HAP nucleation, citrate ions were absorbed by HAP crystals and resulted in a
change in surface energy of crystal facets. It further improved the growth rate of
HAP crystals in the direction of absorbed citrate ions [13, 14, 19]. The Ca2+ ions
bonded with COO− groups of citrate ions coordinated along c-axis of HAP crys-
tals. The citrate ions caused HAP crystals to grow along c-axis [15]. Thus, citrate
ions aggregated the nanoparticles and formed spherical particles [13]. The schematic
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Fig. 2 Particle formation mechanism of a HAP-NR and b HAP-MS NPs

representation of particle formation mechanism of HAP-MS NP has been shown in
Fig. 2b [14].

3.2 Phase Structure

XRD patterns of HAP-NR and HAP-MS NPs have been shown in Fig. 3. Qualita-
tive analysis indicated that HAP-NR was monolithic consisted of HAP phase only,
whereas, in addition to HAP, sodium chlorate dihydrate and sodium nitrate phases
were present in HAP-MS NP. Characteristic peaks (002), (211), (300), (202) and
(310) of HAP crystals were observed in both NPs. Impurities like CaCO3 and CaO
were not observed in both NPs. The chemical reactions pertinent to synthesis of
HAP-NR and HAP-MS NPs have been proposed in Eqs. (6) and (7), respectively.

10Ca(NO3)2 . 4H2O + 6(NH4)2HPO4 + 2NH4OH

→ Ca10(PO4)6(OH)2 + 20NH4NO3 + 46H2O (6)

10Ca(NO3)2 + 6(NH4)3PO4 + 2H2O → Ca10(PO4)6(OH)2 + 18NH4NO3 + 2HNO3
(7)
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Fig. 3 XRD patterns of a HAP-NR and b HAP-MS NPs

3.3 Crystallographic Structure

The fitted XRD profiles of HAP-NR and HAP-MS NPs have been shown in Fig. 4.
The goodness-of-fit parameters (σ , Rwp, Rexp) have been given in Table 1. The value
of σ was less than four and was acceptable [16].

Lattice parameters of HAP crystals along both a-axis and c-axis were 9.420 Å and
6.883 Å for HAP-NR and 9.358 Å and 6.893 Å for HAP-MS NP as given in Table 1.
Although lattice parameters of HAP-NR were closer to the standard dimensions of
stoichiometric HAP (a = 9.418 Å and c = 6.884 Å), some disparity was observed
in case of HAP-MS NP. It has been attributed to the presence of citrate ions, which
could inhibit growth of HAP crystals in HAP-MS NP [17, 20]. All models affirmed

Fig. 4 Fitted XRD profiles of a HAP-NR and b HAP-MS NPs
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the nanodimensional regime of HAP crystals in both HAP-NR and HAP-MS NPs as
mentioned in Table 1. Both HAP-NR and HAP-MS NPs were subjected to tensile
strain (Table 1). Critical analysis indicated the proportional relationship between
microstrain and crystal size. Besides, degree of crystallinity was 44% for HAP-NR
and 39% for HAP-MSNP. On the basis of fact that less crystalline HAPNPs dissolve
rapidly in body fluids, and hence accordingly, both HAP-NR and HAP-MSNPs have
been proposed to be beneficial for controlled drug delivery applications.

3.4 Morphology and Elemental Structure

Particle morphology of HAP-NR and HAP-MS NPs has been shown in Fig. 5. HAP-
NR NP was agglomerated and constituted of micron-dimensional grains as shown
in Fig. 5a. These irregularly shaped grains consisted of rod-like elongated nanopar-
ticles as illustrated in Fig. 5b. However, particles of HAP-MS NP were primarily
spherical in shape as shown in Fig. 5c–d. Few long needle-like particles were also
observed as shown in Fig. 5c. It was believed that primordial needle-like particles

Fig. 5 Particle morphology of a, b HAP-NR and c, d HAP-MS NPs
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Fig. 6 TEM, SAED and lattice fringes of a–c HAP-NR and d–f HAP-MS NPs

transformed into spherical particles during synthesis reaction. Furthermore, numer-
ous nanodimensional elongatedplate-like particles united and formedburr-like spher-
ical particles as shown in Fig. 5d. The aggregation of these nanodimensional particles
formed mesoporous structure. The interparticle spacing believed to act as channels
for soaking and delivery of drug.

TEM micrographs confirmed nanorod-like particles of HAP-NR as shown in
Fig. 6a. Average length and width of nanorods for HAP-NR were 88 ± 30 nm
and 15 ± 5 nm, respectively. The aspect ratio of nanorods was between 5 and 6.
SAED pattern as illustrated in Fig. 6b showed ring-like patterns made up of spots
that represented the formation of polycrystalline material. Bright spots were indexed
to (300) and (004) planes of HAP phase. The interatomic spacing of 0.27 nm was
ascribed to characteristic (300) crystal plane of HAP phase in HAP-NRNP as shown
in Fig. 6c. Similarly, Fig. 6d showed dumbell-shaped spherical ended particles con-
sisted of hierarchically assembled long needle-shaped particles as shown in the inset.
Average diameter of spheres was 1.5–2 μm. Diffraction pattern (Fig. 6e) affirmed
polycrystalline structure of HAP-MS NP. The interatomic spacing of 0.813 nm was
ascribed to (100) crystal plane of HAP phase in HAP-MS NP as shown in Fig. 6f.

The elemental compositions of HAP-NR and HAP-MS NPs have been shown in
Fig. 7. Elements required for the formation of HAP crystals were present in both
HAP-NR and HAP-MS NPs. The weight ratio and molar ratio of Ca: P were 2.05
and 1.62 for HAP-NR NP and 2.07 and 1.59 for HAP-MS NP, respectively. These
values were close to theoretical values of 2.15 and 1.67 for stoichiometric HAP,
respectively. Presence of C-element demonstrated the carbonated structure of HAP
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Fig. 7 Elemental composition of a HAP-NR and b HAP-MS NPs

crystals in HAP-NR NP. Natural bone apatite is also carbonated in composition. On
the other hand, the use of sodium citrate reagent was the reason for Na element
detected in HAP-MS NP.

3.5 Mesoporous Structure

The textural properties ofHAP-NRandHAP-MSNPs have been shown in Figs. 8 and
9, respectively. Both NPs exhibited similar isotherms of type II with H3 hystersis

Fig. 8 a Isotherms, b BET, c BJH and d Langmuir plots of HAP-NR NP
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Fig. 9 a Isotherms, b BET, c BJH and d Langmuir plots of HAP-MS NP

loop, illustrating the formation of mesoporous structures, primarily consisted of
elongated particles [18]. Moreover, high adsorption of gas suggested the presence
of macropores in synthesized products. These outcomes were in agreement with
morphological results (Fig. 5). The textural properties have been given in Table 2.
Specific surface area of HAP-NR and HAP-MS NPs were 15 m2 g−1 and 22 m2 g−1,
respectively. In- addition, HAP-MS NP was ~24% more porous than HAP-NR NP.
Likewise, mean pore diameter in HAP-MS NP was ~13% more than HAP-NR NP.
Presence of ultrafine pores (10–11 nm) affirmed the mesoporous structure of both
NPs.

3.6 In Vitro Drug Loading and Release Properties

The drug loading and release profiles pertinent to HAP-NR and HAP-MS have been
shown in Fig. 10. HAP-MS loaded ~28% more drug than HAP-NR NP as illustrated
in Fig. 10a. Higher DLE of HAP-MSNP was attributed to its hierarchical nanostruc-
ture made up of large volume of mesopores. Mesoporous particle structure further
enhances the surface area of particles [21]. It was an indespensable factor for higher
DLE of HAP-MS NP. The mesopores in particles not only improved the diffusion
of drug molecules but also provided the space for the attraction of vancomycin drug
molecules [21]. The interaction of drugmolecules and nanoparticles further increased
owing to bonding of hydrogen ions with HAP NPs [1]. In addition, less crystallinity
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Fig. 10 a Drug loading efficiency (η) and b cumulative drug release profiles for HAP-NR and
HAP-MS NPs

of HAP-MSNP (Table 1) also enhanced the DLE of HAP-MSNP [1]. Crystal defects
caused due to lesser crystallinity offered additional dynamic sites for storing drug
molecules [1]. Accordingly, HAP-NR NP exhibited low drug loading efficiency of
38 ± 6% as shown in Fig. 10a. Other factors like lesser porosity, smaller specific
surface area and pore diameters and higher crystallinity, etc., were also accountable
for lower DLE of HAP-NR NP. On the other hand, DLE exhibited by both HAP-NR
and HAP-MS NPs was more than the results reported by Guo et al. [21].

The drug release profiles of HAP-NR and HAP-MS NPs have been shown in
Fig. 10b. Both NPs exhibited similar trend of drug release without burst release.
Absence of burst drug release indicated that drug molecules were strongly bonded to
carrier particles instead of weakly adsorbed on them. Besides, the rate of drug release
was relatively more in HAP-MSNP. The drug release gradually increased up to 22 h.
Afterwards, stability in drug release ratewas observed for bothNPs. This type of trend
has been beneficial for providing rapid healing of infected sites by releasing faster
delivery of drug initially. Afterwards, to retain the healing action for longer period,
drug release rate decreased [11]. The sites of OH− ions acted as reaction sites, when
vancomycin adsorbed on the surface. In the process of drug release, SBF medium
passed through the drug carrier matrix through pores. Afterwards, adsorbed drug
molecules were gradually mixed into SBF and progressively diffused from carrier
system [3]. Therefore, both HAP-NR and HAP-MS NPs exhibited controlled and
gradual release of vancomycin drug. Hence, both drug carriers can be appropriately
employed for controlled drug delivery applications.
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4 Conclusion

HAP NPs having nanodimensional rod-like particles and micron-dimensional hier-
archical nanostructured sphere-like particles were synthesized using facile synthesis
protocols. Particles were comprehensively characterized and tested for drug load-
ing and release efficacies. HAP-NR was monophasic, whereas HAP-MS NP was
triphasic composed of HAP, sodium nitrate and sodium chlorate dihydrate phases in
decreasing order. HAP was a major phase in both NPs. HAP crystals with suitable
lattice parameters were nanodimensional in size and subjected to tensile strain. The
HAP-NR NP was more crystalline than HAP-MS NP. Particles of HAP-NR were
agglomerated and nanorod-like with aspect ratio varied from 5 to 6. On the other
hand, particles of HAP-MS NP were segregated and hierarchically nanostructured
microdimensional spheres with average size between 1.5 and 2μm. Atomic arrange-
ments corroborated polycrystalline structure of apatite in HAP-NR NP. Elemental
composition supported formation of HAP crystals. Isotherms suggested mesoporous
structure in both HAP-NR and HAP-MS NPs. Specific surface area for HAP-NR
and HAP-MS NPs were 15 m2 g−1 and 22 m2 g−1, respectively. HAP-MS was more
porous than HAP-NR. Also, capillary pores in HAP-MS NP were ~ 13% more than
HAP-NR NP. Owing to mesoporous hierarchical nanostructured particle morphol-
ogy of HAP-MS NP, its DLE was 45% more than HAP-NR NP. Both drug delivery
systems exhibited desirable drug-releasing properties without burst-release effect.
The controlled and gradual release of vancomycin drug exhibited that both HAP-
NR and HAP-MS NPs could be effectively employed for controlled drug delivery
applications.
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Critical Review on Corrosive Properties
of Metals and Polymers in Oil and Gas
Pipelines

Kanishka Jha, Dilip Dhakad, and Baljeet Singh

Abstract In most of the industries, it is observed that the pipes used in boilers or
in transportation of oils, gases, steam, water, etc., are generally made up of different
alloys of steel. Although pipes made up of steel alloys offer numerous advantages,
it also comprises of severe limitations. One of the major limitations is that they
generally get corrodedwith time and are heavier and costly.Moreover, themetal pipes
generally undergo phase transformation with the variation in temperature, which
affects the life span of pipes. Therefore, there is a need to overcome these limitations
by using suitable material which can be cost-effective, provide superior properties
than metals, and ensure higher life. Pipes made up of fiber-reinforced composites
provide superior specific strength and stiffness and offer high resistance to corrosion
and erosion. This article presents an intensive review on the various polymers used
in the manufacturing of oil and gas carrying pipes. This article also addresses the
benefits and the challenges encountered during the manufacturing of polymer-based
pipes. But there exist a wide range of polymer and composite-based materials that
are yet to be tested and can be a boon to the piping industries in the coming decades
thus overcoming the limitations encountered by alloy-based steels and increasing the
life span of pipes.

Keywords Oil and gas pipelines · Corrosion ·Metals · Polymers · Composites

1 Introduction

Within the industry, piping is a means of transporting fluids (liquids and gases)
from one location to another. Some of the materials used in the manufacturing of
pipes are carbon steels, titanium, chromium–molybdenum alloy steel, and various
other steel alloys. Earlier, metal and various alloys were used as oil and gas pipeline
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material, and nowadays, they are made up of polymers like polyethylene and glass
fiber-reinforced polymers (GFRP) [1]. Now, the question arises why the polymers
have replaced metals? Pipes made up of metals often require internal and external
coatings in order to protect them from the atmospheric conditions as well as from the
fluid flowing through them. This can result in an increase in the overall cost of the
piping [2]. Moreover, metallic pipes cannot be installed in rivers, seas, and oceans
since minerals and salt present in the water react with the metal surface and results
in extensive corrosion. In many cases, it has been noticed that carbon steel pipes
carrying natural gas are subject to corrosion due to the presence of CO2 and H2S [3].

Corrosion is also affected by temperature and increases with increase in temper-
ature. The rate of corrosion exceeds 1 mm/year at a temperature of 200 °C [3]. In
a study, carbon steel was not recommended for such environment. As long as H2S
does not come in contact with H2O, the rate of corrosion observed is not as signifi-
cant as compared to the case when it comes in contact with water. Rate of corrosion
observed in the absence of H2O with H2S is 0.1–1 mm/year. But as soon as H2S
comes in contact with H2O the rate of corrosion increases to 1–3 mm/year. The rate
of corrosion in case of carbon steels increases rapidly in the presence of moist H2S,
and therefore, its use is not recommended in such environments [3]. Another factor
that affects the rate of corrosion is the presence of liquid H2O particles. Therefore,
in order to prevent corrosion, the pipes carrying gases must be dry [3]. From the
corrosion resistance tables of metals, it is being observed that at temperatures below
40 °C carbon is extremely resistant to the environment of NH3 (rate of corrosion
is below 0.1 mm/ year), taking into consideration a dry gas. H2S is an exception,
against which carbon steels are resistant (rate of corrosion is below 1 mm/ year) as
per the corrosion resistance tables of metals [3].

CO2 corrosion of carbon and low-carbon alloy steels is also very significant. If
CO2 pressure is less than 7 psi (0.5 bar) then corrosion is unlikely to take place and if
it lies as 7 psi (0.5 bar) < CO2 pressure < 30 psi (2 bar) then corrosion is more likely
to take place where as in case if CO2 pressure being more than 30 psi (2 bar) then
corrosion is definitely going to take place [4]. Therefore, in such a case, it is preferable
to use pipingmade up of polymer or polymer-based composites.Moreover,metals are
generally costly, heavier, and have poor corrosion resistance. Due to these reasons,
polymers have taken the place of metals since they show good corrosion resistance,
are lighter, and are cost-effective too. Pipingmade of composites is subjected to harsh
environment which may also result in the deterioration of material property. They
may get imposed on sudden load which ultimately results in delamination, breaking
of fibers, etc. The damage caused can result in a significant reduction in the stiffness
of pipes made up of composites [5]. Pipes used in industrial applications are made
up of composite materials not only because of their corrosion resistance property
but also due to other properties such as low maintenance costs in comparison to
steel pipes. Moreover, they have high strength-to-weight ratio and are lighter. But
there are a number of barriers that need to be overcome while manufacturing large
diameter composite pipes in order to sustain high pressure of natural gas during its
transportation [6]. Metallic pipes cannot be used at higher depths in seas, oceans, and
rivers due to their high density. Therefore, in order to overcome this drawback, there
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is a need to replace metallic pipes with composite pipes which can be a hybrid of
metal and polymer [7]. Plastic piping is not without limitations. As already noted, the
temperature ratings on all plastic pipe choices are at or below 200 °F, precluding its
use for steam applications. It has been observed that the performance of pipes made
up of polyethylene generally gets reducedwith time [8]. Factors that affect the quality
of water during its transportation are piping material, temperature, disinfectant, and
amount of oxygen dissolved in water. Many studies have shown that the quality of
water changes in pipes depending on the material of pipe due to the formation of
biofilms [9].

GFRP pipes are light in weight and provide good specific strength and low mod-
ulus of elasticity. Moreover, the cost of installation, transportation, connection, and
repairing are tremendously low. Improved mechanical strength and increased life of
GFRP pipes in comparison to fatigue have promoted their use in various sectors such
as service sector, agricultural sector, manufacturing industries, cooling towers, and
mining industries. [10]. Steel has been widely used in the manufacturing of pipes
because of its superior mechanical properties and ability to work well under high
pressure. But in harsh environment, steel piping undergoes degradation because of
corrosion which may result in significant reduction in the life of pipe and may also
result in the total failure. For this reason, researchers started searching for some
other materials that can prove to be corrosion-resistant and at the same time provide
properties similar to that of metals. Pipes made up of GFRP prove to be a fasci-
nating choice in comparison to steel pipes due to the resistance offered by them
against corrosion which ultimately reduces the maintenance cost incurred by steel
pipes thereby increasing the overall life of pipes [11]. Composites are a mixture of
matrix (PAEK, PEEK, PTFE, PP, and PVC) and reinforcements (aramid fiber, boron
fiber, glass fiber, and carbon fiber). They exhibit low density, superior strength, and
stiffness and offer resistance to corrosion [1]. Plastic piping systems provide long
service life and leak-free protection in addition to superior resistance to corrosion
and abrasion. Pipes made up of metal or concrete involve high cost of fabrication,
transportation, and its installation, but in the case of polymers and composites, it is
not the same case. Pipes made up of composites or polymers are strong, durable,
lightweight, and flexible, and the cost of fabrication, transportation, and installation
is also comparatively less than metals.

Major drawback of using polymer pipes is that they cannot be used to transport
materials of high temperature and also cannot sustain high pressure too. The bursting
pressure of the polymer has a significant role to play in the polymer pipe selection
for particular application. Therefore, before employing polymer pipes to any field
especially in the pressure vessels, there must be awareness about its burst pressure
[12]. It has been observed that pipes offer resistance to the flow of liquids or gases.
The resistance offered to its flowdepends upon thematerial used in themanufacturing
of pipes. But the resistance offered can be overcome using suitable material [13]. In
order to overcome the limitations encountered by polymer pipes, there is a need to
develop and test materials that can prove to be more effective. After going through
many research papers it has been found that most of the research work was focused
on developing pipes using polymers which can resist temperatures up to 150–200 °C
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only. Moreover, the capability to handle large pressure is also poor. So, there is a
need to develop a material that can resist high pressure and high temperature and that
can replace pipes that are used in boilers. There exists a wide range of polymer and
composite-basedmaterials that are yet to be testedwhich can prove to be a boon to the
piping industry in the coming decades thus overcoming the limitations encountered
by alloy-based steels and thereby increasing the life span of pipes.

2 Corrosion in Oil and Gas Pipelines

Corrosion is the deterioration and the destruction of metal as soon as it comes in
contact with air and moisture [14]. Failures related to corrosion constitute 25% as
experienced by the petroleum industry [2]. Most of the failures encountered are due
to the presence of H2S, CO2, and other salts. Carbon dioxide (CO2), hydrogen sulfide
(H2S), and free water (H2O) are highly corrosive media. If the rate of corrosion is
not controlled in a proper way, then it may result in significant loss of money to
the industry. It is reported that the cost of corrosion accounts for nearly 2–3% of
the total gross domestic product (GDP) of a country in a span of one year [4]. It is
being reported that the pipes made up of steels for the storage of H2SO4 undergo
corrosion [15]. Therefore, there is a need to find an alternate material to steel in
the construction of tanks and pipes for the purpose of transportation and storage.
Whenever steel comes in contact with the aqueous environment it gets corroded and
is regarded as the most common type of corrosion. Most common types of corrosion
that takes place in petroleum industries are general and localized corrosion. Internal
corrosion due to stress corrosion cracking is also one of the types of corrosion.

Figure 1 states that the failures in the case of petroleum-related industries are
mainly due to corrosion. Other causes of failure can be fatigue, overload, brittle
fracture, fabrication defects, welding defects, etc. But the main contributing factor
leading to the failure of petroleum pipes is corrosion contributing 33%.

2.1 Common Types of Corrosion that Prevail in Oil and Gas
Pipelines

Sweet corrosion (CO2 corrosion)
Carbon dioxide is present in many fluids being produced in industries. These fluids
produced are mostly transported using pipelines that can either made up of metal
or non-metal depending upon the requirement and the application. Carbon dioxide
alone is not responsible for the terrible mode of cracking failure which is usually
associated with H2S, but it can prove to be very dangerous in the presence of an
aqueous phase resulting in high rate of corrosion where the attack mode is often
confined such as mesa attack. CO2 corrosion is well known as sweet corrosion and
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Fig. 1 Failures in petroleum-related industries [4]

is one of the most frequently occurring type of corrosion especially in the pipelines
carrying oil and gases [4], as presented in Fig. 2. For many years, the corrosion
resulting due to the presence of CO2 is being regarded as one of the vital problems
being faced during the transportation and production of oil [4]. It has proved to
be one of the biggest corroding agents in industries involving the transportation or
production of oils and gases [16]. Factors that play a crucial role in CO2 corrosion are
temperature, presence of non-aqueous phase, aqueous stream composition, increase
or decrease in pH value, and the properties of the material [16, 17]. As soon as the

Fig. 2 Schematic representation of sweet corrosion
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Fig. 3 Schematic representation of pitting corrosion

temperature rises beyond a particular limit, a scale of iron carbide starts to develop
as a protective film on the pipes carrying oil and gas, and under these conditions, the
corrosion of metal starts to take place. Corrosion due to the presence of CO2 mostly
occurs in two forms, i.e., pitting and mesa attack as depicted by Fig. 3. Pitting is a
type of attack which is confined and results in the removal of metal at a specific area.
Mesa attack is a kind of attack which takes place under medium flow conditions [14].

Sour corrosion (H2S Corrosion)
The corrosion caused due to the presence of H2S is most commonly known as sour
corrosion and is schematically discussed in Fig. 4. As soon as the metal comes in
contact with H2S and moisture, the deterioration of the metal surface starts to take
place and this particular type of corrosion is known as sour corrosion which proves
to be quite harmful to pipes. If we talk about H2S then what we find is that H2S is not
itself corroding, but as soon as it comes in contact with water it becomes extremely
corrosive in nature [18], thus resulting in the embrittlement of the pipeline [16]. No
doubt that H2S is a weak acid but when it is dissolved in water it becomes highly
corrosive in nature and is also the source of H2 ions. The corrosion products thus
obtained are iron sulfide and H2 gas. Iron sulfide being one of the most corrosive
product results in the formation of scale at a relatively lower temperature which acts
as a barrier to slow corrosion.

At a temperature of 20 °C, presence of H2S results in corrosion of carbon steel
in the range varying in between 0.1 and 1 mm/year [3]. In case of moist H2S, the
corrosion stays in the range of 1–3 mm/year at a temperature of 20 °C. There is a
significant increase in corrosion with increase in temperature. At 110 °C, the rate
of corrosion observed can be 10 mm/year [3]. Rate of corrosion in case of alloyed
steels was found below 0.1 mm/year at temperature in between 20 and 100 °C [3].
H2S Factors that play a crucial role in CO corrosion are temperature, presence of
non-aqueous phase, aqueous stream composition, increase or decrease in pH value,
and the properties of the material [19]. If the dew point of water is −8 °C at 70 bar,
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Fig. 4 Schematic representation of sour corrosion

then, in that case, the concentration of H2S and CO2 will be approximately 5 mg/nm3

and oxygen concentration up to 0.5%, thereby restricting additional corrosion [3].

Galvanic corrosion
A corrosion type which mainly occurs when two materials (metals) having different
electrochemical potentials are brought in contact and are exposed to an environment
having an electrolyte. In that case, a metal having the least or highest negative poten-
tial acts as an anode and starts to corrode [16]. Now, the anode starts losing ions in
order to maintain the flow of electrons. Since metals are composed of crystals, cells
set up thereby resulting in intergranular type of corrosion. The problems arising can
become worst if the ratio of the cathode to anode area becomes too large [20]. Setup
is shown in Fig. 5.

Crevice corrosion
Localized corrosion which generally occurs in places where the fluid generally gets

Fig. 5 Setup representation of galvanic corrosion process
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Fig. 6 Schematic
representation of crevice
corrosion

stuck or stagnant, for example, in the narrow clearances or in the crevices of metal is
known as crevice corrosion. It is generally caused due to the difference in the concen-
tration of corrodents on the surface of the metal. Any difference in electrochemical
potential can give rise to selective crevice or pitting corrosion attack. Presence of
oxygen in fluid enhances the pitting attack of the metal in the region which is being
shielded and is the major cause of destruction and washouts in the presence of rubber
pipe protectors [14], as explained in Fig. 6.

Oxygen corrosion
Oxygen is one of the oxidizing agents that react vigorously with metals. And since
it reacts vigorously, it results in the corrosion of pipes specially those through which
flows the fluid having significant concentration of oxygen. It is recommended that
the concentration of oxygen in pipes carrying natural gas should not exceed above
10 parts per million volume (ppmv) [21]. Oxygen enters in fluids through casing,
leaking pump seals, open hatches, and process vents. In case of cathodic reactions,
oxygen acts as a depolarizer and acceptor of electrons and thereby accelerating the
anodic destruction of metal [22]. The flow velocity of the fluid plays a crucial role in
the supply of oxygen. If the flow velocity of the fluid over the surface of the pipe is
quite high, then it will ensure the supply of oxygen to the metal pipe and is harmful
if its concentration lies in between 0 and 5 parts per billion (ppb) [23]. The existence
of oxygen boosts the corrosive effect of H2S and CO2. The hindrance of corrosion
lead by the presence of oxygen is hard to achieve and is impractical in any system.
The presence of oxygen gives rise to two basic forms of corrosion namely uniform
and pitting-type corrosion as explained in Fig. 7. It is being observed that corrosion
is stronger especially when the temperature is below the dew point of water. Oxygen
has a significant impact on the intensity of corrosion [3].

Erosion corrosion
It is the loss of material encountered by the pipes due to the flow of liquid at a very
high velocity over its surface. The fluid velocity initially attacks the protective film
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Fig. 7 Schematic representation of oxygen corrosion

thereby exposing the bare metal in direct contact with the fast-flowing water. And
when the bare metal is continuously exposed to fast-flowing liquid it gets corroded
with time. The protective film acts as a barrier to corrosion since it prevents the direct
contact of fast-flowing liquid with the bare metal surface as explained in Fig. 8. Due
to high shear stress and turbulence flow regime in the pipe, the protective film may
get damaged, thereby, resulting in higher corrosion rate [24, 25] and the rate of
corrosion depends upon the density with which the fluid flows and the structure of
solid particles present in the fluid [16]. Presence of abrasive particles can also lead
to erosion corrosion. Erosion corrosion is often regarded as wear corrosion [7].

Microbiologically induced corrosion
Presence of any bacteria or any kind of bacterial activities leads to microbiologically
induced type of corrosion. Waste products such as H2S, CO2, and any other organic
acids are being produced by the bacteria, and these waste products are responsible
for the corrosion of pipes due to the increased toxicity in the fluid flowing through
pipes [26]. Bacteria or microbes always try to find the place which suits best for their
growth and after finding a suitable environment, they try to form colonies, thereby,

Fig. 8 Schematic representation of erosion corrosion



108 K. Jha et al.

Fig. 9 Schematic representation of microbiologically induced corrosion

resulting in the corrosion of that region as explained in Fig. 9. Stagnant neutral water
promotes the formation of these colonies of microbes [16].

Stress corrosion cracking
One of the forms of corrosion results in the development of cracks due to the coin-
cident action of the corrosive atmosphere and the tensile stress. In other words, we
can say that stress corrosion cracking is the result of conjoint action of three com-
ponents mainly the material, the tensile stress, and the surrounding environment and
is shown in Fig. 10. The effect of stress corrosion cracking generally lies between
dry cracking and the fatigue threshold of that particular material [27]. If the pH of
the surrounding atmosphere is quite high and there is the presence of cracks on the
nearby pipe, then we can say that the pipe may have undergone stress corrosion
cracking [14]. The hydrogen atoms diffuse to the crack tip and result in the embrit-
tlement of metal. Therefore, we can say that hydrogen embrittlement results in the
development of stress corrosion cracking especially in steels and some other alloys
like titanium. In the absence of moisture, ammonia does not result in corrosion. The
rate of corrosion observed in case of carbon steel is <0.001 mm/year at a temperature
range of 16–20 °C. At 300 °C, the corrosion due to the presence of ammonia rises
to 0.1 mm/year, and in between 500 and 600 °C, the corrosion found is in between
0.12 and 0.28 mm/year.

Ammonia in the presence of moisture can result in stress corrosion cracking in
the case of carbon steels [3]. From Fig. 11 we depict that CO2 and H2S are major
forms of corrosion that affects the life span of metallic pipes in petroleum industries.
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Fig. 10 Schematic representation of stress corrosion cracking
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Fig. 11 Major forms of corrosion that prevail in the oil and gas industry

3 Wear in Oil and Gas Pipes Made up of Metals

Wear is considered to be the main cause for the loss of mechanical performance and
loss of material wastage as well. And this wear is a result of friction. So, we can say
that wear directly or indirectly depends on friction. More the friction more will be
the wear and vice versa. But we can control the rate of wear and friction depending
upon the requirement whether we want high friction and less wear, or less friction
and high wear, or high friction and high wear depending on our requirement. Friction
plays a significant role in controlling the rate of wear and energy lost. If the friction
and wear are controlled in a proper way, then it may result in enormous savings in
terms of money, material, labor, energy, time, etc. One of the methods to eradicate
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friction is to use the principle of lubrication or a lubricating material in between the
two contacting surfaces [28]. The common types of wear that takes place in pipes
are erosive wear, cavitation wear, oxidation wear, and corrosion wear. Erosive wear
takes place due to the high velocity of the impacting particles, whereas cavitation
wear takes place when low pressure bubbles of water burst in the region of very high
pressure at a very high velocity. Corrosion wear occurs due to the contact of metal
with the atmospheric oxygen and moisture, whereas the oxidative wear occurs due
to the metals’ affinity toward oxygen [28].

4 Corrosion of Polymers

Corrosion is the transformation of the refined metallic material into its stable form
(oxide, sulfide, and hydroxide) by chemical or electrochemical reaction. It takes
place especially in metals whenever they are exposed to atmosphere. Now, the ques-
tion arises whether corrosion takes place only in metals? The answer is not at all.
Corrosion also takes place in other materials such as ceramics and polymers. Cor-
rosion is not that much prominent in case of polymers as in metals. In the case of
polymers, corrosion does not involve the deterioration of material instead it involves
the degradation of the properties of the polymer. For example, it results in the soft-
ening of the polymer, a decrease in its strength and stiffness, and it also affects the
polymer’s appearance, i.e., it results in the discoloration of the polymer. Most of the
polymers do not undergo corrosion up to certain limits of temperature but beyond
that they do experience. Polymers usually undergo solvation, which ultimately leads
to the swelling of the polymer followed by softening and ultimately the failure of the
polymer.

Polymers are made up of one or more monomers which are linked to one another
by a bondwhich can be strong or weak depending upon the branching. The branching
can be linear or cross-linked depending upon the type of polymer. Breaking down
of bonds results in the failure of the polymer. Reasons behind the breaking down of
these bonds and linkages are temperature, oxidation, hydrolysis, thermal degradation,
radiation, absorption ofwater, etc.Moreover, the nature of the laminate, the symmetry
of the structure, the nature of bonding, and the degree of branching are some of
the other factors that directly or indirectly affect the life of polymer. Oil, gas, and
mining companies are looking for materials other than metals which can prove to
be cheaper, lighter, and corrosion-resistant, offer high strength, and can sustain high
temperature. Therefore, they may be considering high-density polyethylene (HDPE)
pipe as a money-saving alternative to steel pipe. Advantages such as lightweight and
resistance to corrosion are offered by reinforced thermoplastic pipes, and because
of these advantages, they have been widely used in applications involving moderate
temperature and pressure.

• Pipes of polyethylene are resistant to rusting, breaking, and corrosion.
• They are not affected by chemical and their reagents.
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• They show resistance to abrasion and can be employed in applications such as
mining.

• Are rigid enough to bear extreme loads.
• High service life.
• Leakproof.
• Lightweight PE pipes are easily installed without heavy lifting equipment which

will save time, money, energy, resources, etc.

Pipes made up of polyethylene and high-density polyethylene have been widely
used in the exploration of oil and gas. Composite pipes comprising of HDPE as
a matrix and glass or carbon fiber substrates as reinforcements are being used for
pressures ranging from 300 psi up to 3000 psi and in some of the most difficult
terrains across the country. The reason why the plastic pipe is being used is because
of its flexibility and ability to sustain even earthquakes. And there exists a wide range
of polymer and composite-based materials that are yet to be tested which can prove
to be a boon to the piping industries in the coming decades thus overcoming the
limitations of alloy-based steels, thereby, increasing the life span of pipes.

5 Conclusion

We are living in a world surrounded by metals and their alloys and most of them
are prone to corrosion. There is no industry that does not employ pipes for the
transportation of water, oil, gas, chemicals, steam, etc. Almost all the pipes used for
transportation are made of metals that are subjected to corrosion. It should be noted
that corrosion not only exists in case of pipes carrying oil and gas or water but also
in areas other than transportation such as construction, manufacturing, building, and
production. Therefore, it is a thing of global concern that needs a global solution.Until
the twenty-first century most of the researchers focused on the study of metals and
their alloys, their properties, andways to eliminate corrosion. Some of the researchers
emphasized the use of inhibitors to control corrosion. Very few researchers studied
materials other than metals which may have proved to be more effective and superior
to metals. These materials include polymers, ceramics, and composites. Composite
is one of the new fields of materials which are excellent in terms of specific strength,
specific stiffness, toughness, and excellent resistance to corrosion. There is a need to
study these materials in detail as they can prove to be a boon to the piping industry
thus saving a tremendous amount of cost encountered due to corrosion and thereby
enhancing the life of components. There exists no material that can overcome all the
limitations of metals.
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Synthesis and Characterization
of Aluminum Composite Reinforced
by Multiwall Carbon Nanotubes

Sunil Kumar Tiwari, Harsh Sharma, Akula Umamaheswararao,
and Sumit Sharma

Abstract This research focuses on the characterization of Al-CNTs composites
synthesized by mechanical stir casting process. In the sight of Al-CNT composites,
researchers have surveyed and opted many approaches for synthesis of Al-CNT
composites. Some investigators have effectively fabricated Al-CNT composites, but
they have met a common problem of agglomeration of CNTs in the Al matrix. In
this study, we are mixing (>99% purity) MWCNTs in the aluminum matrix (Al-
7075t651) in different ratio with weight percent. Stirrer with four blades has been
used to promote the homogeneity of CNTs in Al matrix. Dimensions of MWCNTs
were diameter 10–12 nm and length 4–8 µm. With the addition of 0.1 wt% CNTs
and 0.15 wt% CNTs in Al matrix, the tensile strength at peak was approximately
increased by 11 and 27%, whereas with the addition of 0.2 wt%CNT, tensile strength
at peak was decreased by 7% as compared to 0 wt% CNT in Al matrix. Addition of
CNTs up to 0.15 wt% in Al matrix has shown increase in the hardness while further
addition of CNTs beyond 0.15 wt% resulted in decrease in hardness.

Keywords Aluminum composite · Scanning electron microscopy ·Metal matrix ·
Microstructure

1 Introduction

In recent years, light metal matrix composites are broadly used in aerospace indus-
tries [1] for making planes, flights, missiles, rockets, etc. In most of the space crafts,
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aluminum is used because of its excellent properties, most commonly because of
its lightweight [2]. Researchers have reinforced aluminum with different reinforce-
ments, but in the recent scenario, they have used CNTs because of their astonishing
characteristics like their elastic modulus (1 ~TPa), strength (~100 GPa), high aspect
ratio around (50–500) [3], stability, high stiffness, and low density (1.2–1.8 g/cm3).
Because of the lightweight and non-corrosive feature of aluminum [4], researchers
consider Al composites to be the material for next generation to be used in industries.
Seeing the outstanding and exceptional features of Al-CNT composite [5], investi-
gators have used several methods for its fabrication [6–9]. However, they have faced
the common problem of the non-uniform dispersion and structural damages. Studies
have shown that the strength of Al-CNT composite is extremely dependent on homo-
geneous distribution of CNTs in the aluminum matrix. Since solid-state synthesis
processes are generally used for making large samples, so they are less appropri-
ate for mass production. Liquid-state synthesis processes are anticipated for mass
production, and they also provide freedom to produce different shapes. Abbasipour
et al. (2010) opted compo-casting method for the synthesis of Al-CNT composite
[10]. They coated Al-356 powders with CNTs by Ni-P electroless method. As a
result, they found a considerable increase in hardness of the composite. Narayanan
et al. (2015) fabricated 6061Al-MWCNTs composite via stir casting method. To
increase the homogeneity of CNTs in matrix, they mixed CNTs in molten alu-
minum at 700 °C and stirred at 300 rpm for 20 min. With the addition of CNTs,
researchers reported an upsurge in tensile strength [6]. Sankara Narayanan et al.
(2015) synthesized and characterized the mechanical properties of Al-CNT com-
posites. They mixed 1 wt% of CNTs in Al matrix to compare it with Al-0 wt%
CNT. They found an enhancement in hardness by 25% and that of ultimate tensile
strength by 35% [11]. K. Senthamarai and P. Marimuthu have fabricated Al-CNT
composite for microstructural and mechanical characterization. According to the
investigations, Brinell (BHN) 17, hardness was increased by 44%, 63%, and 83%
in case of 0.5 wt%, 0.75 wt%, and 1 wt% reinforcement, respectively. Ultimate ten-
sile strength was found to be increased by 10.5%, 16.31%, and 23.68% in case of
0.5 wt%, 0.75 wt%, and 1 wt% reinforcement, respectively [6]. Kim et al. (2011)
synthesizes Al-CNTs composite via semisolid powder method. They found cavities
and blow holes in the case of stir casting process. Authors also reported ductile nature
of fracture. This work specifies that distribution of CNTs in Al through stir casting
has resulted in the growth ofmechanical properties with less agglomeration of CNTs.
Results of synthesis of Al-CNT composites have been characterized by tensile and
hardness tests.
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2 Experimental Details

2.1 Synthesis of Al-MWCNT Composites

Aluminum billets were melted in the crucible of graphite kept in an electric furnace
at a temperature of about 630 °C. When the melting of the aluminum was confirmed,
it was initially stirred with stirrer of graphite (four-blade stirrer) without adding
any reinforcement in the molten material for 3 min at RPM of 300–350 so as to
make vortex inside the molten material. While stirring action was going on, 0.1 wt%
CNTs were added in the molten aluminum and were stirred for 3 min more at the
same RPM. Later on, the RPM of the stirrer was increased up to 500–550, and it was
stirred for 5–8minmore. In parallel to the stirring action performed in the furnace, the
mold was being heated in a muffle furnace. It was preheated up to the temperature
of 320 °C. When stirring was completed, molten material (Al + MWCNTs) was
poured in the mold in open environment conditions. While pouring, the temperature
of molten material was 700 °C. Poured material was allowed to solidify in the air and
was further removed out of the mold. All the samples Al-0 wt% CNTs, Al-0.1 wt%
CNTs, Al-0.15 wt%CNTs, and Al-0.2 wt%CNTs were prepared following the same
procedure of fabrication.

2.2 Characterization of Composites

Microstructure and morphology of the composites fabricated were characterized by
field emission electron microscopy (Hitachi- PU 5.0 kV) and optical microscopy.
Samples for both microscopic investigations were prepared by polishing with emery
papers of grades 180, 320, 400, 600, 800, 1000, 1500, 2000, and 2500 followed by
diamond polishing to get mirror finished surface. Further, the polished samples were
etched with Keller’s reagent [12] for 10–15 s and were washed with distilled water
and dried [13]. Surface structure cracks, grains, and grain boundaries were analyzed
by optical microscopy while the strengthening mechanism between aluminum and
CNTwas studied through electron microscopy. Tensile tests have been conducted on
the computerized UTMmachine (DAK system Inc. UTM series 7200) following the
standard ASTMD638. Dimensions of the specimen for tensile tests have been shown
in Fig. 1. Specimens have been prepared according to ASTM-E8 standards (sub-size
specimen). For testing, they were clamped in the jaws of the UTM machine, and the
load was applied at strain rate of 50 mm/min up to its fracture. Micro-harness test
was performed on the Vickers hardness testing machine using diamond tool. The
load of 200 gf was applied for dwelling time of 12 s.
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Fig. 1 Dimensions of tensile specimen

3 Results

The entire fabrication process was performed in open environment. Crucible and
stirrer were made up of graphite so as to provide good lubrication and to reduce the
contamination of material in the molten state. Hypothesis was made that four-blade
tapered stirrerwould help inmaking good vortex inmoltenmetalwhile stirringwould
result in homogeneous distribution of CNTs in the matrix that came to be true. It
was found that in open environment, molten aluminum was oxidized while pouring
in the mold. Figure 2, optical images (500x), shows that with increase in ratio of

Fig. 2 Optical images of Al-CNT composites
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Fig. 3 SEM images of composites

CNTs in Al matrix, there is continuous increase in surface damage and cracks in the
composite.

Figure 3 shows SEM images of the specimen. It was found that cracks and fracture
surfaces were more near grain boundaries. Interfacial bond between CNT and Al
matrix was seen in the form of CNT bridge. Less amount of CNTs were seen on
the surface of the cast composite. This is because the agglomerated CNTs from the
surface of the casting were machined while preparing samples for SEM analysis.
Figure 4 displays the SEM results of the fractured surface of samples. From figure, it
was confirmed that CNTs were dispersed in the Al matrix. Broken CNTs can be seen
on the fractured surface. With the addition of 0.1 wt% CNT and 0.15 wt% CNT in
Al matrix, the tensile strength of the composite increased with 11.35% and 27.23%,
respectively, whereas it decreased with 7.36% with the addition of 0.2 wt% CNT as
compared to 0.0 wt% CNT. Increase in tensile strength with increase in percentage
of CNTs has been reported by Narayanan [11].

Initially, after mixing 0.1 wt% CNT in Al matrix, composite became ductile but
on mixing 0.15 and 0.2 wt% CNT, the composite became brittle as shown in Fig. 5.
Young’smodulus of composites increased in case of 0.1 and 0.15wt% reinforcement.
While it has decreased in case of 0.2 wt% reinforcement but it has not decreased
below the Young’s modulus of Al-0 wt% CNT composite. Overall results of the
tensile test performed on UTM have been shown in Table 1.

Micro-harness test was performed on the Vickers hardness testing machine. Flat
samples were prepared in the dimensions of (2 × 1 × 0.5) cm and were prepared
by polishing it with flat file followed by polishing with emery papers. They were
polished in such a way that there were no scratches on the surface on which hardness
test was to be done. The grades of emery papers used for polishing were 180, 320,
500, 1000, and 1500. The way of polishing was same as in the case of preparation of
samples for SEM analysis. Twelve readings were taken on the polished face of the
sample. Samples of hardness test were not prepared according to any standard. They
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Fig. 4 Fracture surface of the composite

Fig. 5 Stress–strain graph of all four samples generated in UTM

Table 1 Readings of tensile tests obtained from UTM

Samples Tensile strength (at peak)
in MPa

Young’s Modulus (MPa) Elongation (%)

Al-0 wt% CNT 102.607 4040.82 3.321

Al-0.1 wt% CNT 114.258 7353.07 4.211

Al-0.15 wt% CNT 130.548 8164.30 2.56

Al-0.2 wt% CNT 95.051 6453.35 2.037



Synthesis and Characterization of Aluminum Composite … 121

CNTs powders in cavities

a b

Fig. 6 a Micro-hardness values of composites. b CNTs in forms of powders in cavities

were prepared according to the hardness testing machine requirements. For testing,
samples were kept at the staying plate of the hardness testing machine one by one.
They were initially observed using microscope internally installed in the hardness
testing machine so as to confirm the scratch-free spot of the surface of the material to
be tested.When the surface or say spotwas decided, the load of 200 gfwas applied for
the dwelling time of 12 s. And thus, the micro-hardness of the material was obtained
at 12 different spots, and the final micro-hardness of the composite was calculated
as the average of all the hardness value at 12 different spots. It was found that with
the addition of 0.1 wt% CNT, 0.15 wt% CNT, and 0.2 wt% CNT, the hardness of the
composite was increased by 25.95%, 33.6%, and 13.67%, respectively, with respect
to Al-0 wt% CNT as shown in Fig. 6a.

4 Discussion

4.1 Tensile Strength

Tensile strength of base material (Al-0.0 wt% CNT) has been reported low as com-
pared to the Al-7075-t6-51 alloy. The reason behind this fall in tensile strength is the
working and processing conditions which are quite different from the ideal working
conditions for the fabrication of Al-7075 t6 51 alloys. Moreover, there is absence of
heat treatment and strengthening processes in fabrication of composites. And casting
defects also lead to the fall in strength of material. All the three Al-CNT composites
have been fabricated in the same operating conditions, so the comparison of the Al-
CNTcompositeswith basematerial (Al-0wt%CNT) is possible so that strengthening
mechanism of CNT in Al matrix can be studied [14]. The strengthening mechanism
in Al-CNT composites hinge on the length of the CNTs in loading direction as CNTs
have good strengths, Young’s modulus, yield strength, and plasticity. In case of the
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addition of 0.1 wt% CNTs and 0.15 wt% CNTs in Al matrix, the maximum load in
elasticity was beared by CNTs providing good strength to the material because of the
high Young’s modulus of CNTs (350–970 GPa) as compared to metal matrix. The
overall Young’s modulus of the composite has been increased for 0.1 and 0.15 wt%
reinforcement. Moreover, due to the random distribution of CNTs, there is disloca-
tion pileup [15] which puts restriction in plastic flow and increases the strength of the
material in elasticity and thus results in improved tensile strength of the composite.
In case of 0.2 wt%CNTs in Almatrix, decrease in Young’s modulus of the composite
has been seen because of agglomeration of CNTs which can be even seen clearly by
naked eyes in the form of powder Fig. 6b. CNTs can be seen as black powder on the
surface of the Al-0.2 wt% CNT composite leading to the formation of high amount
of cavities (Fig. 2) which also leads to the decrease in the strength of the material.
In the case of addition of 0.15 wt% CNT in Al matrix, the CNTs present in the Al
matrix were distributed homogeneously in the molten metal giving good strength to
the composite as compared to Al-0.1 wt% CNT. Because of the comparatively large
amount of CNTs in the matrix, some amount of the CNTs was agglomerated. CNTs
were seen on the surface and in interior of the composite after fracture (Figs. 3 and
4). Decrease in tensile strength of Al-0.2 wt% CNT is due to the weak interfacial
bond between CNTs and Al matrix as CNTs agglomerates. Agglomeration of CNT
causes decrease in the density (distribution) of CNT in matrix resulting in weak bond
and thus in low tensile strength. The presence of CNTs in the matrix can increase
the slip distance of dislocation during deformation which could be the reason behind
the reduced elongation that results in showing the brittle behavior of the Al-CNT
composites.

4.2 Hardness

Hardness of the composite was increased continuously up to the mixing of CNTs by
0.15% and beyond this at 0.2 wt%; it decreased because of the agglomeration of the
CNTs. Due to agglomeration, it was not spread homogeneously in the matrix and
thus resulted in the low density of MWCNTs in the molten aluminum that results in
the decrease in the hardness of the composite. However, at some spots increase in
hardness was observed because of the presence of the CNTs which were found to be
homogeneously mixed. Due to excess amount of CNTs used as reinforcement and
due to their agglomeration, overall hardness has been decreased. Same results have
been shown by Senthil Kumar et al. [16].

4.3 Microstructure and Morphology

Through optical and FESEM, it can be said that CNTs agglomerated in the matrix.
While preparing samples for tensile and SEM testing, a large amount of cavities



Synthesis and Characterization of Aluminum Composite … 123

were seen which were further decreased when machined more. CNTs were found
in those cavities as particulate material. Through SEM results (Fractography), it is
clear that CNTs were embedded in the matrix, and they have helped in strengthening
mechanism in the composite. These results have also shown casting defects in the
matrix like the formation of cavities and damaging of surface. Large amount of
cavities were seen in Al-0.2 wt% CNT composite which lead to the fall in tensile
strength and hardness of the composite. Fractography has shown the formation of
fine dimples on the fractured surface with embedded CNTs as shown in Fig. 4 [17].

5 Conclusion

In this study, the mechanical and morphological characterization has been done.
An attempt has been taken to increase the strength and hardness of the material.
Moreover, optical and SEM results have shown agglomeration of the material in
the form of particulate and fiber both. Results withdrawn from this study have been
mentioned below:

1. With increase in CNTs %, the Young’s modulus of composite has increased.
Highest Young’s modulus has been reported in Al-0.15 wt% CNT composite.

2. With the addition of 0.1 wt% CNT and 0.15 wt% CNT in Al matrix, tensile
strength of the composite improved by 11.35% and 27.23%, respectively, and
decreased with 7.36% with addition of 0.2 wt% CNT as compared to 0.0 wt%
CNT as reported by UTM machine.

3. With the addition of 0.1 wt% CNT, 0.15 wt% CNT, and 0.2 wt% CNT, the hard-
ness of the compositewas increased by25.95%, 33.6%, and13.67%, respectively,
with respect to Al-0 wt% CNT.

4. With the addition of 0.1 wt% CNT, the composite has become ductile. Further
addition of CNTs has resulted in brittleness of the material [8].
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Effect of TiC Reinforcement
in the Copper Tool on Roundness During
EDM Process

Arminder Singh Walia, Vineet Srivastava, Vivek Jain,
and Suneev Anil Bansal

Abstract In the present work, a copper (Cu) tool, reinforced with titanium carbide
(TiC) particles, synthesized using powder metallurgy, is used to machine EN31 die
steel using EDMmachining. Various parameters were selected as process parameters
to study tool shape as response. RSM was used to design the experiments and 52
experiments performed. The shape of tool was studied in terms of roundness of tool.
Change in roundness of tool was analysed by analysis of variance and regression.
Results revealed current and pulse on/off most significant parameters. Roundness
value rose with increase in discharge current. On the other hand, it fell with rise in
time of pulse on/off. Profile of tool and shape of tool were investigated by scanning
electronmicroscopy (SEM).Comparison ofCu-TiCwithCu tooltipwas performed to
understand the effect cermet tooltip. The comparison of results showed that Cu–TiC
tool was reduced out of roundness by 25%.

Keywords EDM · Discharge current · Out of roundness · Pulse on/off time

1 Introduction

There is a perception in machining to use right tool for the job. A right tool for
machining operation is the first step in success of any machining operation. The
selection of cutting tool material depends on the work material and the operation to
be performed. Often, there are possible choices of tool materials that will produce the
parts successfully but not cost-effectively. Copper (Cu) is preferred tool material for
EDM owing its superior electrical and thermal properties, but low melting point of
copper enhances wear rate of electrode that leads to change in shape of tool. Titanium
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and titanium carbide (TiC) have been successfully used as reinforcement material
for copper [1–3].

For the fabrication of tool, many methods have been used. Geometry consider-
ation and level of precision commonly determine the manufacturing cost and fab-
rication technique for fabrication of the electrodes. The conventional methods take
more processing time, and the wastage of material is also more, especially during
the fabrication of complex shape tool profiles. For complicated shapes, machining,
electro-forming, casting, rapid prototyping or powder metallurgy (PM) can be used
to synthesize electrode [4–6]. Rather in PM, there was better control of the properties
of the final product [7].

Khanra et al. [8] obtained wear resistance by varying the percentage of Cu with
ZrB2. The tool removal rate was lesser for the composite tool compared to Cu tool;
however, higher diameteral overcut was recorded for the composite tool. Samuel and
Philip [9] concluded that it was easier to synthesize and control properties using PM
technique to fabricate tool. The compaction at lower pressure and sintering at lower
temperature resulted in higher electrode wear. Li et al. [10] fabricated the tool by
adding TiC to copper powder. The densification of the pellets obtained after sintering
and nickel powder was used to improve it. The composites with 15% TiC obtained
minimum electrical resistivity, highest relative density and maximum MRR. Singh
et al. [11] investigated performance of tool electrodes during the machining of EN31
steel. The diameteral overcut was maximumwith Cu-Ti electrode due to larger spark
dispersion. Higher material removal rates were obtained with high discharge current
with aluminium and copper electrodes followed by copper–tungsten electrode. Very
less tool wear was exhibited by copper, and copper–tungsten tools succeeded by
aluminium tool. Brass tool showed the highest tool wear.

Copper–tungsten, copper–graphite and graphite tools were used by Janmanee
and Muttamara [12] during the machining of WC-cobalt using EDM. Higher energy
available at higher current resulted in increased tool wear rate compared to lower
current values. The electrodes produced by powder metallurgy resulted in lower tool
wear rate and higher MRR. Srivastava and Pandey [13] investigated results of Cu–
TiC tool and Cu tool during EDM under cryogenic conditions. Cu–TiC tool showed
little changes in tool geometry. Balasubramanian and Senthilvelan [14] employed
cast and sintered PM tool for EDM. The cast tool improvedMRR and decreased tool
wear ratio.

Pal and Choudhry [15] drilled holes using Cu and brass tool fabricated by abrasive
water jet machining. Dimensional inaccuracies were observed between the tool size
and profile obtained on the workpiece. The reasons cited for the inaccuracies were
the instinctive property of abrasive water jet machining jet which produced kerf on
the fin length and machining of the sidewalls of the blind cavities due to the absence
of masking on the tool sides. Alloys (Ti50Ni50, Ti50Ni49.5Mo0.5 and Ti30Nb1Fe1Hf)
used for biomedical implant applications were machined by Hseih et al. [16] using
pure titanium electrode in the EDM process. EDM of Al–Si-C was done by Satpathy
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et al. [17]. Walia et al. [18] used graphite, SiC and TiC materials for the fabrication
of tooltip for the EDM process. The tooltip with 75Cu–25TiC showed the highest
hardness and relative density with acceptable electrical and thermal conductivity.

Composites tools have been used in EDM process [19, 20], but there is little work
related to the development of model predicting tool shape for the tooltip in EDM
process. There is only one study [13] available where the shape profile of the tool has
been evaluated. The study of shape of the tool has been done. In the present work, a
Cu–TiC was synthesized using powder metallurgy. EDM tool synthesized was used
to machine EN31 to understand effect on geometry of tool.

2 Experimental Studies

2.1 Cermet Tooltip Electrode

EN31 die steel was cut into pieces of 15× 15× 6 mm3. Workpieces’ heat treatment
increased from hardness 20 HRC to 56 HRC. The purpose treatment process was to
increase hardness that is difficult to machine by conventional machining.

The cermet tooltip was prepared by the mixture of copper powder (99.9 wt%
particle size 44 μm) and TiC powder (99 wt% particle size 44 μm). Tool material
was copper due to its higher thermal and electrical conductivity. TiC was added
as reinforcement due to its admirable hardness and wear characteristics. Copper
powder was mixed with TiC in a V-shape blender to prepare the composite powder.
The pellets were prepared by the cold compaction of composite powder uniaxially
in a hydraulic press at a load of 12 t (1238.73 MPa) in a tungsten carbide die. The
sintering of pellets was done in a tubular furnace in inert (argon) gas atmosphere at
1000 °C for 1 h.

The hardness of the sintered tool was 127 HV, whereas copper tool was 65 HV
The prepared pellets were polished and brazed to the copper rod to fabricate the
cermet tooltip tool (Fig. 1).

2.2 Process Parameter: Implications and Selection

The performance of EDM process on steels is deeply influenced by various parame-
ters [21, 22]. The range of these process parameters and their level had been chosen
based on the machine capability, exploratory pilot experiments (Table 1).
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Fig. 1 Digital photograph of cermet tool a tip of tool and b full electrode with cermet tip

Table 1 Process levels design and variation levels

Levels Discharge
current, Ip
(A)

Gap voltage,
Vg (V)

Pulse on time,
Ton (μs)

Pulse off time,
Toff (μs)

Dielectric
pressure, P
(kgf/cm2)

−2 3 40 100 10 12

−1 5 50 200 20 14

0 7 60 300 30 16

1 9 70 400 40 18

2 11 80 500 50 20

2.3 Planning of Experiments

Based onRSM, the experimentswere conducted [23]. For the five sets of process vari-
ables, 52 experimental were conducted. Out of roundness was selected as response
variable to represent the shape of the tool. Die sinking EDM (RELIABLE, 55300)
was used to carry out the experiments. EDM oil (flash point 90 °C) was used as
dielectric. Machining was performed for 30 min for all the experiments. Change in
the shape of the tool was determined by measuring the out of roundness of the tool
before and after machining. The experiments were performed according to design of
experiment, and the results for the out of roundness weremeasured. CMM (Accurate,
model Spectra 564) was used for the measurement of the out of roundness. Data was
analysed using Accusoft.
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3 Analysis of Experimental Data and Modelling
of Response Variable

In this work, a statistical model for out of roundness was obtained by analyzing the
experimental results. Effect of process parameters on the selected response variable
was been assessed. After initial elimination, the equation for the model has been
established as Eq. (1).

OOR = −0.0078+ (0.00303× IP) − (
0.000048× Vg

) + (0.000122× Ton)

− (0.0004× Toff) − (0.00057× P) +
(
0.00019× I 2p

)
+

(
0.000003× T 2

off

)

− (
0.000025× IP × Vg

) − (0.000004× IP × Ton) − (0.000021× IP × Toff)

− (
0.000001× Vg × Ton

) + (
0.000032× Vg × P

) + (0.000001× Ton × Toff)

− (0.000005× Ton × P) (1)

ANOVA was used to understand the effect of parameters [24]. The predicted F-
ratio (135.86) was compared with the standard F-ratio (3.45) at intervals. Further,
the F-value of lack of fit for the specified degree of freedom (1.42) was analysed
with the standard F-value for the degree of freedom (3.19). It was concluded that
the quadratic model was adequate. R2 (98.1%) represents relation of response with
selected independent parameters. From Fig. 2a, it can be clearly observed that I and

Fig. 2 a Out of roundness: effect of various parameters. bMain effects plots for out of roundness
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Fig. 3 Roundness variation by varying a current, b pulse on and c off time

T on/off time were significantly affecting the out of roundness. Figure 2b shows that
out of roundness increased with I and decreased with increase in T on/off time. It can
be concluded from Fig. 2a and b, V g and P do not contribute in out of roundness.
Figure 3 shows the influence of I and T on/off time on out of roundness.

4 Optimization of Process and Precision

The confidence interval is given Z ± �Z , where �Z is given by

�Z = tα/2,DOF
√
Verr (2)

where ‘Z’ response, out of roundness; ‘t’ t-distribution to DOF; ‘α’ confidence level
and ‘Verr’ predicted response variance of error. α is considered as 0.001 and �OOR
calculated as 0.0024 mm (Table 2). An attempt was made to optimize the machining
parameters to minimize the out of roundness within the specified range. The values
of the parameters were found by applying trust-region approach. The optimization
was carried out by optimization fmincon. Table 3 shows optimum set of parameters.
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Table 2 Confirmation experiments

Exp. No. Machining parameters OOR (mm)

Ip Vg Ton Toff P Exp. Predicted

1 4 45 150 15 13 0.0065 0.0071 ± 0.0024

2 6 45 350 35 13 0.0118 0.0129 ± 0.0024

3 8 55 250 25 15 0.0155 0.0167 ± 0.0024

4 10 65 350 45 17 0.0177 0.0184 ± 0.0024

5 10 75 450 45 19 0.0138 0.0132 ± 0.0024

Table 3 Optimum process parameters

Response Ip Vg Ton Toff P Calculated (mm) Exp. (mm)

Minimum OOR 4 40 170 50 14 0.0025 0.0013 ± 0.0024

5 Comparison

Tool’s out of roundness was investigated for both Cu and cermet tooltip. At least
12 points were identified on the circumference of each sample, as shown in Fig. 4.
Difference in roundness of the tool before and after EDM was termed as response.
It is evident from Fig. 4 that the change in roundness was more in the case of Cu
(0.032 mm) as compared to the cermet tool (0.026 mm).

Change in cermet tooltip roundness valueswas lesser compared toCu tool (Fig. 5).
The TiC present in cermet improved wear resistance that prompted stable tool geom-
etry. Stability of enhancement in tool shape varied from 9% (experiment 10) to 25%
(experiment 1). Therefore, it can be concluded that the shape retention is better in
cermet tools that are also evident from the SEM images shown in Fig. 6.

6 Conclusions

• Cu–TiC cermet tooltip was successfully produced by powder metallurgy process
followed by sintering. EDM tool was fabricated from cermet tooltips brazed to
the copper rods.

• Comparison of performancewasmade for copper–TiC tooltips at different process
parameters with conventional tool.

• Out of roundness was chosen as a criteria to measure tool shape changes, and
statistical model was developed to estimate roundness in EDM process using
cermet tooltip by correlating the selected input parameters.

• The adequacy of the model was checked with ANOVA. Developed statistical
analysed effect of each parameter on out of roundness.
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Fig. 4 Out of roundness at: Ip = 11 A, Vg = 60 V, Ton = 300 μs, Toff = 30 μs, P = 20 kgf/cm2

• The experimental results pointed that discharge current, pulse on/off time vital
parameters that influences out of roundness.

• To prove the sufficiency of developed model for 99.9% confidence interval, con-
firmation experiments were done at different process parameter conditions using
copper–TiC cermet tooltip.

• The comparison of results showed up to 25% reduction in out of roundness for
while using Cu–TiC.
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Fig. 5 Comparison of out of roundness when using copper tooltip and cermet tooltip
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Fig. 6 Morphology of cermet and Cu tooltips at various process parameters of machining
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Mechanical and Microstructural
Characterization
of Magnesium/Multi-walled Carbon
Nanotubes Composites Fabricated
via Friction Stir Processing

Mayank Mishra, Chander Prakash, Rajashekhara Shabadi,
and Subhash Singh

Abstract The need for new generation high-performance lightweight materials for
automotive and aerospace applications has gripped manufacturers and engineers
around the world to enhance the strength-to-weight ratio and fuel efficiency of the
vehicles, thus improving the economics of mass production and novel product devel-
opment processes.Metalmatrix reinforcedwith nanoparticles has tremendously risen
in the strength of the composite material by effectively carrying out load transfer
between reinforcement and parent matrix metal. In this research work, magnesium
and various volume percentage ofmulti-walled carbon nanotubes were fabricated via
friction stir processing (FSP) and the significant influence of addition ofmulti-walled
carbon nanotubes into pure magnesium was examined. The microstructural features,
mechanical behaviours such as tensile strength, were investigated. The X-ray diffrac-
tion (XRD) analysis has confirmed the presence of parent phases ofmaterials without
any reactive phases. The optimum increase in the tensile strength of the composite
material was obtained to be 203%more than that of cast pure magnesium at 20 vol.%
MWCNT reinforcement.
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1 Introduction

Composite materials have found a strong footing in almost every sphere of life from
household, electronics, electrical,medical, chemical and sports to structure, construc-
tion, transportation, marine, military, aviation and heavy-duty industrial applications
because of their lightweight, high strength, toughness, durability, energy efficiency
and performance [1]. Composites are multiphase materials made up by combining
the two ormore dissimilarmaterials having distinct composition, form and properties
to produce superior materials without losing their original identities and chemical
compositions. Thus, they are not a product of any chemical reaction [2]. They con-
sist of one or more dispersed phases or reinforcements distributed in a continuous
medium calledmatrixwhere both reinforcements andmatrix are separated by interfa-
cial layer. This layer is responsible for effective stress transfer from reinforcements to
matrix in composite materials. Composites with specific properties can be prepared
by carefully selecting the reinforcement, matrixmaterial, their composition, process-
ing technique and the process conditions. The dispersion, orientation, concentration,
properties, size and type of reinforcement are used to determine the properties of the
composite [1].

Composites can be broadly classified into natural composites and synthetic com-
posites, as shown in Fig. 1. Examples of natural composites are bone, wood, bamboo
and seashell nacre. Synthetic composites are man-made composites that make use
of a combination of matrix a reinforcement to derive exact properties. Based on the
type of reinforcements, they can be classified as fibre-based and particulate-based
composites. Composites are than further grouped into metal, polymer and ceramic
composites [3]. Metal matrix composites (MMCs) have helped open newer doors
to material utilization and deployment for applications where the primary objective
is to obtain a specific property like better creep resistance at elevated temperatures,
higher young’s modulus, higher tensile and yield strength, enhanced corrosion resis-
tance, increased fatigue strength, biocompatibility. The enhanced properties have
pushed to use of light metals like aluminium (Al)and magnesium (Mg) in MMCs
[4]. Ever since the invention of an other kind of carbon structure called as carbon
nanotube (CNT) by Sumio Iijima in 1991 [5] while studying cathodic soot formed in
the arc evaporation apparatus, it has been a subject of immense interest and research

Fig. 1 Classification of composite materials
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in its industrial applications due to the revolutionary mechanical, electrical, thermal,
optical and magnetic properties [6, 7]. It was initially discovered in the form of
multi-walled carbon nanotube (MWCNT). It is made up of helical coaxial cylinders
which consist of 2–50 graphite sheets having diameters spanning between 2 and
100 nm and distance between sheets of about 0.34 nm [8]. Experimental evidences
have repeatedly underlined that the carbon nanotube has unique and extraordinary
physical properties such as stiffest and strongest fibres. SWCNTs have been proved
to have very high Young’s modulus in the range of 1 TPa, which is approximately
five times that of steel, and very high tensile strength of about 150 GPa [5, 9–11].
Even more impressive is their low density and high aspect ratio. MWCNTs have
very high thermal conductivity, greater than 3000 Wm−1 K−1 at room temperature
with low thermal expansion coefficient [12]. CNTs have also demonstrated unique
electrical properties [13, 14]. They are excellent electrical conductors possessing
electrical conductivity of about 2 × 107 S m−1 and current densities up to 1011

Am−2. Depending on the graphitic sheet rolling direction to form the characteristic
tubular structure, they can either be metals or semiconductors [15].

Friction stir processing (FSP) is a new kind of solid-state composite processing
technique that originated from friction stir welding process. It carries out localized
microstructural refinement by plastically deforming the material and not melting
them, thus leading to dynamic recrystallization. The resultingmaterial has improved,
refined and homogeneousmicrostructure in the stir zone. This is achieved by employ-
ing a rotating tool consisting of a shoulder with pin structure of desired dimensions.
The rotating tool is impinged into the surface of material such that only the pin gets
dipped into the material and the shoulder only touches the surface providing down-
ward locking force. The friction between the rotating pin and the contact surface of
material led to generate high temperature which results in plastic deformation of the
material. This is followed by slow and steady translation of the tool along specified
direction. If the material is reinforced with fine nano-powders of additives, it will
help evenly and homogeneously distribute the additives in the material, thus forming
a composite structure. The controllable process parameters which are used in FSP
are tool geometry, tool rotation speed, translation speed of the tool, tool tilt angle,
axial downward force and number of passes [16–18].

Huang et al. [19] were studied that the addition of carbon nanotubes (CNTs) in
Mg-6Zn composites enhanced the grain refinement as well as mechanical properties
such as yield strength, ultimate tensile strength; elongation was drastically improved
as compared with base alloy. Lim et al. [20] had fabricated aluminium alloy/multi-
walled carbon nanotubes through friction stir processing. Scanning electron micro-
scope (SEM) and transmission electron microscope (TEM) micrographs were indi-
cated that the nanotubes are uniformly dispersed into aluminium alloy matrix at the
stir zone. The mechanical properties also depend upon the microstructure of the
composites. Jamshidijam et al. [21] investigated the microstructural characterization
as well as mechanical behaviours such as microhardness and wear properties of the
multi-walled carbon nanotubes reinforced into magnesium alloy (AZ31) composite
fabricated via friction stir processing. The composites materials exhibited higher
microhardness as well as superior resistance to wear compared to as-received alloy.
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This is because of uniformly dispersion of reinforced material as well as fine grain
of matrix. Morisada et al. [22] prepared surface composite by reinforcing CNTs
into AZ31 Mg alloy and found it to generate grain refinement and almost twofold
increase in the hardness. Singh and Pal [23] were successfully fabricated Al metal
matrix composite by incorporating the tailored SiC particles via friction stir process-
ing. Morphology of SiC was changed via addition of MgO as well as nanocrystalline
MgAl2O4 spinel through sol–gel process. It was concluded that ultrafine equiaxed
grains were found after FSP. Mechanical properties of the composite materials were
significantly improved after FSP. Izadi et al. [24] had investigated uniformly distribu-
tion multi-walled carbon nanotube at high-volume fraction (>50%) into aluminium
matrix fabricated through multi-pass friction stir processing. SEM and TEM micro-
graphs had confirmed the uniform dispersion of reinforcement. Themicrohardness of
composites showed two times higher than the as-received aluminiumalloy. Zhou et al.
[25] were studied the thermal expansion response of aluminium/multi-walled carbon
nanotube (MWCNT). It was found that it enhanced the load transfer at the interface of
thematrix and reinforcement. Aluminium carbide (Al4C3) nanostructure was formed
by the heat treatment process, which led to the increasing the yield strength of com-
posites. Liu et al. [17] fabricated CNT/2009Al composite and found that uniform
distribution of carbon nanotubes (CNTs) into aluminium matrix through multi-pass
friction stir processing (FSP). It was also concluded that maximum strength was
obtained after three-pass FSP. The reason is because of the overall influence of clus-
ter reduction, uniform distribution of reinforcement, grain refinement as well as CNT
shortening.

It was observed that comparatively lesser amount of research work has been done
on magnesium matrix composite and nanocomposite. Thus, pure magnesium was
selected as parent metal matrix material with MWCNT reinforcements. The main
aim of this research work is to study the effect of large and varying reinforcement
of MWCNT in pure magnesium plates on its mechanical properties and phase char-
acteristics. Novel friction stir processing technique is used in place of traditional
processes like stir casting and powder metallurgy.

2 Materials and Methodology

Magnesium is the lightest structural element. Its density (1.738 g/cm3) is two-third
of that of aluminium (2.7 g/cm3). Pure magnesium billet (Fig. 2a) (purity > 99.8%)
of weight 7.5 kg was purchased from Parshwamani Metals, Mumbai, Maharashtra.
Multi-walled carbon nanotubes (MWCNTs) of purity > 99%, average diameter of 10–
15 nmand average length of about 5μmwere purchased fromAd-NanoTechnologies
Private Limited, Shivamogga, Karnataka. The tool material was chosen as D3 tool
steel (AISI D3) and was purchased from local supplier in Jamshedpur, Jharkhand.
The shoulder length of 15 mm and diameter of 18 mm with pin length and diameter
of 5.5 and 6 mm were prepared with the aid of centre lathe and drilling machines as
shown in Fig. 3. These values were selected after careful literature studies. Pure Mg
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Fig. 2 Steps in making plates from billet of pure magnesium

Fig. 3 Tool making procedure
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Fig. 4 Steps in friction stir processing method

plates have thickness 8 mm were cut from the as-received Mg cast billet by using
the power hacksaw cutter (Fig. 2b). Also, the edges of the plates were made plane
with the help of shaper machine (Fig. 2c). Hence, the size of the plates obtained was
100 mm * 50 mm * 8 mm. Then, longitudinal continuous grooves of depths 1 mm,
2mm and 3mmwere made by shaper machine on three different plates, respectively,
each having width of 1 mm, as shown in Fig. 2d. These grooves were parallel to the
50 mm side and were created at approximately the midway of the plate. The FSP tool
was first fitted in the collar of the vertical milling machine (VMM), and tighteners
were fitted and optimally screwed. The prepared specimen of pure Mg was placed
on the bed of the VMM and properly clamped (Fig. 4a). The groove was filled with
multi-walled carbon nanotube powder with the help of spatula as shown in Fig. 4b.
Then, the friction stir processing (FSP) was carried out with tool rotation velocity
of 1000 rpm/min, tool traverse velocity of 10 mm/min and tool tilt angle of 1.5°, as
shown in Fig. 4c. The FSP processed finished sample is depicted in Fig. 4d.

3 Characterizations

For tensile testing, the FSPed samples were first milled and cut as per ASTM stan-
dard into the following shape by the wire-cut electrical discharge machining (EDM)
machine, and the dimensions are shown in Fig. 5.
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Fig. 5 Tensile test sample dimensions

Four test samples were prepared.

1. Pure magnesium sample (pure Mg).
2. Friction stir processed pure magnesium sample with 10 vol.% MWCNT

(10 MWCNT/Mg).
3. Friction stir processed pure magnesium sample with 20 vol.% MWCNT

(20 MWCNT/Mg).
4. Friction stir processed pure magnesium sample with 30 vol.% MWCNT

(30 MWCNT/Mg).

The tensile samples were then tested for tensile strength in the universal testing
machine (Tinius Olsen, 20 KN). X-ray diffraction (PANalytical Empyrean) analysis
was carried out by using an incident Cu Kα radiation (λ = 1.5418 Å). The voltage
of the tube was 30 kV with a step size of 0.013 and a counting time of 37.995 s/step
with two theta values between 15° and 90°.

4 Results and Discussion

Figure 6 shows stress–strain plots for pure Mg and MWCNT reinforced Mg with
10, 20, 30 vol.% composites, respectively. It can be clearly inferred that after single
pass friction stir processing, the tensile strength of the composites increases as the
amount of reinforcement is increased but only until an optimum value after which
it starts to fall. The tensile strengths for pure magnesium were found out to be
68 MPa; for 10 MWCNT/Mg composite, it was 98 MPa and peaking at 138 MPa for
20 MWCNT/Mg composite. Then there is a drastic reduction in the tensile strength
value for 30 MWCNT/Mg composite which measured 109 MPa.

The main reason attributed to this common trend in the literature [19–24] is
the increase in brittleness of the composite after certain point of reinforcement.
Also, processing defects like abnormal heat generation and tunnelling effect cause
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Fig. 6 Stress–strain plots for pure Mg and 10 MWCNT/Mg, 20 MWCNT/Mg, 30 MWCNT/Mg
composites

reduction in strength of the composite. To avoid tunnelling defect, the tool rotation
speed should be maximum and the tool traverse speed should be minimum. Also,
tool tilt angle should also be given appropriately. But this also leads to higher contact
time between tool and material, thus causing increased heat generation which in turn
may cause localized melting of the metal which must be avoided at all cost.

In the test above, it is clear that at 20 vol.% MWCNT reinforcement, the tensile
strength of the composite reaches maxima at 138 MPa as compared to 68 MPa of
pure magnesiumwhich represents about 203% enhancement. Thus, it was found that
20 vol.% MWCNT is the optimal value for the reinforcement content in the context
of this paper. Figure 7 represents the SEM micrographs of fractured surfaces for
pure Mg and MWCNT reinforced Mg composite. Irregular grain shapes and sizes

Fig. 7 SEMmicrographs of fractured surfaces for pureMg andMWCNT reinforcedMg composite
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Fig. 8 X-ray diffraction
plots for pure Mg and
MWCNT/Mg composite

are shown in SEM micrograph. The micrograph of Mg was elongated with some
cluster pattern as shown in image. MWCNT seems to be flaky-like structure.

In the X-ray diffraction (XRD) tests, very clear and distinct peaks of Mg are
observed in both the plots for pure magnesium and reinforced composite. For pure
magnesium, the highest reflection for non-oriented grains is observed in (1011) plane.
After FSP, the oriented grains show maximum reflection in (0002) plane instead of
(1011) plane. The new orientation is resulted in the complex shear as well as com-
pression stresses generated by reason of friction between tool and the material [19].
However, the peak for MWCNT is not very distinctive due to their small dimensions
and limited content in the composite (Fig. 8).

5 Conclusions

It was found that the friction stir processing (FSP) is an effective process fabricating
the metal matrix composite in terms of improvement of mechanical properties of the
composite. Nano-reinforcements are quite effective when used in optimum quantity
to improve the physical properties of the metal matrix composite given that suitable
care is being taken to ensure proper material dispersion with no agglomeration or
in situ reactions. In this paper, the optimum increase in the tensile strength of the
composite was found to be 203%more than that of cast pure magnesium at 20 vol.%
MWCNT reinforcement. After this value, any increase in MWCNT content led to
deterioration in the mechanical properties of the composite because of the composite
becoming brittle in nature. The XRD analysis showed the presence of parent phases
of materials without any reaction phases. The orientation of grains was occurred in
the direction of tool travel in the surface of the composite in the stir zone (SZ).
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Influence of Surface Treatment
and Molding Temperature
on Mechanical Properties
of Jute/PLA-Based Green Composites

Jaiinder Preet Singh, Sehijpal Singh, Vikas Dhawan, Gurjot S. Dhaliwal,
Piyush Gulati, Rajeev Kumar, and Manpreet Singh

Abstract In the present study, the main focus is to increase the interfacial bonding
between jute fiber with polylactic acid (PLA) with the help of surface modifications
of jute fiber using alkali, potassium permanganate, and potassium dichromate treat-
ments. FTIR spectroscopy result confirms the removal of hemicellulose layer which
results in an increase in adhesion of jute fiber with polylactic acid. Jute/PLA com-
posites are prepared using hot compression molding process using treated jute fibers
and PLA matrix. This study also exposes the effect on the mechanical properties of
developed composites of molding temperatures ranging from 160 to 180 °C. Alkali
treatments resulted in an increase of 56.1% and 51%, respectively, in the tensile
and flexural strength of jute/PLA composites It is so observed that for alkali-treated
jute/PLA compositewith 170 °Cmolding temperature,maximum tensile and flexural
strength were recorded.

Keywords Jute fibers · Compression molding ·Molding temperature · Surface
treatment · Green composites

J. P. Singh (B)
IKG-PTU Kapurthala, Guru Nanak Dev Engineering College, Ludhiana 141006, India
e-mail: jaiinderpreetsingh@gmail.com

J. P. Singh · P. Gulati · R. Kumar · M. Singh
Lovely Professional University, Phagwara 144401, India

S. Singh
Guru Nanak Dev Engineering College, Ludhiana 141010, India

V. Dhawan
Shree Guru Gobind Singh Tricentenary University, Gurugram 122006, India

G. S. Dhaliwal
Intertribal Research and Resource Center, United Tribes Technical College, Bismarck, ND, USA

© Springer Nature Singapore Pte Ltd. 2020
C. Prakash et al. (eds.), Advances in Materials Science and Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-4059-2_12

149

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4059-2_12&domain=pdf
mailto:jaiinderpreetsingh@gmail.com
https://doi.org/10.1007/978-981-15-4059-2_12


150 J. P. Singh et al.

1 Introduction

Composite material also can be found in our households. For example: concrete is
made up of cement, sand, and gravel. It can also be reinforced with steel which
improves around 10,000 bc; the houses were made up of straw bricks, and then in
around4000bc, thewritingmaterialwas fabricated from thepapyrus plant. Egyptians
alsomadefibers by heat treating the glassmaterial to very high temperature. In around
1200 bc, Mongols develop the first modern composite bow. Phenolic resin was used
for the first time in the fighter planes by the British Royal Air Force in its mosquito
bomber aircraft. Plywood is also a form of good composite used formaking furniture.
Our bone is also a compositematerial containing collagen fiber and hydroxyl appetite
matrix.

Composite material is nothing but two or more basic materials combining dif-
ferent physical or chemical properties to create a new material, but the individual
properties of thematerial process. The newmaterialmay be chosen formany reasons:
common examples contain materials which are stronger, lighter, or less expensive
when compared to traditional materials. With rise in global temperature, depletion of
fossil fuels and a need of sustainable development forced the researchers to develop
the green composites [1]. Green composites are materials derived from the natural
resource. It consists generally of strengthening as natural fibers and material matrix.
Green composites are additional categories in two categories, i.e. partially biodegrad-
able green composites and composites that are fully biodegradable [2, 3]. Partially
green composites consist of at least one constituent which should be derived from
natural resource such as jute/epoxy composites, carbon fiber/PLA composites. In the
case of fully biodegradable green composites, both constituents should be derived
from natural resources such as composites of jute/PLA, composites of Jute/PHB.

Lots of research is currently underway to develop green composites. Sareena et al.
[4] the biodegradation behavior and its effect on the mechanical properties of natural
rubber developed reinforced with natural fillers such as coconut shell and peanut
shell powder were studied. The chemical treatment, filler content, and filler size help
in improving the durability. The composite containing treated fillers were resistant
to soil erosion. The results progressed that after the soil burial testing, the hardness
and tensile strength were decreased. Zhong et al. [5] studied to strengthen interfacial
adhesion of phenolic resin/cellulose fiber in compound sites consisting of aramid
and sisal fiber by surface microfibrillation of cellulose fiber. Sisal fiber’s surface
microfibrillation to 24 SR surges the internal bonding strength, wear resistance and
tensile strength values by 124%, 31%, 93%, respectively [6]. The thermal, morpho-
logical and mechanical properties of a bio-composite derived from banana plants
were studied, and the results showed that the device decreased at high temperatures.
Thermal stability has been enhancedwith the increase of glass transition temperature.
The mechanical test revealed increase of tensile strength, tensile modules, and flex-
ural modulus by 15%, 12%, and 25%, respectively. Mohanty et al. [7] explored the
physicomechanical and inter-phasic properties of “all green composites” acquired
from poly-bioresin and kenaf natural fiber. The optimal properties of composites
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were accomplished by 20 wt% which results in major increment in flexural strength
(48%), tensile strength (310%), and storage modulus (123%). Up to 89% for flexu-
ral, 82% for impact, and 83% for tensile strength were absorbed after exposing the
composite to boiling water. Bourban et al. [8] Comparison of unidirectional and 2/2
flax fiber damping andmechanical properties including thermoplastic (PP), PLA and
thermoset (epoxy) with epoxy composites of glass (GF) and carbon fiber (CF). The
best compromise amid damping and stiffness were found with flax fiber-reinforced
PLA. The composite with flax fiber showed better damping with respect to carbon
fiber and glass fiber-reinforced composite.

Trujillo et al. [9] studied involves a long bamboo fiber and its high end uses as a
reinforcement for composite materials. At different gauge lengths, Weibull distribu-
tion, which requires only three parameters, explained accurately the fiber strength of
fibers. With increasing gauge lengths, the fiber strength decreases. While compar-
ing with natural fibers, Weibull shape parameter had shown low strength variability,
indicating high quality.

Singh et al. [10] developed epoxy-based composites reinforced jute fiber and stud-
ied the influence of temperature healing on its mechanical properties. Test results
showed that at 100 °C, the peak tensile strength was registered at 32.3 MPa. Geor-
giopoulos et al. [11] developed the unidirectional flax fiber composites, which are
exposed to a different dynamic mechanical analysis. It was fabricated by film stack-
ing method. There were different treatment processes used, named as plasticization,
silanization, and treatment withmaleic anhydride. A strong adhesion betweenmatrix
and fibers was observed as a result of these surface treatments. There was also an
increase in crystallinity, Young’s modulus, processing module, and flexural modu-
lus. Singh et al. [12] studied the effect of surface treatment on jute/epoxy composite
mechanical properties. Surface treatment of natural fibers results in the enhancement
of tensile and flexural strength; however, impact strength has been tremendously
decreased. The literature study clearly reflects that a great deal of work has been
done in the field of manufacturing and testing PMC using synthetic fibers and syn-
thetic resins, and the increasing concern for the environment clearly requires the
need for environmentally friendly and cost-effective substitute polymer composites.
The present initiative is to develop green composites and to study and improve their
mechanical properties.

Jute fiber is used as reinforcement and polylactic acid (PLA) as the matrix mate-
rial derived from the maize starch in this paper. At molding temperatures ranging
from 160 to 180 °C, and at fiber volume by weight, all the composites developed
30%fiber volume. Different surface treatments such as sodium hydroxide, potassium
dichromate, and potassium permanganate, were employed on jute fiber and studied
the effect on their mechanical properties. In order to investigate the chemical inter-
actions between fibers and chemical agents, Fourier transform infrared spectrometry
was performed on treated jute fibers.
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2 Materials and Method

The matrix material used to develop the composites is polylactic acid (PLA), which
in granular form is a commercial grade of 3052D, acquired from Natur-Tec India
Pvt Ltd. The reinforcement is selected as jute fiber which is easily available and very
economical in nature. Jute fibers consist of alpha cellulose, hemicellulose, lignin,
fats, and waxes, pectin, protein/nitrogenic matter, etc., and ash [13].

The optical view of woven jute mat and PLA in granule form is shown in Fig. 1a,
b.

2.1 Fiber Surface Treatment

Jute fibers were exposed to three different surface treatments with the motive to the
enhancement of mechanical properties.

In alkali treatment, fiber mat was dipped into 5% by weight concentrated NaOH
solution for 2 h and then washed away with the acetic acid having 1% concentration
by weight to ensure the PH value of the fiber attains 7. Fibers were further washed
with water after achieving the 7 PH quality and dried for 2–3 days.

In potassium permanganate and potassium dichromate treatment, fibers were
soaked in 0.02% by weight concentrated solution for 2 min at room temperature.
Rest same procedure was adopted as used in alkali treatment.

2.2 Spectral Analysis

Using FTIR spectroscopy, both untreated and treated jute fibers were analyzed.
It shows the change in molecular fiber structure due to physical and chemical
treatments.

Fig. 1 a Of a jute mat woven. b Granular PLA
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At first, 1 mg of jute fibers were ground into the powder form and then mixed with
KBr powder infrared grade. The mixture was then pressed for measurement into a
pallet. The spectrum of 500–4000 cm−1 was reported.

2.3 Composite Fabrication

Hot pressing and compressionmoldingmethods have been introduced for experimen-
tal purposes. After chemical fiber treatment, the treated jute mat was cut according to
the specific heating die size, and the amount of PLA granules required was measured
and placed in the oven at 80 °C for 4 h preheating. Fix the Teflon sheet and strips
once the die temperature has reached the required temperature. For the manufactur-
ing process, split the PLA granules into two parts. First, the first half of the granules
is spread evenly into the cavity and then the treated jute fabric layers are placed over
the PLA granules, and then the remaining PLA granules is distributed into the cavity
over the placed jute fabrics. The Teflon sheet is eventually placed on the lower die,
and the die is closed later. Eventually, the entire die structure is kept in the mold-
ing compression unit. In this fabrication process, the machine molding temperature
was kept as operating parameter which ranged from 160 to 180 °C. The selection of
the molding temperature parameter was based on the pilot study were temperature
range was selected as 160–210 °C and later found that fibers were degraded due
to increase in the temperature. That is why, the temperature range was selected as
160–180 °C. The complete composite was kept under the load of 250 KN for 15 min,
and then, heaters were stopped and kept at the complete die under the pressure to
cool, and finally, the complete die was open at 80 °C, and final composite was kept
in desiccator.

2.4 Mechanical Test

1. Tensile testing: On the universal testing machine, the tensile test was carried out
in accordance with ASTM standards D3039 [14]. Specimens were cut to 250mm
× 25 mm × 4 mm as required. All tensile tests were conducted at 2 mm/min
cross speed. Figure 2a and b shows the specimens fractured during tensile and
flexural testing.

2. Flexural Testing: The flexural strength of the formed jute/PLA composites was
measured using a three-point bend test conducted on the UTMmachine in accor-
dance with the D790-02 [15] ASTM standard with dimensions of 120 mm ×
15 mm × 4 mm.
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Fig. 2 a Fractured tensile specimens. b Fractured flexural specimens

3 Results and Discussion

3.1 FTIR Spectroscopy

FTIR spectra are shown in Fig. 3a, b for untreated and alkali-treated jute fiber. One
finds different bands of absorption in the spectra from 4500 to 400 cm−1 in this
figure. Due to the stretching vibration of hydroxyl (OH), the absorption band around
3300–3280 cm−1 is indicated. This could be a facility for desorption of water as
well as decomposition of hemicellulose and lignin. An indication of C–H spreading
vibration in cellulose and hemicellulose for methyl and methylene groups is a high
peak observed in both spectra around 2900 cm−1. Table 1 shows the transmittance
peaks for untreated and treated jute fibers.

C=O stretching carboxylic acid vibration and hemicellulose ester components
cause the sharp peak observed at 1750 cm−1 in untreated jute fiber (Fig. 3a). In
the case of alkali-treated jute fiber, due to structural changes that are incompatible
with Goripathi et al. [16], the height of 1740 cm−1 corresponding to C=O spreading
hemicellulose vibration vanished. It clearly shows that the hemicellulose layer was
removed in alkali treatment as compared to other surface treatments.
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Fig. 3 a, b Untreated or alkali-treated FTIR spectra of jute material

3.2 Composites and Its Mechanical Properties

Figure 4 shows the effects of surface treatments on jute/PLA composites’ tensile and
flexural properties. The untreated jute/PLA’s tensile strength and flexural strength
were 24.42 MPa and 48 MPa, respectively. After different treatments, the tensile
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Table 1 FTIR spectra for untreated and treated jute fibers

Possible assignments Untreated Alkali Potassium dichromate Potassium
permanganate

−OH stretching
vibration (cellulose)

3308 3292 3330 3520

C–H stretching
vibration

2920 2920 2920 2920

C=O stretching
vibration
(hemicellulose)

1750 – 1740 1740

CH2 symmetric
bending

1423 1429 1430 1439

C–O stretching
vibration (lignin)

1242 1235 1244 1245

Fig. 4 Flexural and tensile properties of surface-treated jute/PLA composites

strength varies on the basis of different temperatures and surface treatments. Max-
imum tensile strength of 38.12 MPa was recorded for alkali-treated jute/PLA com-
posite. Increment of tensile properties follows an order of alkalization > potassium
dichromate > potassium permanganate > untreated.

Composites’mechanical properties depend on the interaction of the fibermatrix. It
was also observed that the tensile strength decreases at higher temperatures. Thismay
be due to higher temperature burning of the fibers. At higher curing temperature, the
interfacial strength between matrix and natural fibers reduces due to thermal degra-
dation of natural fibers at higher temperature [10]. Maximum flexural strength of
72.5 MPa was observed at 170 °C molding temperature with alkali-treated jute/PLA
composites.

4 Conclusion

In this study, composites based on polylactic acid based on surface-treated jute fiber
have been developed. Three different chemicals have been selected for the surface
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treatment of jute fibers, such as sodium hydroxide, potassium permanganate, and
potassium dichromate. Mechanical properties such as tensile strength and flexural
strength have been evaluated.

The following conclusions will be drawn from this study.

1. The surface improvement in each treatment is shown by the FTIR spectra of all
treated jute fibers.

2. Alkali-treated reinforced jute fiber shows the highest tensile strength and flexural
strength relative to other fiber surface treatment.

3. The peak tensile strength is reported as 38.12 MPa for alkali-treated jute fiber
composites.

4. Maximum flexural strength is reported as 72.5 MPa of alkali-treated jute fiber
composite.
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Effect of Nanoclay in Unidirectional
Carbon–Epoxy Laminated Composites

Vishaldeep Singh, Manjeet Singh, J. S. Saini, Rohit Badhwar, Akash Gupta,
and Nitin Chauhan

Abstract Carbon fiber composites are highly demanded in aerospace structure due
to their elevated strength but less weight in comparison to the metals and alloys.
The main aim is to study the consequence of nanoclay in carbon–epoxy composite
by examining the mechanical properties. The compression molding technique was
used to prepare the laminates of composite. The specimens were prepared from
the epoxy as a matrix and carbon fiber as reinforcing material which were oriented
at [0°/45°/90°]. The tensile strength and bending strength were analyzed for the
specimens, both numerically and analytically. The nanoclaywasmixedwith different
wt% with carbon fiber laminates so as to improve the mechanical properties of the
composite. The strength of the composite was improved by 25–30% when nanoclay
with 3 wt% is added to carbon–epoxy laminates as compared to the strength of
composite without nanoclay.

Keywords Carbon-reinforced laminates · Nanoclay · Failure analysis · FEM

1 Introduction

For the past years, the engineering materials are being replaced by fiber-reinforced
compositematerials inmost of the engineering applications because of theirmechani-
cal properties and their strength. The primary and secondary structures of engineering
applications are focusing on composite materials because of the lightweight and also
the high strength of these composite materials. Among all the natural and synthetic
fibers available, the carbon fibers are one of the strongest fibers. The strength of the
carbon fibers if compared with that of steel is approximately five times whereas the
weight of these fibers is one third. This is why the carbon fibers are being used in
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engineering applications like spacecrafts, aircrafts, automobiles, civil structures like
beams, and other sports equipment like rackets and many more [1].

The fiber-reinforced composites are used by many researchers for the different
applications for reducing the weight and cost without compromising the strength
of the structure. Many researchers had studied the properties of the fiber-reinforced
composites. The main objective is to study how the properties of the composite
change when nanoclay is added to the epoxy during the fabrication of composite.
The tensile strength and bending stresses are analyzed in this paper. A brief review of
work done in carbon–epoxy reinforced composites with and without nanoparticles
is discussed.

Djabali et al. [2] inspected themechanical properties of the carbon–epoxy compos-
ite. The vacuum bag technique was used to prepare the composite. The three-point
flexural test was performed using ASTM-D790-03 standards. The nondestructive
tests and monitoring technique was used to study the composite material. Zakaria
et al. [3] studied the graphene nanoparticles and multi-walled carbon nanotubes-
based polymer matrix composite. The mechanical, thermal, and dielectric properties
of the composite were analyzed. Tensile test and flexure tests were performed on
the samples of composite as per ASTM standards D638 and D790, respectively. The
failure behavior of the composite was analyzed by scanning electron microscopy
(SEM) scanning. Also, the X-Ray Diffraction (XRD) was done to analyze the crys-
talline structure. The result shows the improvement in properties with the addition of
nanoparticles. The nanoparticles enhanced the strength by 11–25%. Wang et al. [4]
prepared the carbon fiber composite with silver nanoparticles and graphene oxide.
They studied the tensile and shear strength of the composite. The electrodeposition
method was used to prepare the composite. The morphological characterizations
of the samples were done by SEM, transmission electron microscopy (TEM), and
atomic force microscopy (AFM). The silver and graphene nanoparticles improved
the mechanical properties by 35%. Shah et al. [5] inspected the mechanical prop-
erties of carbon fiber-reinforced epoxy composite in which the iron nanoparticles
were added. Also, the electromagnetic properties of the laminated composites were
analyzed. Das et al. [6] reviewed the fabrication of the composite and properties of
carbon fiber-reinforced composites. They also studied the different processes used
for the fabrication of composite and also the applications of carbon fiber-reinforced
composites.Azeez et al. [7] reviewed the epoxy clay nanocomposites. They discussed
about the influence of different parameters for the preparation of nanocomposites.
They have also discussed about the mechanical and thermal properties of nanocom-
posites prepared. XRD method was used to differentiate the different clay structures
prepared for nanocomposite. Qin et al. [8] discussed about the various effects on the
properties of carbon fiber-reinforced composite with the addition of silicon dioxide
nanoparticles. The mechanical properties were analyzed with varying percentages
of nanoparticles. The morphological characterization of the samples was done by X-
Ray Photoelectron Spectroscopy (XPS), Thermo Gravimetric Analysis (TGA), and
SEM. The shear strength was observed for the composite and was observed that with
the addition of nanoparticles the strength was improved by 44%. Landowski et al. [9]
discussed about the impact behavior on carbonfiber-reinforced epoxy compositewith
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silica nanoparticles. The main objective of the composite is for marine applications.
The damage of the composite during low impact was analyzed by X-Ray radiogra-
phy. The nanoparticles have a significant improvement on mechanical properties as
compared with the composite without nanoparticles. Spanos and Kontsos [10] stud-
ied the mechanical properties of polymer nanocomposite which was reinforced with
carbon nanotubes. A multi-scale Monte Carlo FEM was used to analyze the proper-
ties. Murugan et al. [11] examined the damaging effect of carbon-reinforced epoxy
compositewith nanoclay. The nanoclay present in the composite improves the impact
properties as compared to the composite without nanoclay. The breaking of fibers
and the cracks in thematrix were analyzed by SEM images whereas the delamination
of the layers and the porosity of the damaged specimens were analyzed by X-Ray
computed tomography scanning. Limam et al. [12] estimated the ultimate failure
load experimentally of pin-loaded composite laminate made of graphite/epoxy and
compared it with the theoretical results. Tension, shear and bearing failure were ana-
lyzed for a given ply. Aluko [13] analyzed the joint strength and failure analysis for
graphite-epoxy laminate using Yamada-Sun failure criteria and characteristic model.
The characteristic dimensions were generated analytically for the construction of the
characteristic model. Oner et al. [14] examined the mechanical properties of hybrid
carbon and glass fiber composite with nanoclay. The tensile and flexural tests were
executed as per ASTMD3039 and D7264 standards. The addition of nanoclay to the
matrix material improved the strength of the composite material by 6%. Alsaadi et al.
[15] studied the tensile and flexural properties of carbon–kevlar fiber-reinforced with
epoxy. The effect of nano-silica particles was analyzed. The tensile test and flexure
test were performed as per ASTMD638 and D790 standards. The proper adhesion of
nano-silica particles with fiber and epoxy leads to better tensile and flexure strength.
Tsai et al. [16] discussed fracture and fatigue behavior of the composites. They added
silica nanoparticles to improve the properties. The silica nanoparticle in the sized
form leads to proper adhesion between fibers and matrix which ultimately increases
the properties. The double cantilever beam tests were performed on the specimens
as per ASTM D5528 standards and the morphological study of the specimens was
done using SEM images. Ulus et al. [17] studied the mechanical as well as physi-
cal properties of the carbon–epoxy composite with calcium carbonate nanoparticles.
The vacuum-assisted resin infusion method was used to prepare the samples and the
tensile test and flexural tests were executed as per ASTMD3039 and 7136 standards.
The morphological study of the samples was done using SEM images. It was found
that the strength was improved by 22%. Kaybal et al. [18] investigated the effect
of alumina nanoparticle in carbon fiber-reinforced composite. The composite was
prepared using vacuum-assisted resin infusion method. The impact strength of the
specimens was checked and the test was performed as per ASTM D7136. The result
shows that the addition of nanoparticle up to a certain extent increases the strength
and then it decreases.

From the literature review, it is observed that the mechanical properties are varied
when nanoparticles are added. The researcher had found that the mechanical prop-
erties are improved with the addition of nanoparticles. Moreover, very less work
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has been done on the study of mechanical properties of the composites when nan-
oclay as a filler material is added to the epoxy resin for the fabrication of carbon
fiber-reinforced composites laminates. Hence, the work presented in this paper is to
study the effect of Cloisite 30B which is used as a filler material for the prepara-
tion of nanocomposite. The samples prepared were analyzed also the morphological
classification of the material is done by XRD.

2 Experimentation

For experimentation, the samples are prepared to study the mechanical properties.
The materials used for the preparation of the samples and the method used are
discussed in this section.

2.1 Raw Material Used to Prepare the Composite

Resin—To prepare the composite, the laminates are prepared. For the fabrication of
laminates, the epoxy resin was prepared with the addition of hardener and accelerator
to it. They were mixed in the ratio of 100:100:0.1–2 for the preparation of the matrix.
Lapox was used as epoxy which is in a liquid state with medium viscosity. The
viscosity of resin at 77°F is within the range 9000–12,000 mPa s. It is also known
as Bisphenol-A Di Glycidyl Ether (BADGE). It is the organic compound that is
cross-linked with the help of hardener. The hardener and accelerator which were
used for making the resin were liquid anhydride and benzyldimethylamine. The mix
viscosity at 104°F is 450 cPs and minimum curing temperature is 248°F for 2 h and
320°F for half-hour. The materials for preparing the resin were provided by Atul
Ltd., Gujarat, India (www.atul.co.in). The tensile strength and flexural strength of
the resin is 70–90 N/mm2 and 100–120 N/mm2, respectively, which was provided
by the supplier.

Carbon Fabric—To prepare the composite carbon fabric was used as a reinforcing
agent. The unidirectional 214.5 gsm fabric having fiber thickness as 0.11 mm was
supplied by the AURO Carbon & Chemicals, Vadodara, Gujarat, India.

Nanoclay Cloisite 30B used for the experimental work was provided by the Con-
nell Bros. Company (India) Pvt. Ltd., Mumbai, India. The quaternary ammonium
salt was used to modify Cloisite 30B which is natural montmorillonite. It is used to
improve physical properties.

For the proper mixing of nanoclay with epoxy during the preparation of resin,
acetone was added to the mixture. The solvent used to mix the nanoclay and epoxy
was provided by the Loba Chemie Pvt. Ltd, Mumbai, India.

http://www.atul.co.in
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Table 1 Weight % of epoxy, carbon fiber, and clay

S.
No.

Sample
code

Fiber orientation Number
of layers

Weight fraction %

Epoxy Carbon
fiber

Cloisite
30B

1 CB-0 [0°/45°/90°/−45°/90°/0°] 6 67 33 0

2 CB-1 [0°/45°/90°/−45°/90°/0°] 6 59.67 39.71 0.62

3 CB-2 [0°/45°/90°/−45°/90°/0°] 6 59.23 39.53 1.24

4 CB-3 [0°/45°/90°/−45°/90°/0°] 6 58.94 39.20 1.86

5 CB-4 [0°/45°/90°/−45°/90°/0°] 6 58.13 38.82 3.05

6 CB-5 [0°/45°/90°/−45°/90°/0°] 6 58.11 38.80 3.09

2.2 Preparation of Sample

The BADGE-based epoxy was used as matrix and carbon fiber as reinforcement for
the preparation of laminates. The nanoclay was mixed with epoxy in the ratio as per
standards; the mass ratio of resin is given in Table 1. For the preparation of resin,
the solution was stirred with homogenizer for 15 min and thereafter sonication was
done for 15 min, so that the nanoclay is properly dispersed in the epoxy resin. After
the sonication process, hardener and accelerator was added to the mixture and kept
for 15 min under homogenization for the proper mixing of the resin.

For the preparation of laminate, the carbon fabric was cut and the resin was
applied to it. Then the second layer was placed on it and so on, to form the laminate
with six layers of carbon fiber. When the layers were placed on each other, the air
particles were trapped inside the layers. These air particles reduce the strength of
the composite, so to remove the air particles from the layers the hand roller was
used. For the proper bonding between the layers, the laminates were compressed and
were treated at room temperature for 24 h. Thereafter, the curing of the laminates
is necessary, this was done at constant pressure and temperature of 120 N/mm2 and
302°F respectively for 2 h. Thereafter, the plate was brought to room temperature at
120 N/mm2 pressure. The thickness of the plate obtained was 2 mm. The flow chart
explaining the preparation of samples is shown in Fig. 1.

2.3 Testing

Tensile and Flexural test
The tensile tests and flexural tests were executed at 77± 3°F on a Zwick-Roell Uni-
versal Testing Machine on samples according to ASTM D3039 and D7264 standard
respectively. For the tensile test, the samples prepared for the test were having a
gauge length of 150 mm with a start position of 250 mm. For flexural test, the width
of specimen was 7 mm and thickness was 2 mm whereas the length to thickness
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Fig. 1 Flow chart for preparing samples

Fig. 2 Schematic diagram of sample for tensile test (all in mm)

Fig. 3 Schematic diagram of sample for flexural test (all in mm)

ratio was 40:1. The schematic diagrams for the samples to be tested are shown in
Figs. 2 and 3. The crosshead speed for tensile and flexural tests was 2 mm/min and
1 mm/min, respectively. At least three specimens of each sample were tested and the
mean values were taken. The samples are tested as per ASTM standards. The loads
applied on the specimens are shown in Figs. 4a and 5, whereas Fig. 4b shows the
actual sample prepared from the carbon–epoxy composite.

3 Results and Discussions

The tensile test was performed on the specimens prepared from carbon fiber-
reinforced epoxy with nanoclay. The results were obtained on the samples with
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Fig. 4 a Tensile load applied on specimen in tensile test as per ASTM D3039 standards. b Actual
specimen for tensile test

Fig. 5 Load applied on a sample in flexural test as per ASTM D7264 standards

nanoclay wt% of 1, 2, 3, 4, and 5 in the laminates and the changes in the properties
are analyzed. To analyze the results, the test was executed on three samples of each
type and the mean values were taken. The results obtained are shown in Fig. 6. The

Fig. 6 Tensile modulus
versus clay (wt%)
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three-point flexural test was performed on samples with different nanoclay wt% and
the results are shown in Fig. 7.

The stress–strain curve for the composite without nanoclay and with varying
percent of nanoclay is shown in Fig. 8. The strength of the composite with nanoclay
particles with 3% of nanoclay was increased by approximately 28–32%, also the
modulus is increased by 25–30%. It is clear from the results that the strength of the
composite with wt% up to 3 increases and then it decreases.

X-Ray Diffraction
Nanoclay Cloisite 30B which was used in the experimentation is a layered alumi-
nosilicate. There are three layers of aluminum octahedral and silicon tetrahedral.

Fig. 7 Flexural strength versus clay (wt%)

Fig. 8 Stress strain curve for composite without nanoclay and varying wt% of nanoclay
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Fig. 9 Crystallographic
structure of Cloisite 30B [19]

The outer layers are of silicon tetrahedral and the inner layer is of aluminum octa-
hedral. The crystallographic structure of Cloisite 30B is as shown in Fig. 9. These
layers contain platelet-shaped particles. These particles when mixed with epoxy the
sonication process is required.

To understand the structure XRD examination is required. The X-Ray Diffraction
will give the results in the form of d-spacing and angle 2 theta. The d-spacing can be
measured using Bragg’s Law. The X-Ray Diffraction was carried on a Panalytical
X-Ray diffractometer. The Copper K(alpha) radiation was used in the diffractometer
to measure the d-spacing and the angle 2 theta. The wavelength which strikes the
atom is of intensity 0.154 nm with a scanning speed of 1.2°/min. The XRD scans
were conducted on the samples through 2 theta of 0–20° and the results are shown
in Figs. 10 and 11. In Fig. 10, the results are for the samples of pure epoxy and it

Fig. 10 XRD pattern of
pure epoxy
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Fig. 11 XRD pattern of
epoxy with 3 wt% of
nanoclay

is clear from the figure that there is no peak because of the amorphous structure of
epoxy whereas Fig. 11 shows the strong peak which is because of the intercalated
structure.

From the XRD, it is observed that there is an increase in strength is because of the
mechanical interlocks between carbon fiber and epoxywhereas a decrease in strength
with further increase in wt% is because of the clusters formed in the matrix. When
the nanoclay is mixed with the epoxy for the formation of composite, up to 3 wt%
of nanoclay, will make the intercalated structure which leads to the increase in load-
carrying capacity of nanocomposite. This ultimately leads to an increase in strength
of the composite. Similarly, the flexural strength was increased because of improved
interfacial properties. Figure 12a, b are the SEM images of carbon laminates with 3
wt% and without nanoclay. It can be seen from SEM in Fig. 12b that the amount of
matrix material around the fiber is more as compared to Fig. 12a which is indicating
the strong interfacial bond between fiber and matrix. Due to this carbon laminate
with an addition of 3 wt% of nanoclay gives high strength.

Fig. 12 SEM images of the sample
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4 Conclusion

In the present work, the tensile and flexural properties of the carbon fiber-reinforced
compositewith nanoclay are examined underASTMD3039 andD7264, respectively.
The tensile strength andmodulus are improved by 28–32%and25–30%, respectively,
with the addition of nanoclay up to 3 wt%. Zakaria andWang also investigate that the
strength of the laminates was increased by 35%with different nanoparticles, which is
considerably the same in our case also [3, 4]. The significant increase in the properties
of the composite is observed because of the intercalated structure formed when the
nanoclay was mixed with epoxy. The intercalated morphology was examined by
XRD scan. The nanoclay beyond 3 wt% will reduce the strength of the composite.
This reduced mechanical properties with the increase in wt% of nanoclay in epoxy
resin lead to agglomeration between the nanoclay and epoxy.
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Microstructural Evolution
and Mechanical Properties of Aluminum
Alloy 7075-T651 Processed by Friction
Stir Processing

Ravi Kumar, Md. Manzar Iqbal, Subhash Singh, and Kaushik Pal

Abstract Aluminum-based alloys are broadly utilized in the automobile and
aerospace industry due to its lightweight, excellent electrical and thermal conduc-
tivity, good machinability, and superior resistance to corrosion. In this experimental
study, several tests have been carried out for obtaining the overall mechanical prop-
erties before and after friction stir processing (FSP) through suitable processing
parameters: tool speed, feed rate, and tool tilt angle with overlapping ratio. Some
mechanical properties have been reduced while the ductility of the FS processed
alloy has been improved caused by fine grain refinement in the stir zone. It is also
clearly shown from the electron backscattered diffraction (EBSD) and transmission
electron microscopy (TEM) results that the grain refinement of average grain size
4.5 μm has been obtained which is responsible for increasing the ductility and also
various intermetallic particles were homogeneously distributed into the matrix.

Keywords Lightweight materials ·Metal matrix composites · Electron
backscattered diffraction (EBSD) · Friction stir processing · Ductility

1 Introduction

Aluminum alloy (AA) 7075 has good corrosion resistance and strength, suitable
to be used in the aircraft and automobile industry, but it has a drawback due to its
poor ductility as well as poor formability. This limitation of the alloy is restricting the
application ofAA7075 in various applications. In thiswork, AA7075 is processed via
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friction stir processing technique by keeping in mind to modify the basic mechanical
properties for instance ductility and formability, by superplastic deformation of grains
of AA7075.

Friction stir processing (FSP) is a solid-state process that is an advanced version
of friction stir welding (FSW). In FSP, modification of microstructure and enhance-
ment of surface takes place, but there are needs for further improvement in analysis
of correlation between parameter of friction stir processing and different mechanical
properties [1, 2]. This processing method was first discovered in the year 1991 by
TheWelding Institute (TWI) [3]. Aluminum 1050 exhibits a very fine microstructure
at a lower speed (rpm) as well as low transverse speed. In this process, it is highly
sensitive to optimize the processing parameters which take part in the formation
of microstructure [4]. By the result of multipass overlapping FSP, a relatively uni-
form ultrafine grain (UFG) microstructure formed. In short, FSP could be used to
fabricate any required size of sheet to create ultrafine grain structure, AA7075 T-6
aluminum alloy was a high strength heat treatable alloy. This alloy has been dynam-
ically recrystallized to nanosize grains which are done by frictional heat between
tooltip and alloy itself. The tool rotation, rate of feed, and process overlapping have
significant effect on the microstructure distribution of the alloy [5]. The mechanical
properties of alloy with UFG are strongly connected to microstructure variation and
distribution.Hall–Patch relationship shows that the properties like hardness increased
due to the UFG structure described that microhardness is inverse to the grain size.
Themore homogeneous and finer UFG structure through friction stir processing tried
to enhance the formability and ductility of material at an increasing temperature [6].
An overlapping pass was a good technique also to develop a UFG (ultrafine grain)
structure. Hall–Patch relationship describes that the hardness is inversely related to
the grain size, and decreasing the rotational speed enhances the hardness property
of the magnesium alloy AZ31 material. It is also noted that hardness is inversely
proportional to the rotational speed [6]. The decrease in size to micron level leads to
drastically improve superplastic ductility, decreasing the flow stress, and reducing
the optimum temperature. The key role which leads to the superplastic deformation
mechanism for finer grain materials is grain boundary sliding (GBS). Also, one of
the best mechanisms for superplastic deformation in FSP Al7075 alloy is GBS [7].
It was also observed that fine equiaxed as well as homogeneous grain microstructure
has been formed because of dynamic re-crystallization under the overlapped FSP
having the OR = 1/2 for AA7022 aluminum alloy, multipass overlapping with the
threaded tool tip profile has large area of superplastic deformation [8].

The study reported the variation of mechanical properties of AA6063-T6 at dif-
ferent axial load 8, 10, 12 kN and shown that 10 kN at 1400 rpm 6063 gave the best
mechanical properties due to proper microstructural conditions, it was impractical
to get an accurate stirring to fulfill the whole combination of the various process
parameters. Therefore, it becomes very important to decide to make the most suit-
able combination of the process parameters which lead to valuable hardness [9]. But
a study on AA7075 at 700 rpm and 3° tool tilt achieved good mechanical properties
and microstructure, specific tooltip geometry and profile of shoulder exhibits critical
impact on superplastic flow of material [10]. A lot of studies had been performed
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on FSP to enhance the microstructure properties, mechanical properties, and grain
structure properties. Accurate relationship between the process parameters results
in process optimization. Alloy has been processed by inserting a cylindrical tool
with concentric tip also shoulder which run along the line of intersect. Generation
of localized heat due to frictional heating between tool and alloy due to continuous
contact lead to an increment in the temperature of alloy and here the grains were
plastically deformed resulted in significant grain refinement at elevated temperature
[11–15]. The friction stir processing becomes valuable for plastic material that can
be used in multiple passes which led to the production of more regions of a material
having superplastic properties, due to multiple passes of aluminum alloy elongation
gained which is superplastic in nature, while the materials processed by single-pass
has shown somewhat superior elongation [16]. Mechanical properties for instance
hardness and bending strength has been enhanced locally by multipass overlapping
[17]. Tool shoulder diameter was also a very important parameter in tool geometry.
Variation of tool shoulder diameter causes the variation of the microhardness of the
material irrespective of tooltip, so to enhance the mechanical properties standard tool
shoulder diameter is required [18]. FSP processing is dynamically recrystallized the
grain which has shifted the morphology of grain from elongated grain of base alloy
(AA 5083) to the fine with a high-angle of grain boundary and equiaxed grain of
FS processed sample which resulted in the enhancement in the ductility of the base
alloy after FSP [19].

So, to overcome these problems authors have tried to perform this research. In
this research work, the authors tried to modify the ductility of the AA7075 through
friction stir processing by the variation in suitable processing parameters like tool
speed, feed rate aswell as tool tilt anglewith overlapping ratio (OR)=1/2. Therewere
several tests like tensile, three-point bending and microhardness test, microstructure
analysis, etc. conducted to justify it.

2 Materials and Methodology

Energy-dispersive X-ray spectroscopy (EDX) analysis examined the chemical com-
position of rolled plate ofAA7075T-651 aluminumalloywhich is indicated in Fig. 1.
The experiment was carried out by aworkpiece of the dimension of 25 cm× 10 cm×
6 mm. A nonconsumable tool of die steel material (D2 steel) with threaded cylindri-
cal tool geometry. The diameter of the shoulder was 19 mm, 25 mm shoulder-length,
8 mm pin diameter and 4 mm length.

Friction stir processing was performed through the suitable value of process
parameters like the rotational speed of tool 508 rpm, tool feed rate was taken
20 mm/min, tool tilt angle 1° and overlapping for the next pass was approximately
50%. Also, the samples were applied with an axial force of 12 kN. The overall
schematic diagram of tool and work material arrangement in friction stir processing
is illustrated in Fig. 2.
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Fig. 1 Energy-dispersive X-ray spectroscopy (EDX) analysis of AA 7075 T-651 aluminum alloy

Fig. 2 Schematic diagram of tool and base alloy in friction stir process

3 Results and Discussion

3.1 Microstructure Analysis

The microstructure image of as received and fabricated AA7075-T651 was obtained
by optical microscope of Weltzar Leitz MM6 by using Leica DFC 295 magnifying
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Fig. 3 Optical micrographs for the a base alloy and b FSPed alloy

lens at magnifications of 200. Then, the microstructure analysis samples were pol-
ished by various sandpaper grades ranging from320 to 2000 aswell as cloth polishing
was carried out by using abrasive powder of magnesium oxide (MgO). Further, for
a sample was given glassy appearance by etching with Keller’s solution. The sam-
ples were then completely dried to microstructure analysis. Figure 3 exhibits the
microstructure of the prepared samples for unprocessed and processed alloy, which
indicates that a very fine and equiaxed grain of AA 7075-T651 as shown in Fig. 3b
because of the dynamic recrystallization source by intense plastic deformation. The
microstructure of the base alloy seems to be shaped like elongated grain character-
istic of a hot rolled structure as shown in Fig. 3a. Finally, the initial structure of base
alloy was destroyed; also, it was found that homogeneous distribution of precipitates
all over the region.

3.2 EBSD Analysis

Electron backscattered diffraction (EBSD) analysis was done to identify the friction
stir processing (FSP) effect on the alloys. It has been found that after FSP grain
microstructure is refined with an average size of grain was measured as 4.5 micron.
The EBSD analysis of original alloy and the friction stir processed (FSPed) alloy
were done with Quanta 200FEG from FEI Netherlands. EBSD analysis was done
by polishing the samples with various grades of sandpapers as well as by the mag-
nesia powder. Further, electropolishing was done for obtaining a very fine surface
with a glassy appearance. The experiment work revealed that the quantity of grain
refinement happened in a single step with overlapping. After FSP, the grain refine-
ment and size of the grains was found to be mostly a function of process parameters
as well as the tool geometry [20]. The EBSD map that is shown in Fig. 4b exhibits
finer andmore equiaxed grains at the processing region, by dynamic recrystallization
(DRX). The color orientation communicates to the orientation of the grains; [001]
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Fig. 4 EBSD map represents a base alloy, b FSPed alloy and c distribution of grain size

inverse pole figure shows the color orientations developed at the forward, center and
backward side of the stir zone (SZ). A strong peak in the direction of [001] color
orientation which shows in the center is confirmed through EBSD color representa-
tion. EBSD map has a % of high-angle grain boundary (HAGB) in Fig. 4b for FS
processed is 56.1% and low-angle grain boundary 24.7% with misorientation angle
>15° and for base alloy HAGBs is less than FS processed alloy. So, from the result,
it can be expected that grains have been refined into equiaxed grains with high-angle
grain boundary which represents the stability of the grains. Figure 4c shows the
distribution of the grain size at the center of the (SZ).

The mechanical properties of materials are directly related to grain refinement.
There are numerous techniques by which grain refinement can be achieved. The
ultrafine grain structure elements can be gained through severe plastic deformation
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(SPD) methods. The reason behind that at high strain rate and quite low temperature,
the material was substantially deformed. After FSP, the average grain size is dras-
tically reduced which resulted in the refining of microstructure of the composites
in the form of ultrafine grain size. Also, refinement of grain at stir zone in FSP is
significantly depended upon the chemistry of the material, tool geometry, vertical
downward force, and temperature of the surrounding environment [21].

The transition of base alloy into elongated grains of FS processed in the stir
zone (SZ) is disclosed from the EBSD color map as shown in Fig. 4a, b. The areas
where microvoids occur belong to that region which faces lower temperatures as
well as strain rate as compared to stir zone within the processing area, which can
be attributed to the fault of the processing technique and processing parameter. The
dynamic recrystallization (DRX) is not occurring in that region where microvoids
have existed because of inadequate strain along with a high percentage of dynamic
recovery (DRV). Microvoids produced through DRV organizes itself at low-angle
subgrain boundaries (LASGBs) during deformation providing up to a large section
of low-angle boundaries in that area. Finally, the microstructure has equiaxed with
a greater number of fine grains with healthy explained grain boundaries along with
high-angle grain boundaries.

3.3 TEM Analysis

Transmission electronmicroscopy (TEM)was done byTECNAIG220S-TWIN (FEI
Netherlands) to examine the microstructure refinement at stir zone made by friction
stir processing (FSP) and to differentiate the structure of the original alloy. For TEM
analysis, the samples of base alloy and FSPed alloy were processed by mechanical
grinding operation with a thickness of 3 mm and further thinning through a twin
jet electropolishing unit having a mixture of 20% nitric acid and 80% methanol at
a temperature of −30 °C. TEM micrographs of the base as well as FSPed alloy are
shown in Fig. 5. The pictures in Fig. 5a, b depicts the elongated gains and Fig. 5c, d
shows the fine and more equiaxed grain microstructure in addition to grain bound-
aries thatwerewell-defined.Grainswere refined into separate subgrains and subgrain
boundaries from main region of a well-defined grain boundary. Higher magnifica-
tion TEM micrograph shows that these subgrain boundaries occur because of the
collection of different dislocations loaded on a plane. These subgrain boundaries
show that dislocations occur at low-angle subgrain boundaries with low misorien-
tation angle (<15°) with the act of dynamic recovery (DRV) which normally occur
in aluminum and microvoids generated at the time of plastic deformation in friction
stir processing are changed to sub-grain boundaries to convert them into low-angle
(<15°) grain boundaries. Over a permanent type dynamic recrystallization (DRX)
process, it is possible that these low-angle grain boundaries (LAGBs) or the subgrain
boundaries turn to high-angle grain boundaries (HAGBs), which is represented as
the fine grain structure with well-described high-angle grain boundary [22–24]. Fric-
tion stir processing is a good technique to form equiaxed grains from the elongated
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Fig. 5 TEM micrograph represents a, b elongated grains of the base alloy and c, d equiaxed fine
grains in stir zone after FS processed alloy with corresponding selected area diffraction (SAED)
pattern

grains of parent alloy which characterize the mechanical properties of the alloy.
From these results, GSP can be distinguished or recognized as better than other
special deformation processes.

It has been noted thatmost of the other deformation processes include several steps
for better grain refinement. While refinement of grain occurs, there are no clearly
identified grain boundaries and are collected in uneven distribution of microstructure
displacement or the subgrains structure. The size of grain scattering is also usually
broad. Besides, the crystal lattice is wrapped in high inner stresses inside the grains
[25, 26].
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3.4 Tensile Testing

Specimen has been prepared for both base alloy (7075-T651) and FS processed alloy
with the help of a shaper machine by using a round nose cutting tool. Specimens
have the geometrical specification corresponding to ASTM standard (B557M-10).
The tensile test was done on a universal testing machine of INSTRON (Model 5982),
USA, at a load of 100 kN. The plot between the tensile stress and tensile strain for
the base and FSPed alloy specimens is shown in Fig. 6 and the tensile properties
are shown in Table 1. It is clear from the figure that after performing the friction
stir process the ductility of the base alloy is increased and simultaneously the tensile
strength is reduced.Here, the reduction in strength ismostly caused by the dissolution
of very fine hardening precipitate and the reduction in preexisting dislocation and it
is seen that modifying the rolled structure to an equiaxed refined structure resulted
to a distinct rise in ductility.

The image of fractured surfaces of both base material as well as FSPed AA 7075
is exhibited in Fig. 7a, c. Also, Fig. 7b, d demonstrates the enlarged view of the base
and FSPed alloy. The FE-SEM analysis for the fracture surfaces was carried out with
Quanta 200FEG from FEI Netherlands. The fracture surface of the 7075 alloy, after

Fig. 6 Graph between tensile stress and tensile strain for the base and FSPed alloy

Table 1 Tensile properties of base and FSPed aluminum alloy

Material 0.2% proof stress
(MPa)

UTS (MPa) % elongation Time to failure (s)

Base AA 7075 544.440 571.093 9.44 499.60

FSPed AA7075 241.267 398.918 14.58 787.10
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Fig. 7 FE-SEM image of the fractured surfaces of both base alloy and FSPed Al alloy

the tensile test, has resulted inmicroscopic cavities of various sizes and shapes, as the
observationmade by FE-SEM test revealed that there is a ductile fracture mechanism
and improvement in the ductility or the delay in necking is due to the presence of
fine cavities at the fracture surface of the FSPed sample. The fine-grained material
having a high portion of high-angle grain boundary (HAGB) and grain boundary
sliding (GBS) plays a significant function in the deformation process.

3.5 Three-Point Bending Test

A three-point bending test sample has been preparedwith specific dimensions such as
gauge length 50 mm, width 10 mm, and thickness 5 mm for both base and processed
alloy. The bending tests have been conducted on universal testing machine made by
Kalpaks, K test series Pune (INDIA), having specification S.R. No. 130502, model
KIC-2-300-C, and a maximum loading capacity 30 kN. Figure 8 reveals the graph
between the applied force and displacement for the base and FSPed alloy. It is quite
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Fig. 8 Plot of the applied
load versus length for base
and FSPed alloy

clear from the graph that the displacement for the base alloy is less as compared to
the stir alloy. After FSP, the ductility of the material is increased, and the bending
strength of the stirred material also increases.

3.6 X-Ray Diffraction Analysis

AA 7075 contains a huge quantity of various intermetallic particles like magnesium,
silicon, molybdenum, chromium, manganese, cobalt, nickel, copper, zinc, etc. with
various sizes. Most of the particles were identified through the EDX analysis and
XRD analysis as indicated in Figs. 1 and 9, respectively. The samples which are
used for XRD analysis were cut from the FSPed alloy of different zones. Further, the
samples were tested by using apparatus Bruker D8 X-ray diffractometers consist of
Cu Kα radiation (λ = 1.5405 Å), the angle range 5–120°, the accelerating voltage
was taken up to 40 kV, electron current ranges up to 40mA and equippedwith Laptop
and EVA software. From the XRD pattern shown in Fig. 9, it can be noted that there
is a new peak formed due to the precipitation of metastable phase of the particles
in the overlap friction stir processed alloy sample. Also, as a result of the severe
plastic deformation in the overlap region, the intensity of the peaks changed rapidly
and obtained the highest peak intensity. The change in the peak intensities is caused
by the refinement of grain and homogeneous distribution of various intermetallic
particles in the matrix after processing.
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Fig. 9 XRD pattern of the different zones of FSPed alloy

4 Conclusions

In summary, we have concluded that severe plastic deformation has been taken place
by performing the friction stir process on to the base alloy (AA 7075-T651). It is
clear from the optical microscopy, EBSD, and TEM microstructure analysis that
the elongated grain structure of the base alloy converted in the form of ultrafine
grain structure with an average grain size of 4.5 μm after processing. Homogeneous
distribution of various intermetallic particles into the matrix was showed in XRD
pattern. Mechanical properties like microhardness and tensile strength have been
reduced while the ductility of the FS processed alloy has been increased due to fine
grain refinement in stir zone.
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Pre- and Post-treatment
Characterization of Petrol Contaminated
Soil

Shweta Kulshreshtha , Suchita Atreya, Sudhanshu Singh,
and Nitesh Singh Rajput

Abstract The demand and use of petroleum products are increasing nowadays and
giving rise to the problem of soil pollution. The physical, chemical and biologi-
cal properties of soil are affected critically in such a way that soil becomes inef-
ficient in supporting the growth and development plant and microbial communi-
ties. There is need to treat these polluted soils for its reclamation. In this paper,
an approach to bioremediation of petrol contaminated soil has been discussed. The
Candida albicans mediated degradation of the functional groups of petrol was ana-
lyzed by FTIR. FTIR analysis revealed the breakdown of many bond-like carbonyl
(1670–1820 cm−1), alkene C=C (1620–1680 cm−1), –C–H (2850–3000 cm−1), =
C–H (2820–2850 cm−1), and NH (3300–3500 cm−1). The pH of petrol contaminate
soil was found to be in the basic range, i.e. 8.8 and has high conductivity. Further
research on the remediating microbes and their remediation potential is required for
restoring the soil quality and plant growth.

Keywords Petrol · Degradation · FTIR · Candida albicans · Soil characterization

1 Introduction

The increase in human activities, accidentally discharge processes lead to an increase
in the release of petroleum hydrocarbon in the soil from the petrol filling station.
These act as pollutants which affect the physical, chemical and biological properties
of the soil and become amajor problem of concern due to their effect on soil porosity,
aeration,microbial population and adverse effect on the plant growth [1].Besides this,
processes at petroleum refinery such as petroleum production, purification, drilling
operations and inappropriately fastened abandoned wells are the sources of soil and
groundwater contamination [2–4].

S. Kulshreshtha · S. Atreya · S. Singh · N. S. Rajput (B)
Amity University Rajasthan, SP-1, Kant Kalwar, NH-11C, RIICO Industrial Area, Jaipur,
Rajasthan 303002, India
e-mail: niteshthakur72@yahoo.com

© Springer Nature Singapore Pte Ltd. 2020
C. Prakash et al. (eds.), Advances in Materials Science and Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-4059-2_15

185

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4059-2_15&domain=pdf
http://orcid.org/0000-0001-7322-584X
http://orcid.org/0000-0002-2394-5205
mailto:niteshthakur72@yahoo.com
https://doi.org/10.1007/978-981-15-4059-2_15


186 S. Kulshreshtha et al.

The physical, chemical and biological methods have been reported for cleaning
off the petrol contaminated sites [5]. Bioremediation is a facile, ecofriendly and cost-
effective approach for treating soil polluted sites [6–10]. Recently, microbial reme-
diation approaches are gaining importance due to their potential not only to degrade
hydrocarbon but also to improve plant health and soil reclamation [11, 12]. The plant
growth-promoting rhizobacteria, fungi, bacteria are considered as a potential source
to degrade hydrocarbon and therefore, these are becoming important in the field of
bioremediation [13–16].Many aerobic bacteria such asPseudomonas sp.,Rhodococ-
cus aetherivorans, Bacillus licheniformis ATHE9 and Bacillus mojavensis ATHE13
[17–19], white-rot fungi Phanerochaete chrysosporium [20], Cunninghamella ech-
inulata and mycorrhizal fungi [20, 21] have been reported to be the tool to carry out
bioremediation. The potential of many microbes is still untapped in the degradation
of petrol from petrol contaminated sites.

The application of beneficial free-living bacteria which are associated with plant
growth-promoting rhizobacteria (PGPR) for different bioremediation activity is gain-
ing importance. These bacterial strains have the potential to degrade hydrocarbons in
oil-contaminated sites as well as improving plant health [13–16]. Many soil microor-
ganisms have great potential for bioremediation. They can degrade organic pollutants
and using carbon as a source of energy. Besides this, certain fungi have the ability to
degrade organic pollutants, like white-rot fungus (P. chrysosporium) is an example
of ligninolytic fungi, capable of degrading hydrocarbons and other harmful environ-
mental pollutants [20]. C. echinulata and mycorrhizal fungi have also been reported
for the remediation of hydrocarbon polluted soil [20, 21].

In this study, petrol contaminated soil was analyzed for its physicochemical char-
acteristics. Further, treatment of contaminated soilwas done using yeast strainswhich
were isolated from hydrocarbon-contaminated soil. Naturally, yeast is present in the
soil in a low amount which has the ability to degrade hydrocarbon. The amount of
such yeast can be amplified using culture techniques. Further, the augmented yeast
inoculum is applied to the soil to promote bioremediation/biodegradation process of
petrol contaminated soil [22]. The biodegradability of petrol is analyzed by Fourier
Transform Infrared spectroscopy (FTIR) after every withdrawal. This data will be
helpful in deciding the effect of soil augmentation by yeast for petrol degradation
and soil reclamation.

Therefore, the soil sample collected from the petrol pump area in Jaipur, Rajasthan
for studying the effect of microorganisms in degrading the hydrocarbon. How-
ever for studying the effect on hydrocarbon, the soil (unautoclaved) is artificially
contaminated with petrol, inorder to isolate highly potent yeast strain.
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2 Material and Method

2.1 Collection of the Sample from Petrol Contaminated Site
and its Characterization

Soil samples were collected from agricultural fields located near the petrol pump
area in the rural part of Jaipur city, India. The distance between the petrol pump
and sampling site was 200 m. Soil was dug up to 5 cm depth and then soil samples
were collected. Prior to physicochemical and biological analysis, soil samples were
passed through a sieve with 2 mm pore-size to separate large particles like plant
debris, roots residues and pebbles. Water suspension was prepared by mixing 1:2.5
ratio with water and then, pH was measured using Systronics Water Analyser371
which is a microcontroller-based instrument. The same instrument was used for
measuring dissolved oxygen (D.O.), salinity, conductivity and temperature of the
soil sample.

2.2 Pre- and Post-analysis by FTIR

The appearance and disappearance of major functional groups of petrol (pre-
treatment and post-treatment) were assessed using FTIR spectroscopy. The soil was
mixed with potassium bromide (KBr) into a mold in 1:100 ratio. The FTIR spectrum
was captured in the 4000–400 cm−1 region with a resolution of 4 cm−1 using GX
FTIR system (Shimadzu). Similar process was adopted for the soil withdrawn at
weekly interval.

2.3 Inoculation on Basal Media for the Isolation of Yeast

Soil sample was taken in sterile centrifuge tube and centrifuged at 5000 rpm for
20minby taking the soil inEppendorf tubes andputting 0.75%saline solution (NaCl),
i.e. 200 µl. The solution was spread on the sterile basal media having composition
for g/l, i.e. 3 g of NaNO3; 1 g of KH2PO4; 0.5 g of MgSO4·7H2O; 0.5 g of KCl; 1 g
of yeast extract; and 20 g agar-agar. This was followed by the addition of petrol and
incubation at 37 °C for 7–15 days. To isolate the high tolerating strain of yeast, the
amount of petrol was increased from 1 to 3 ml/plate.

The high petrol tolerating yeast strain was selected and obtained in pure culture
using streaking technique and then, preserved at 4 °C.
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2.4 Strain Characterization

For strain characterization test like gram staining, catalase, oxidase, nitrate reductase,
DNase and IMVIChave been done. Further, characterizationwas done by sequencing
methods. Sequencing was done by Xceleris Ltd. Ahmedabad, Gujarat.

2.5 Biodegradation of Petrol

Petrol degradation was carried out in the soil in a laboratory experiment. The strain
of yeast was cultured in BMS broth and then, vortexed for 10 min. The yeast cells
were uniformly distributed in the broth. 2 ml of this broth was added in the flask
containing 30 g of moist soil (unautoclaved soil sample). This was followed by the
addition of 3ml of petrol. These inoculated flaskswere incubated at 37 °C for 21 days.
1.5 g of sample was withdrawal every week from the flask and analyzed for petrol
degradation by FTIR.

2.6 Analysis of Yeast Growth

To check the microbial growth, the withdrawal soil samples were mixed with 0.75%
of 200µl NaCl solution. After vortexing, the solution for 5min, 100µl of the solution
was spread on the BMSmedia in the plates and then 3ml petrol was added, incubated
at 37 °C to observe the growth.

3 Result and Discussion

3.1 Soil Characterization

The soil was characterized for the physicochemical parameters which are mentioned
in Table 1. The temperature of petrol polluted soil was 27.1 °C and pH was towards
the basic scale, i.e. 8.8. salinity of soil was 0.11 ppt and conductivity was 18.5 and
dissolved oxygen was 31.5 ppm.

Table 1 Characterization of
soil

Parameters Soil sample

Temperature/pH 27.1 °C/8.80

Temperature/salinity 27.8 °C/0.11 ppt

Conductivity 27.9 °C/18.5 mS/cm

Dissolved oxygen (D.O.) 30.5 °C/31.5 ppm



Pre- and Post-treatment Characterization of Petrol … 189

3.2 Characterization of Yeast Strain

The morphological characteristics of yeast strain showed that it was oval-shaped,
Gram-negative and found in small groups of cells (Fig. 1). The biochemical char-
acteristics of yeast strain are shown in Table 2. It was catalase, oxidase and DNase
positive. However, it was found to be negative for the nitrate reductase, indole,methyl
red, Voges Proskauer test and citrate utilization test. Analysis of strain by sequencing
technique confirmed it as the strain of Candida albicans.

Fig. 1 Morphological characterization of yeast strain by Gram staining technique

Table 2 Characteristics of
yeast strain

Test Candida albicans

Gram staining Gram-negative

Catalase +

Oxidase +

Nitrate reductase −
DNase +

Indole −
Methyl red −
VP −
Citrate −
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Fig. 2 Growth of Candida albicans in the petrol contaminated soil

3.3 Analysis of Yeast Growth in Petrol Contaminated Soil

Soil samples inoculated with petrol and C. albicans strain on the initial day. Soil
samples were weekly withdrawal and assessed for the growth of C. albicans strain.
The increase in the number of colonies after every withdrawal represented the growth
of C. albicans in the petrol contaminated soil (Figs. 2 and 3).

3.4 Pre- and Post-treatment Analysis of Petrol Degradation
by FTIR

The FTIR results showed the degradation of functional groups, i.e. ether C–O
(1000–1300 cm−1), –C–H (1350–1480 cm−1), N–H (1550–1640 cm−1), aldehyde
C=O (1740–1720 cm−1) in the first withdrawal (7th day). This was followed by
a carbonyl (1670–1820 cm−1), alkene C=C (1620–1680 cm−1). Similar results at
1647 cm−1 were observed for petroleum-contaminated site was obtained for weak
–C=C– (stretch) aromatic carbon by Ahmad et al. [23]. In the present study, another
peak was observed in 3100–3500 cm−1 for C=O. Similar peaks of C=O absorption
of petroleum oil was also reported to be in the same range, i.e. at about 1700 cm−1,
the C=C absorption at about 1600 cm−1 by Abdulkadir et al. [24]. Furthermore,
changes in the alcohol O–H (3200–3700 cm−1), NH (3300–3500 cm−1) peaks were
observed in the second withdrawal of the sample. The dissociation in the groups
was also observed in second withdrawal (14th day) and found to be present in C=C
(1400–1600 cm−1), carbonyl (1670–1820 cm−1), =C–H (2820–2850 cm−1), –N–
H (3300–3500 cm−1), and amide (3100–3500 cm−1). Moreover, new peaks were
seen and dissociation increased in third withdrawal (21st day). These withdrawals
revealed the degradation of petrol in the contaminated soil with respect to the initial
day. Hence, FTIR reported the effectiveness of the microbial degradation of petrol.
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Fig. 3 Growth of isolated yeast strain.A Initial day B at 7th day, i.e. 1st withdrawal,C at 14th day,
i.e. 2nd withdrawal, D at 21st day, i.e. 3rd withdrawal

This was found to be in favour of Bhat et al. [25]. The analysis of petroleum hydro-
carbon through FTIR is an easy, economically viable, versatile and efficient method
(Fig. 4).

4 Conclusion

The results of this study reported the efficiency of C. albicans in degrading the
petrol at the petrol contaminated sites, near the petrol pumps in the rural area. The
degradation of the functional groups in soil contaminated with petrol was confirmed
by the FTIR analysis. Therefore,C. albicans can be used for cleaning-off the polluted
sites, as they increased the efficiency of this method of remediation. These findings
prove that isolated strain C. albicans is a potential tool for biodegradation of petrol
which may attract its future application.
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Fig. 4 FTIR analysis of sample withdrawal every week to find out the effect of Candida albicans
on petrol degradation
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Microstructural and Mechanical
Properties of AA6061 Aluminium Alloy
Reinforced with Nano-SiC Particles
Using FSP

Amardeep Singh Kang, Chander Prakash, Jasvinder Singh,
and Alokesh Pramanik

Abstract Friction stir processing has incredible potential in the field of thermo-
mechanical processing of different alloys particularly the aluminium alloys. In the
ongoing years, FSP tomanufacture aluminiumcomposites has been examined around
theworld.With developing significance of condition amicable and low-outflow trans-
portation vehicles, the need to utilize the more grounded high strength low weight
alloys has expanded altogether. For fulfilling this purpose a small percentage of par-
ticulates need to be added in aluminium or its alloys. Addition of these particulates
not only improves the microstructure of the aluminium but also modifies its mechan-
ical properties like ultimate strength, tensile strength and yield strength. In present
work, the effect of the addition of SiC nanoparticles on mechanical and metallurgical
properties of friction stir processed AA6061 aluminium alloy has been studied. It has
been learnt from the results that reinforced particles play a vital role in improving
the mechanical and metallurgical properties of the base metal. The recrystallized
grain structure was seen in the FSPed zone. The microhardness of friction stir pre-
pared plates was dissected utilizing a Vickers hardness analyzer. SiC-reinforced Al
compound surface composite came about higher microhardness. Tensile properties
of as processed and heat-treated surface composites have also been evaluated. Post-
processing heat treatment at 350 °C for 1 h has also been performed to ascertain its
effect on microstructural and mechanical properties.
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1 Introduction

With developing significance of environment-friendly and low-discharge transporta-
tion vehicles, the need to utilize the more grounded high strength low weight alloys
has expanded fundamentally. To cater the need of high strength to weight propor-
tion, surface composites have been created utilizing friction stir handling (FSP)
procedure. Surface composites show improved attributes of composites on the sur-
face while holding properties of the base material. Friction stir processing (FSP) is
a promising technique to develop the surface composites and one of the techniques
for fabricating surface composites and improving microstructural features [1]. FSP
was introduced by Mishra et al. [2] who has introduced FSP technique using the
major friction stir welding (Invented at The Welding Institute, UK in 1991). Many
researchers [3, 4] have revealed that ultrafine-grained particles are produced through
severe plastic deformation (SPD) method.

In the category of high-performance materials, aluminium metal matrix com-
posites (AMMCs) have developed for several engineering applications owing to
their improved mechanical properties [5–8]. FSP is a favourable technique to
develop AMMCs by preparing surface composite layers by which microstructural
and mechanical properties are enhanced to a great extent [2, 9, 10]. From the past
literature [11–14], it is revealed that FSP is useful to process surface composites,
grain refinement, and microstructural change and to impart super-plasticity in cast
alloys. Various studies have been reported on the fabrication of AMMCs [15–23].
The influence of grain refinement on the mechanical properties of AA6061-Al2O3

has been reported by Guo et al. [16]. It has been observed that reinforced AA6061
alloy exhibited more homogenous microstructure and improved mechanical proper-
ties in contrast to unreinforced AA6061 alloy. Yuvaraj et al. [17] studied the effect
of number of passes on the various properties of micro and nano-sized B4C parti-
cles reinforced Al5083 alloy and it has been reported that a single-pass FSP leads
to the formation of cluster or particle agglomeration whereas the succeeding passes
completely remove the clusters and reallocate the reinforced particles in the matrix
of aluminium which is attributed to enhance mechanical and tribological properties.
Similar to this, Mishra et al. [2] investigated the influence of shoulder location and
its traverse speed on the properties of SiC-Al5083 surface composite. It has been
observed that at optimal levels of these parameters, homogeneous distribution of
SiC particles was achieved which lead to a double-fold improvement in hardness
of SiC reinforced Al5083 surface composite. Liu et al. [18] used a powder metal-
lurgy technique to prepare Al-CNTs nano-composites which were further processed
by FSP passes which lead to the homogenization of resulted composite and finally
substantial improvement in the mechanical properties were observed.

In the present study, the surface composite of an aluminium alloy AA6061 with
nano-sized SiC particles was developed using FSP technique. Further, the effect of
this reinforcement on the grain size and mechanical properties has been reported.
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2 Experimentation

2.1 Materials and Methods

Commercially available nano-sized SiC powder having 99.5% purity and an average
particle size of 40 nm was used as reinforcement. An aluminium alloy AA6061 in
the form of a plate having thickness 6 mm was used as substrate. The chemical
composition of the AA6061 alloy is given in Table 1. The specimen plates were cut
in the rectangular size of 100× 60× 6 mm as shown in Fig. 1. The two rows of blind
drilled holes (each drilled hole diameter 2 mm) were prepared throughout the length
of the specimen to accommodate the SiC reinforced particles for the fabrication of
SiC-AA6061 surface composite using FSP.

Tool geometry is the most significant part of procedure advancement. The tool
geometry assumes a scientific job in material stream and thusly administers the
welding speed at which FSP can be led. A FSP tool contains a shoulder and pin.
The tool has two essential restricts, (a) reasonable heating and (b) material flow. To
begin with a time of tool bounce, the heating results in a general sense from the
scouring among pin and workpiece. Some extra heating acknowledges deformation
of thematerial. The tool is dove till the shoulder contacts theworkpiece. The scouring
between the shoulder and workpiece accomplishes the best piece of heating. From

Table 1 Chemical composition of AA-6061 Al alloy

Elements
(6061)

Mn Fe Mg Si Cu Zn Ti Cr

Percentage
%

0.0–0.15 0.0–0.70 0.80–1.20 0.40–0.80 0.15–0.40 0.0–0.25 0.0–0.15 0.04–0.35

Drilled Hole
(Φ 2 mm)

Gap between two rows of drilled Hole
(3 mm) 

Fig. 1 Geometry of drilled holes and specimen before FSP
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Fig. 2 FSP tool; pin
diameter and pin length
(5 mm)

the heating perspective, the distinctive size of pin and shoulder is gigantic, and the
other game plan highlights are not major. The square pin FSP tool with shoulder
estimation of 20 mm has been used in the present assessment as showed up in Fig. 2.

The SiC particles were packed in the drilled holes of the specimen as shown in
Fig. 1 before performing the FSP. The surface composite (AA6061-SiC) has been
formed using FSP by a single pass. After performing the experimentation through
FSP, different specimens were prepared for metallurgical and mechanical testing of
the developed surface composite. An ASTM E8 guideline was followed to prepare
the test specimens. Tensile test has been performed on an Instron tensile testing
machine. To evaluate themetallurgical properties the cross-sectional specimens were
prepared and examined under a Leica opticalmicroscope. Further, heat treatmentwas
performed in an air furnace at 350 °C for 1 h.

Trial experimentation was done to optimize the FSP parameters in accordance
with material. In present examination, trial experimentation is finished utilizing the
various parameters to acquire the best effectiveness with least deformities. In present
investigation, trial experimentation was led in the wake of reviewing appropriate
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literature. Different processing speeds of 10–100 mm/min and rotational speeds of
500 and 2000 rpm were seen but selected 1140 rpm, and 25 mm/min was used in the
trial experiment due to best suitable results near these values. From the above trial
experimentation and observed processing joints at different speeds selected for trial
experimentation, it was concluded that rotational speed of 1140 rpm generates best
results. It was also observed that the processing speed of 25mm/min gave best results
using tool shoulder diameter of 20 mm. Friction stir processed AA-6061 reinforced
with SiC at rotational speed of 1140 rpm, and 25 mm/min traverse speed by using
the square tool is shown in Fig. 3.

(a) (b) 

(c) (d)

Fig. 3 FSP specimens a unreinforced, b AA6061-SiC surface composite, c unreinforced heat-
treated and d AA6061-SiC heat-treated
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3 Result and Discussion

3.1 Microstructural Analysis

The base material contains prolonged grains which comprise of a space involved by a
consistent crystal lattice. The dark lines enveloping the grains are as far as possible.
The ordinary size of the grain is a critical part of choosing the mechanical and
metallurgical properties.Agreater grain size extends creep, the never-endingwinding
that additionswith timeunder a steadyburden.However, at the overhauled parameters
fine and equiaxed recrystallized grain structure was found in (stir zone) SZ as a result
of dynamic recrystallization. Fine grains having normal grain breadth of 8.3 µm are
seen in the present examination with a tool shoulder width of 20 mm. The significant
issue during the arrangement of surface composites utilizing FSP is to incorporate an
enormous volume portion of reinforcements with uniform circulation of particles at
ideal degree of preparing parameters. Many researchers [24, 25] have also reported
that with one pass it is very difficult to uniformly distribute the particles as the
mechanism of intermixing and complex material flow restricts this phenomenon
with only single pass. Therefore, some researchers suggested multiple passes for
better particle distribution during FSP.

Figure 4 shows the effect of heat treatment on grain size of stir zone processed at
a constant speed of 30 mm/min with tool shoulder diameter of 20 mm. The average
grain size at the stir zone (SZ) increases after heat treatment. The small value of
average grain size of 8.3 µm was achieved at tool rotational speed of 1140 rpm with
20 mm tool shoulder diameter. Low value of tool temperature generates less heat,
which further provides less time for the grain growth due to fast cooling rate, as a
result fine grains were observed. Table 2 represents the change in grain size after
heat treatment at 350 °C in air furnace. It has been observed that the reinforcement
particles (SiC) have been more uniformly dispersed after heat treatment compared
to as processed AA6061-SiC surface composite as shown in Fig. 4.

3.2 Micrhardness

The microhardness value of the FSPed surface composite of unreinforced, AA6061-
SiC and AA6061-SiC heat-treated after single pass is shown in Fig. 5. The mean
hardness value of AA6061base materials was found to be 80 ± 1.29 HV. It is clear
from Fig. 5 that the normal hardness of AA6061 FSPed was almost 88 ± 2.56
HV, which is higher as compared to base AA6061 composite. Grain modification
and re-precipitation of helper phase are the two fundamental contemplations which
are liable for this expanded hardness of FSPed AA6061 compound. At first, base
AA6061 compound has extended grains with an ordinary size of 26 µm and tremen-
dous intricate formed discretionary phase particles which are then substituted by fine
equiaxed grain structure and re-scattering of accelerates all through the mix zone by
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Fig. 4 Optical micrographs of FSP a AA6061-SiC and b AA6061-SiC heat-treated at 350 °C

Table 2 Microstructure results of stir zone

Tool type Specimen type FSP traverse speed
(mm/min)

Tool rotational speed Grain size (µm)

Square Without HT 30 1140 8.3

Square HT 30 1140 10.2

the thermo-mechanicalmethod of FSP.Nevertheless, these secondary phase elements
don’t melt in the mix zone. In this way, essentially deterioration of particles happens
[26, 27]. AA6061 blend strengthened with SiC either uninhibitedly or in total struc-
ture displays an enhancement in the hardness multifaceted nature to FSPed AA6061
compound and baseAA6061 composite. The improved hardness is, all things consid-
ered, inferable from uniformmovement of SiC atom brings about separations staying
and quelling grain growth, extraordinary interfacial holding between the matrix and
particles.



202 A. S. Kang et al.

Fig. 5 Microhardness across the crosswise sector of FSP AA6061 alloy

3.3 Tensile Properties

Tensile tests were done to choose the tensile strength of FSPed tests and base Al6061
composite. It is shown that all the FSPed composite models demonstrated higher
tensile strength with a resulting drop in the prolongation when contrasted with base
Al6061 material. Among the FSPed tests, SiC reinforced AA6061 structure compos-
ites exhibited the most outrageous tensile strength of 346 MPa. While heat-treated
AA6061-SiC and AA6061 composite show a definitive tensile strength of 335 MPa
and 292, respectively. Then again, FSPed AA6061 compound shows higher stretch-
ing conversely with other FSPed tests and base AA6061 mix. AA6061 network rein-
forcementwas cultivated bygrain refinement, particles dissipating and re-accelerates.
The tensile properties of the present work are identical with values revealed in the
writing. Bauri et al. [25] have represented tensile strength of 296 and 337 MPa, and
% extension of 25 and 33% for base A15083 compound and FSPed Al5083 material
separately. The properties fluctuation essentially be represented by the concoction
synthesis, handling parameters, and morphology of reinforcement utilized.

4 Conclusions

In view of the investigational results, the accompanying conclusions were drawn:

1. Single-pass of FSP significantly distributes the SiC particles in AA6061alloy and
this resulted in substantial grain modification and re-precipitation of secondary
phases.
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2. Typical hardness of AA6061-SiC, AA6061-SiC heat-treated and base AA6061
are 116 ± 2.3, 112 ± 1.88 and 88 ± 1.3, respectively

3. The hardness of AA6061-SiC and heat-treated AA6061-SiC is nearly 1.45 and
1.4 times higher than base AA6061 alloy hardness.

4. A total of 335 MPa and 292 MPa tensile strength is exhibited by base AA6061
alloy and heat-treated AA6061-SiC composite, respectively. Whereas, without
heat-treatedAA6061-SiC composite holdmaximum tensile strength as 346MPa.
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Segregation and Recycling of Plastic
Solid Waste: A Review

Kapil Chawla, Rupinder Singh, and Jaspreet Singh

Abstract In today’s world, the management of plastic waste is the biggest environ-
mental challenge. Increased production of plastic solid waste (PSW) materials like
high-density polyethylene (HDPE), nylon, Acrylonitrile butadiene styrene (ABS),
polycarbonate (PC), etc., are creating new challenges to researchers and also encour-
aging new areas of research. Landfilling of PSW is one of the ancient methods of
managing the plasticwaste but it producesmethane gaswhich causes globalwarming.
So, recycling is the only way to reduce the PSW. This paper explains various sepa-
ration and recycling techniques for PSW along with different techniques of additive
manufacturing (AM) that can accommodate these waste materials to some extent.

Keywords Plastic solid waste · High-density polyethylene · Acrylonitrile
butadiene styrene (ABS) · Polycarbonate (PC) · Additive manufacturing

1 Introduction

In today’s world, plastic becomes a critical part of human life due to its numerous
applications. But the most common problem with plastic is that it cannot be easily
degraded and generally takes hundreds of years to brutalize under normal conditions
[1]. Plastics are widely used from household to aircraft, shopping bags, packaging
firms, toys, wrapping materials, etc. Polymer waste seems to be the major factor
for increase in plastic solid waste production, and from last few decades, polymer
consumption has increased up to 100 million tones which directly impact on human
environment [2, 3]. Plastic solid waste (PSW) contains highly toxic elements traces
which are harmful to environment and from last 50 years plastic production has
increased rapidly to meet daily demand [4]. One of the methods to reduce the PSW
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Fig. 1 Production and consumption of plastic products in India. Source Govt. of India Statistics,
Analysis by Tata Strategic

is to be recycled the same but the problem with the virgin material is that they can-
not be recycled after four times because thermal degradation reduces the strength
of the thermoplastic material [5]. High-density polyethylene (HDPE) and low den-
sity polyethylene (LDPE) are major household plastic solid wastes. Landfilling of
PSW is one of the ancient methods of managing the plastic waste but it produces
methane gas which causes global warming 21 times more than carbon dioxide [6].
Production and consumption of polymer directly depend upon supply and demand.
But in India, demand and supply vary significantly. Figure 1 shows the production
and consumption variation of plastic products in India (report generated by Tata
Strategic).

Generally, plastics are categorized into two categories, i.e., thermosetting (which
cannot be recycled) and thermoplastic (which can be recycled up to some certain
number of cycles.) The frequently used plastic polymers, i.e., thermosetting and
thermoplastics along with their applications have been shown in Table 1.

Before plastic recycling, collection and segregation need to be done for identifi-
cation of different polymers.

2 Separation/Identification of Polymers

After collecting plastic waste, the first step is to segregate the different polymers.
Manual segregationdependsuponpersonal’s experience.After segregation, recycling
is to be done which requires huge investment along with machinery [8]. There are so
many techniques available for the polymer identification such as differential scan-
ning calorimeter (DSC) [9], eddy-current technique [10], near infrared (NIR) [11],
gravity separation [12], electric conductivity-based separation [13], laser-induced
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Table 1 Different plastic polymers with their applications [7]

Thermosetting Applications Thermoplastics Applications

Polyurethane Coatings and
adhesives, building
insulation,
refrigerators and
freezers, furniture
and bedding,
footwear and
automotive

Polyethylene
terephthalate (PET)

PET bottles,
packaging films,
carpet yarn and staple
fiber

Urea formaldehyde Wrinkle-resistant
fabrics, cotton
blends, agriculture
and wall cavity fillers

Polyamides Rope, threads, tyres,
brushes, bearing,
gears and cams

Polyester Bottles of Water,
beer, juice, detergent,
technical yarn and
staple fiber

Polypropylene Clear bags, carpet,
rugs and mats

Melamine Laminating flooring,
dinnerware, dry and
erase boards

Polycarbonate Electrical and
telecommunications
and hardware

Epoxy Adhesive and coating
materials, coating

Polyvinyl chloride Medical, electrical,
construction,
automobile and
clothing

Silicon Adhesive, lubricant
cooking utensils,
thermal and electrical
insulations

Polylactic acid (PLA) Cups, bags,
disposable garments,
and decomposing
packaging materials

Faturan Umbrellas and prayer
beads

ABS Drain pipes, musical
instruments and
automotive trim
components

Bakelite Electrical systems,
insulating bases and
systems

Polystyrene CD cases, smoke
detector housing and
dinnerware

Phenol formaldehyde Laboratory
countertops, billiard
balls, fiber glass
cloths, coating and
adhesives

HDPE Toys, bottles, pipes,
wires and cable
insulations

Vinyl ester Marine industry,
tanks and vessels and
laminating process

LDPE Trays, screen cards,
packaging of
computer hardware’s
and optical disk
drivers
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Fig. 2 Schematic of LIBS [17]

breakdown spectroscopy (LIBS) [14], X-ray fluorescence [15] and froth flotation
method [16]. Only few techniques are explained below:

2.1 LIBS

It is a technique used to determine hydrogen and carbon constituents present in
polymer with the help of spectral analysis [17]. This process is basically used for
identifying LDPE, HDPE, PS and PVC by using Nd:YAG laser beam for identifica-
tion of plastic material [18]. In this process, Nd:YAG laser strike on identified plastic
material to determine hydrogen and carbon constituents. Basic setup representation
of LIBS process is as shown in Fig. 2. One of the biggest advantages of this process is
reliability and easy identification of different polymers depending upon purity level.

2.2 X-ray Fluorescence

This technique is also known as quantitative analysis. It is used to determine flame
retardantsmaterials present in plastic polymers and alsouse to determine the chemical
composition of materials like cements, polymers and oils with the help of X-ray. The
material to be inspected is placed in X-ray tube and will produce X-ray radiation
equivalent to optical color light. Different colors show different energy levels. Time
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tomeasure particles dependsupon thenumber of elements to bedetermined andvaries
from few seconds to 30 min. This process is applicable to most of the polymers but
size of particle should lie between 2 and 4 mm.

2.3 Froth Flotation Process

Froth floatation process is another separation technique of plastic polymer. Many
authors recommended froth flotation as one of the cheapest methods of polymer
segregation [19–23]. But few researchers found that it is not suitable for large-scale
segregation and is preferred for mineral processing and for mixed plastic segregation
only. Barlaz et al. have used calcium lignin sultanate as wetting agent, whereas pine
oil andmethyl isobutyl carbinol as frothing agent [24]. Figure 3 shows theworking of
froth flotation process.Material is inserted into the tankwhere itmixedwith hotwater
with the help of electromagnetic feeder. After that it mixed with alkaline solution for
alkaline treatment to make pulp. After pulp formation, it feeds into vibrating tank for
rinsing with cold water. Wetted material rinsed with cold water fed into another tank
for chemical treatment. The alkaline solution is transferred into conditioning bank
where floated and non-floated parts separated. The main requirement of this setup is
it requires proper heating system, huge space for installation and requires frequent
cleaning [25].

Fig. 3 Schematic of froth flotation process [26]
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Fig. 4 Schematic of magnetic density separator [30]

2.4 Magnetic Density Separation

This technique is used to separate LDPE, HDPE and PP from contaminatedmaterials
like wood, rubber and from each other. Themajor advantage of this process is that the
complex materials get separated in a single step without changing liquid (modifier
in liquid magnetic in nature) [15]. In this process, material is wet with boiling water
initially to remove heavy plastics known as wetting [27]. To avoid turbulence in the
system, air is discharged from box before placing particles in stainless steel box.
Density and flow speed play important role as plastic flakes with thickness 1 mm
takes few seconds to reach equilibrium height [28, 29] (Fig. 4).

2.5 Hyperspectral Imaging (HSI) Technology

This technique is used to determine the composition and spatial distribution in food
processing industry, pharmaceuticals, astronomy, medicine, agriculture and plastic
material characterization [31–36]. It consists of hardware and software operates in
spectral range. In this technique, a light beam is used to fall on a patented prism-
grating-prism (PGP element) so that short and long wavelength dispersed up and
down compared with respect to middle wavelength. Image spectral gives separate
value with respect to sensitive laser array elements. Using detection devices, such
images help in analyzing the different values [15] (Fig. 5).

3 Recycling Techniques

The commonly employed recycling techniques have been explained below:
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Fig. 5 Schematic of
hyperspectral imaging (HSI)

3.1 Primary Recycling

This is popular method for converting plastic waste into original product. It uses
semi-clean or clean scrap after sorting them from contaminated part. One of the
limitations of this technique is due to excessive contamination, and it is not suitable
for municipal solid waste (MSW).

3.2 Secondary Recycling

This process means recycling of PSW by mechanical means [37]. Both primary
and secondary are mechanically recycling techniques of PSW. Primary technique
includes different steps such as shredding, contamination and flakes separation, con-
verted into granular forms, removing of glue by drying in oven and finally chemi-
cal washing using caustic soda. After separation of contamination from PSW, sec-
ondary recycling was executed. Secondary technique includes various methods like
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Fig. 6 Working of single screw extruder [38]

screw extrusion, blow molding, injection molding, etc. Screw extrusion method of
secondary recycling is discussed below.

Various varieties of extruders are available inmarket according to their operations,
shapes and size. Nowadays, single and twin-screw extruder are commercially utilized
and both have various operating parameters [38, 39]. In this method, material in the
form of granules is put into the barrel with the help of hopper. The heater present
in barrel melts the material and screw forces it in forward direction toward the die.
There are some parameters affecting the wire formation. Speed is the most important
parameter. Higher speed results in improper melting of plastic, whereas lower speed
over melts the material which leads to the formation of multiple heating zones.
Pressure is another critical parameter that helps in creating back pressure. It should
be up to 500 psi required for material to come out from die and thus wire is formed.
The schematic diagram of single screw extruder is shown in Fig. 6.

3.3 Tertiary Recycling

Sometimes, primary and secondary recycling appears difficult as MSW is a col-
lection of heterogeneous components. Tertiary recycling is also known as energy
sustainability, as primary and secondary recycling does not contribute toward energy
sustainability (means origination of raw material from plastic solid waste). Tertiary
recycling recovers monomers from PSW by depolymerization processes like solvol-
ysis and thermolysis. Tertiary recycling includes various processes like cracking,
pyrolysis (in absence of air), gasification (in control environment), etc. [40].

3.4 Quaternary Recycling

After again and again recycling, polymer starts losing its properties and finally leads
to landfilling. But landfilling leads to produce more harmful gases. So, to overcome
this problem, many researchers suggested that by incineration [41] energy can be
recovered fromwaste which leads to reduction in plastic waste. Plastics are generally
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Fig. 7 Schematic of various recycling techniques of PSW

derived fromcrude oils andhaving high calorific value [42],mainly emit air pollutants
like CO2, SOx, NOx, polycyclic aromatic hydrocarbons (PAHs) and polychlorinated
dibenzofurans (PCDFs). There are few methods to control these harmful pollutant
particles that include: (i) flue gas cooling, (ii) acid neutralization, (iii) filtration,
(iv) ammonia addition to combustion chamber, etc. [43]. The schematic diagram of
different recycling techniques of PSW has been shown in Fig. 7.

4 Application of Recycled Plastics

Nowadays, recycled plastic/polymers are highly utilized in industries for manufac-
turing various products as industries are focused on cost reduction and polymers are
replacing wood, ceramics, etc., because of their lightweight, hygiene and econom-
ical [44]. Polymers are not even used in manufacturing industries but also used in
tissue engineering. Singh et al. prepared filament wire using polymer waste (LDPE
and HDPE) with or without reinforcement of Fe (10% and 6% by weight) using
single screw extruder. Different mechanical properties were measured like shore D
hardness, peak strength and break strength. Singh et al. [45] utilized ABS plastic
material to fabricate pen drive case with the help of FDM at different orientations
(0°–90°) with part thickness of 0.254 mm and observed better morphology and sur-
face hardness at 0° inclinations as compared to other inclinations as inclination plays
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an important role. Further, biomedical implant (hip joint) has been successfully fab-
ricated using ABS with the help of FDM and vapor smoothing process has been
employed for improving the surface finish [46].

5 Additive Manufacturing and Its Different Techniques

Additive manufacturing (AM) is well known for its ability to make 3D objects by
depositing layer on layer [47]. Composite parts with complex geometries can be
fabricated easily byAM techniques with lessmaterial waste. Also, size and geometry
can be controlled with the help of CAD as compared to conventional machining
process [48]. There are various techniques use to print polymer composite but they
depend upon processing speed, final product performance, cost and material type.
There are various rapid prototyping (RP) techniques which are briefly explained
below:

5.1 Fused Deposition Modeling (FDM)

FDMcommonly used thermoplastics likePC,ABS, PLA, etc., for polymer composite
printing because of their low melting point. FDM works on a principle where layers
are fused and solidify together into desired final part. FDM offers some advantages
firstly multiple nozzles can be operated simultaneously so that printed parts can be
having required composition. Second advantage is in terms of low operating cost and
easy to operate. With some advantages there are few disadvantages firstly extruded
material should have suitable melt viscosity. Second supports structure used during
printing cannot easily detach (Fig. 8).

5.2 Stereolithography (SLA)

This technique uses photopolymer that polymerize into 2D pattern layer with the
help of UV laser. It based on the principle when one layer is cured platform lowers
and another layer is ready to cure. Main advantage of SLA is nozzle free clogging
technique and high-resolution printed parts can be obtained. Along with advantages,
there are few disadvantages first is limited to certain polymers only and second is
high operating cost (Fig. 9).
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Fig. 8 FDM schematic [48]

Fig. 9 Schematic of SLA [49]

5.3 Powder Bed and Inkjet Head Printing (3DP)

It based on powder processing technique. Firstly, powder is spread on the bed and
then joined in desired layer by depositing a liquid binder with inkjet print head. As
first layer curedworking bed lower and next powder layer spreads this process repeats
till desired pattern is formed. Key advantage of 3DP is any polymermaterial available
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Fig. 10 Schematic of 3DP [50]

in powder form can be printed by this technology. Generally, binder contamination
may cause clogging (Fig. 10).

5.4 Selective Laser Sintering (SLS)

It is similar to 3DP except that a liquid binder is used in 3DP, whereas laser beam
to sinter polymer powder in SLS. Required shape is obtained molecular diffusion
of powder and shape generally formed by deposition of layer on layer by molecular
interaction. Materials used in SLS are polycaprolactone (PCL) and Polyamide (PA)
(Fig. 11).

5.5 3D Printing

This technique is used to create 3D shapes with the help of syringe head that can
move in three dimensional but working head remains stationary. Key advantage of
3D printing includes flexibility for printing hydrogels. There are some other AM
techniques also like 3D plotting, digit light processing (DLP) [53], liquid deposition
modeling (LDM) [54], fiber encapsulation additivemanufacturing (FEAM), etc. [55]
(Fig. 12 and Table 2).
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Fig. 11 Schematic of SLS [51]

Fig. 12 Schematic of 3D printing [52]
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6 Conclusion and Future Scope

In this paper, different methods of PSW management along with various recycling
techniques were discussed. The literature review reveals that landfilling is not the
solution to discard the PSW as it produces harmful gases (mainly methane con-
tributes to global warming) and consume lot of space. Researchers employed vari-
ous techniques to separate the ingredients of PSW, each having their own respective
advantages and disadvantages. But among all techniques, froth flotation process can
handle huge quantity of PSW without separating contamination. Further, polymers
are petroleum bi-product, so energy recovery can be done using incineration for
the sustainability of natural resources. Finally, various techniques of AM that can be
helpful inmanaging/utilizing the PSWalongwith their advantages and disadvantages
have been discussed.
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Vibration Response of Metal-Ceramic
Based Functionally Graded Plate Using
Navier Solution

Yogesh Kumar, Dheer Singh, and Ankit Gupta

Abstract In this paper, the vibrational response of the functionally graded plate has
been carried out using non-polynomial based algebraic shear deformation theory.
Hamilton’s variational principle has been used in deriving the governing equations.
The Navier solution technique has been employed to solve the governing equation
in conjunction with boundary conditions which are simply supported. In addition to
these, the power-law governing equations have been considered for calculating the
effective material properties of FGM and its mechanical properties are considered
to be changing in the direction of thickness. The non-dimensional frequency has
been evaluated for several vibrating modes of functionally graded thin and thick
plates. The frequency parameter has also been evaluated for different aspect ratios
and thickness ratios.

Keywords Functionally graded material (FGM) · Plate theory · Vibration
analysis · Close form solution · Hamilton’s principle · Navier approach

1 Introduction

Functionally graded structures are the innovative composite materials where the
properties of the material change continuously in the preferred direction from purely
metallic to purely ceramic. Extensive literature has been published in the area of FGM
structures. In this context, Zhang et al. [1] presented an extensive review based on
the buckling and vibration analysis of FGM plate. Gupta et al. [2–4] investigated the
vibration analysis of porous gradient structure using non-polynomial HSNDT. Kanu
et al. [5] presented a review on smart FGMs and analyzed buckling and vibration
analysis based on fracture problems. Kurtaran [6] studied the dynamic response of
FG plates and shows the effects of plate’s shape on vibration response. Thai and
Kim [7] analyzed the vibration and bending analysis of FG structures using HSDT.
Kumar et al. [8] proposed the research work on geometrically nonlinear analysis of
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Fig. 1 Functionally graded (FG) plates and its geometric coordinates

FGM plate using HSDT. Zenkour et al. [9] employed the 3-D elasticity solution for
an exponentially graded thick structures. Birman et al. [10] proposed the research
article on the modeling and study of FGM structures. Reddy et al. [11] emphasized
the comprehensive analysis of functionally graded (FG) plates. Benveniste et al. [12]
suggested a new methodology to study the application of Mori-Tanaka’s theory [13]
in composite materials.

In the current research paper, HSDT has been considered for the vibrational anal-
ysis of a functionally graded plate. The power-law distribution and Hamilton’s prin-
ciple have been used for deriving the governing equations. Navier solution method
has been employed to solve the governing equations. The effects of various param-
eters like volume fraction index, side to thickness ratio (a/h) on the fundamental
frequency of FGM have been reported in the subsequent section.

The functional grade plate is shown in Fig. 1, where the plate thickness h, length
a and width b the corresponding coordinates are x, y, and z.

2 Formulation

2.1 Displacement Field

The displacement field used in this studywork for the functional grade plate, reported
by Thai [7] and expressed the following equations:

ū1(x, y, z, t) = ū(x, y, t) − z
∂w̄b

∂x
− 4z3

3h2

(
∂w̄s

∂x

)

ū2(x, y, z, t) = v̄(x, y, t) − z
∂w̄b

∂y
− 4z3

3h2

(
∂w̄s

∂y

)

ū3(x, y, z, t) = w̄b(x, y, t) + w̄s(x, y, t) (1)
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where ū and v̄ are the displacements in the x and y directions. w̄b is the bending
component and w̄s is the shear component of the transverse displacement [7].

εxx = ∂ ū1
∂x

= ∂ ū

∂x
− z

∂2w̄b

∂x2
− 4z3

3h2

(
∂2w̄s

∂x2

)

εyy = ∂ ū2
∂y

= ∂ v̄

∂y
− z

∂2w̄b

∂y2
− 4z3

3h2

(
∂2w̄s

∂y2

)

εxy = ∂ ū1
∂y

+ ∂ ū2
∂x

= ∂ ū

∂y
+ ∂ v̄

∂x
− 2z

∂2w̄b

∂x∂y
− 8z3

3h2

(
∂2w̄s

∂x∂y

)

εxz = ∂ ū1
∂z

+ ∂ ū3
∂x

=
(
1 − 4z2

h2

)
∂w̄s

∂x

εyz = ∂ ū2
∂z

+ ∂ ū3
∂y

=
(
1 − 4z2

h2

)
∂w̄s

∂y
(2)

2.2 Energy Equations

1. Strain Energy: Strain energy variation in FG plate can be calculated by:

δU =
∫
A

+ h
2∫

− h
2

(
σxxδεxx + σyyδεyy + σxyδεxy + σxzδεxz + σyzδεyz

)
dAdz (3)

where stress resultants are n, m and q define by given Eq. (4):

(nxx , nyy, nxy) =
+ h

2∫

− h
2

(
σxx , σyy, σxy

)
dz

(mb
xx,m

b
yy,m

b
xy) =

+ h
2∫

− h
2

(
σxx , σyy, σxy

)
zdz

(ms
xx,m

s
yy,m

s
xy) =

+ h
2∫

− h
2

(
σxx , σyy, σxy

) 4z3
3h2

dz
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qxy =
+ h

2∫

− h
2

(
1 − 4z2

h2

)
σxydz

qyz =
+ h

2∫

− h
2

(
1 − 4z2

h2

)
σyxdz (4)

• The Work done δV expressed with help of Eq. (5)Where the transverse load is p

δV = −
∫
A

pδ(w̄b + w̄s)dA (5)

• The kinetic energy δK expressed with help of Eq. (6A).

δK =
∫
V

( ˙̄u1δ ˙̄u1 + ˙̄u2δ ˙̄u2 + ˙̄u3δ ˙̄u3)ρ(z)dAdz (6A)

δK =
∫
A

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

I0[ ˙̄uδ ˙̄u + ˙̄vδ ˙̄v + ( ˙̄wb + ˙̄ws)δ( ˙̄wb + ˙̄ws)]

− I1

[
˙̄u ∂δ ˙̄wb

∂x
+ ∂ ˙̄wb

∂x
δ ˙̄u + ˙̄v ∂δ ˙̄wb

∂y
+ ∂ ˙̄wb

∂y
δ ˙̄v
]

+ I2

[
∂ ˙̄wb

∂x
× ∂δ ˙̄wb

∂x
+ ∂ ˙̄wb

∂y
× ∂δ ˙̄wb

∂y

]

+ cI3

[
˙̄u ∂δ ˙̄ws

∂x
+ ∂ ˙̄ws

∂x
δ ˙̄u + ˙̄v ∂δ ˙̄ws

∂y
+ ∂ ˙̄ws

∂y
δ ˙̄v
]

+ cI4

[
∂ ˙̄wb

∂x
× ∂δ ˙̄ws

∂x
+ ∂ ˙̄ws

∂x
× ∂δ ˙̄wb

∂x
+ ∂ ˙̄wb

∂y
× ∂δ ˙̄ws

∂y
+ ∂ ˙̄ws

∂y
× ∂δ ˙̄wb

∂y

]

+ c2 I6

[
∂ ˙̄ws

∂x
× ∂δ ˙̄ws

∂x
+ ∂ ˙̄ws

∂y
× ∂δ ˙̄ws

∂y

]

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

dA (6B)

In Eq. (6B), dot superscript represents the differentiation with respect to time (t).
Where, Mass density is ρ(z), c = 4

3h2 and Ii represents mass inertia, defined as the
following:

(I0, I1, I2, I3, I4, I6) =
+ h

2∫

− h
2

(
1, z, z2, z3, z4, z6

)
ρ(z)dz (7)

2. Hamilton’s Principle: Appling Hamilton’s Principle in the FGMs plate
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0 =
T∫

0

(δU+δV − δK )dt (8)

When substituting all the value of δU , δV and δK in Eq. (8)

∫
A

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
nxx × ∂δū

∂x
− mb

xx × ∂2δw̄b

∂x2
− ms

xx × ∂2δw̄s

∂x2

)

+
(
nyy × ∂δv̄

∂y
− mb

yy × ∂2δw̄b

∂y2
− ms

yy × ∂2δw̄s

∂y2

)

+
(
nxy

(
∂δū

∂y
+ ∂δv̄

∂x

)
− 2mb

xy × ∂2δw̄b

∂x∂y
− 2ms

xy × ∂2δw̄s

∂x∂y

)

+
(
qxz × ∂δw̄s

∂x

)
+
(
qyz × ∂δw̄s

∂y

)

− pδ(w̄b + w̄s)

− I0[ ˙̄uδ ˙̄u + ˙̄vδ ˙̄v + ( ˙̄wb + ˙̄ws)δ( ˙̄wb + ˙̄ws)]

+ I1

[
˙̄u ∂δ ˙̄wb

∂x
+ ∂ ˙̄wb

∂x
δ ˙̄u + ˙̄v ∂δ ˙̄wb

∂y
+ ∂ ˙̄wb

∂y
δ ˙̄v
]

− I2

[
∂ ˙̄wb

∂x
× ∂δ ˙̄wb

∂x
+ ∂ ˙̄wb

∂y
× ∂δ ˙̄wb

∂y

]

+ cI3

[
˙̄u ∂δ ˙̄ws

∂x
+ ∂ ˙̄ws

∂x
δ ˙̄u + ˙̄v ∂δ ˙̄ws

∂y
+ ∂ ˙̄ws

∂y
δ ˙̄v
]

− cI4

[
∂ ˙̄wb

∂x
× ∂δ ˙̄ws

∂x
+ ∂ ˙̄ws

∂x
× ∂δ ˙̄wb

∂x
+ ∂ ˙̄wb

∂y
× ∂δ ˙̄ws

∂y
+ ∂ ˙̄ws

∂y
× ∂δ ˙̄wb

∂y

]

− c2 I6

[
∂ ˙̄ws

∂x
× ∂δ ˙̄ws

∂x
+ ∂ ˙̄ws

∂y
× ∂δ ˙̄ws

∂y

]

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

dA = 0 (9)

Integrating Eq. (9) by parts, then formulate coefficients δū, δv̄, δw̄b and δw̄s after
that the governing equations of motion will be found.

δū =
(

∂nxx

∂x
+ ∂nxy

∂y

)
= I0 ¨̄u + I1 ¨̄u ∂ ¨̄wb

∂x
− cI3

∂ ¨̄ws

∂x
(10A)

δv̄ =
(

∂nxy

∂x
+ ∂ny

∂y

)
= I0 ¨̄v − I1

∂ ¨̄wb

∂y
− cI3

∂ ¨̄ws

∂y
(10B)

δw̄b =
(

∂2mb
xx

∂x2
+ ∂2mb

yy

∂y2
+ 2

∂2mb
xy

∂x∂y
+ p

)

= I0( ¨̄wb + ¨̄ws) + I1

(
∂ ¨̄u
∂x

+ ∂ ¨̄v
∂y

)
− I2∇2 ¨̄wb − cI4∇2 ¨̄ws (10C)

δw̄s =
(

∂2ms
xx

∂x2
+ ∂2ms

yy

∂y2
+ 2

∂2ms
xy

∂x∂y
+ ∂2qxz

∂x
+ ∂2qyz

∂y
+ p

)
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= I0( ¨̄wb + ¨̄ws) + cI3

(
∂ ¨̄u
∂x

+ ∂ ¨̄v
∂y

)
− cI4∇2 ¨̄wb − c2 I6∇2 ¨̄ws (10D)

2.3 Constitutive Equations

Power-law distribution used for the calculation of Young’s modulus E(z) shown in
Eq. (11) [7]

E(z) = Em + (Ec − Em)
(
0.5 + z

h

)k
(11)

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

σxx

σyy

σxy

σxz

σyz

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

= E(z)

1 − v

⎡
⎢⎢⎢⎢⎢⎣

1 v 0 0 0
v 1 0 0 0
0 0 1−v

2 0 0
0
0

0
0

0
0

1−v
2
0

0
1−v
2

⎤
⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

εxx

εyy

εxy

εxz

εyz

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

(12)

Putting Eq. (2) into Eqs. (12) and (13–15) into Eq. (3).

⎧⎪⎨
⎪⎩
nxx

nyy

nxy

⎫⎪⎬
⎪⎭ = C0

⎡
⎣ 1 v 0
v 1 0
0 0 1−v

2

⎤
⎦
⎧⎨
⎩

∂ ū
∂x
∂ v̄
∂x
∂ ū
∂x + ∂ v̄

∂x

⎫⎬
⎭+ C1

⎡
⎣ 1 v 0
v 1 0
0 0 1−v

2

⎤
⎦
⎧⎪⎨
⎪⎩

− ∂2 w̄b
∂x2

− ∂2 w̄b
∂y2

−2 ∂2 w̄b
∂x∂y

⎫⎪⎬
⎪⎭

+ cC3

⎡
⎣ 1 v 0
v 1 0
0 0 1−v

2

⎤
⎦
⎧⎨
⎩

− ∂2 w̄s
∂x2

− ∂2 w̄s
∂y2

−2 ∂2 w̄s
∂x∂y

⎫⎬
⎭ (13)

⎧⎪⎨
⎪⎩
mb

xx

mb
yy

mb
xy

⎫⎪⎬
⎪⎭ = C1

⎡
⎣ 1 v 0
v 1 0
0 0 1−v

2

⎤
⎦
⎧⎨
⎩

∂ ū
∂x
∂ v̄
∂x
∂ ū
∂x + ∂ v̄

∂x

⎫⎬
⎭+ C2

⎡
⎣ 1 v 0
v 1 0
0 0 1−v

2

⎤
⎦
⎧⎪⎨
⎪⎩

− ∂2 w̄b
∂x2

− ∂2 w̄b
∂y2

−2 ∂2 w̄b
∂x∂y

⎫⎪⎬
⎪⎭

+ cC4

⎡
⎣ 1 v 0
v 1 0
0 0 1−v

2

⎤
⎦
⎧⎨
⎩

− ∂2 w̄s
∂x2

− ∂2 w̄s
∂y2

−2 ∂2 w̄s
∂x∂y

⎫⎬
⎭ (14)

⎧⎪⎨
⎪⎩
ms

xx

ms
yy

ms
xy

⎫⎪⎬
⎪⎭ = cC3

⎡
⎣ 1 v 0
v 1 0
0 0 1−v

2

⎤
⎦
⎧⎨
⎩

∂ ū
∂x
∂ v̄
∂x
∂ ū
∂x + ∂ v̄

∂x

⎫⎬
⎭+ cC4

⎡
⎣ 1 v 0
v 1 0
0 0 1−v

2

⎤
⎦
⎧⎪⎨
⎪⎩

− ∂2 w̄b
∂x2

− ∂2 w̄b
∂y2

−2 ∂2 w̄b
∂x∂y

⎫⎪⎬
⎪⎭

+ c2C5

⎡
⎣ 1 v 0
v 1 0
0 0 1−v

2

⎤
⎦
⎧⎨
⎩

− ∂2 w̄s
∂x2

− ∂2 w̄s
∂y2

−2 ∂2 w̄s
∂x∂y

⎫⎬
⎭ (15)



Vibration Response of Metal-Ceramic … 229

{qxz
qyz

} = As

[
1 0
0 1

]{ ∂w̄s
∂x
∂w̄s
∂y

}
(16)

where C0,C1,C2,C3,C4,C5 and As are the coefficients of stiffness defined by:

(C0,C1,C2,C3,C4,C5) =
+ h

2∫

− h
2

(
1, z, z2, z3, z4, z6

) E(z)

1 − v2
dz (17A)

As =
+ h

2∫

− h
2

(
1 − 4z2

h2

)
E(z)

2(1 − v)
dz (17B)

Equation (18A–18D) is shown the equation of motion in terms of displacements:

Co

(
∂2ū

∂x2
+ 1 − v

2

∂2ū

∂y2
+ 1 + v

2

∂2v̄

∂x∂y

)
− C1∇2 ∂w̄b

∂x

− cC3∇2 ∂w̄s

∂x
= I0 ¨̄u − I1

(
∂ ¨̄wb

∂x

)
− cI3

(
∂ ¨̄ws

∂x

)
(18A)

Co

(
∂2v̄

∂y2
+ 1 − v

2

∂2v̄

∂x2
+ 1 + v

2

∂2ū

∂x∂y

)
− C1∇2 ∂w̄b

∂y

− cC3∇2 ∂w̄s

∂y
= I0 ¨̄v − I1

(
∂ ¨̄wb

∂y

)
− cI3

(
∂ ¨̄ws

∂y

)
(18B)

C1∇2

(
∂ ū

∂x
+ ∂ v̄

∂y

)
− C2∇4w̄b − cC4∇4w̄s + p = I0( ¨̄wb + ¨̄ws)

+ I1

(
∂ ¨̄u
∂x

+ ∂ ¨̄v
∂y

)
− I2∇2 ¨̄wb − cI4∇2 ¨̄ws (18C)

cC3∇2

(
∂ ū

∂x
+ ∂ v̄

∂y

)
− cC4∇4w̄b − c2C5∇4w̄s + As∇2w̄s + p = I0( ¨̄wb + ¨̄ws)

+ cI3

(
∂ ¨̄u
∂x

+ ∂ ¨̄v
∂y

)
− cI4∇2 ¨̄wb − c2 I6∇2 ¨̄ws (18D)

2.4 Analytical Solution

Applying the Navier solution to the functional grade plate as shown below.
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ū(x, y, t) =
∞∑

m=1

∞∑
n=1

Ūmne
iωt cosαx sin βy

v̄(x, y, t) =
∞∑

m=1

∞∑
n=1

V̄mne
iωt sin αx cosβy

w̄b(x, y, t) =
∞∑

m=1

∞∑
n=1

W̄bmne
iωt sin αx sin βy

w̄s(x, y, t) =
∞∑

m=1

∞∑
n=1

W̄smne
iωt sin αx sin βy (19A)

where α = mπ
a , β = nπ

b and i = √−1.
Where ω is the angular frequency and p is the transverse load

p(x, y) =
∞∑

m=1

∞∑
n=1

qmn sin αx sin βy (19B)

The coefficient qmn can be represented as:

qmn = 4

ab

a∫
0

b∫
0

p(x, y) sin αx sin βy (19C)

Substitute Eq. (19A) and Eq. (19B) in Eq. (18), then the analytical solution has
been obtained and the stiffness matrix coefficients and mass matrix coefficients are
calculated from the above equations are shown in Eq. (20).

⎛
⎜⎜⎝
⎡
⎢⎢⎣
K11 K12 K13 K14

K12 K22 K23 K24

K13 K23 K33 K34

K14 K24 K34 K44

⎤
⎥⎥⎦− ω2

⎡
⎢⎢⎣
M11 0 M13 M14

0 M22 M23 M24

M13 M23 M33 M34

M14 M24 M34 M44

⎤
⎥⎥⎦
⎞
⎟⎟⎠

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Ūmn

V̄mn

W̄bmn

W̄smn

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0

0

qmn

qmn

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(20)

2.5 Results and Discussion

The fundamental frequency values are being validated in the present research work
and compared with the different non-dimensional frequency (NDF) of a functionally
graded plate governed by various HSDT’s. The non-dimensional parameter ω̂ =
ωh
√

ρc/Ec is used for the analysis and the different properties of materials used are
shown in Table 1.
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Table 1 Material properties of functionally graded plate [7]

S. No. Properties Ti-6AL-4 V Al2O3 ZrO2

1 Young’s modulus 105.7 380 200

2 Density ρ (kg/m3) 4429 3800 5700

3 Poisson’s ratio (υ) 0.3 0.3 0.3

Table 2 shows that the present work has been validated using non-polynomial
based algebraic shear deformation theory (HSDT) given by Thai and Kim [7]. The
current results reported for the non-dimensional frequency of Al/Al2O3 of thin and
thick square FGM plates are in good agreement with HT Thai’s work [7]. The vali-
dation of the FG plate fabricated using Al/Al2O3 for various side to thickness ratios
(a/h) and power-law indexes, as well as various modes of vibration have been car-
ried out. It has been found that most of the values of non-dimensional fundamental
frequencies are absolutely validated and some show the error of approximately 1%
in each mode of vibration.

The non-dimensional fundamental frequency analysis of material Ti-6AL-
4V/ZrO2 and Ti-6AL-4V/Al2O3 for thin and thick square FG plates have been carried
out for several values of side to thickness ratios and power-law indexes and the results
reported in both Tables 3 and 4 shows that the NDF value is decreasing as the values
of the volume fraction index increase. Further, as the thickness ratio increase, the
non-dimensional frequency of the plate will decrease.

The non-dimensional frequency analysis of Ti-6AL-4V/Al2O3 and Ti-6AL-
4V/ZrO2 for thin FGM plates has been done for several values of aspect ratios (a/b)
using power-law indexes. The analysis has been performed at fixed side to thickness
ratios (a/h = 10). Results reported in both Tables 5 and 6. The non-dimensional
frequency values are decreasing with the increasing values of volume fraction index,
i.e., decreasing the ceramic content in the functionally graded plate.

3 Conclusions

In this study, the non-polynomial based algebraic HSDT has been considered for the
vibrational behavior of the functionally graded plate using Navier solution. It has
been found that the natural frequency reduces as the power-law index increases. It
is also concluded that the vibration frequency will decrease with an increase in side
to thickness ratio. The effect of power-law index and side to thickness ratio has also
been reported for rectangular plates in addition to square plates. It is shown in the
above results that as the FGM plate is changed from square to rectangular shape, the
fundamental frequency of the plate increases. The vibration analysis results given in
this study are useful for researchers working in this domain.
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Table 3 Non-dimensional frequencies (ω) using Ti-6AL-4 V/Al2O3 material

a/h Mode Power-Law Index (P)

P = 0 P = 0.5 P = 1 P = 4 P = 10 P = 50

5 1(1,1)
2(1,2)
3(2,2)

0.2113
0.4623
0.6688

0.1726
0.3799
0.5517

0.1543
0.3396
0.4933

0.1294
0.2795
0.4015

0.1206
0.259
0.3706

0.1092
0.2375
0.3423

10 1(1,1)
2(1,2)
3(2,2)

0.0577
0.1376
0.2113

0.0469
0.1122
0.1726

0.042
0.1004
0.1543

0.0357
0.0847
0.1294

0.0335
0.0792
0.1206

0.0300
0.0713
0.1092

20 1(1,1)
2(1,2)
3(2,2)

0.0148
0.0365
0.0577

0.012
0.0297
0.0469

0.0108
0.0266
0.042

0.0092
0.0227
0.0357

0.0086
0.0212
0.0335

0.0077
0.0190
0.0300

Table 4 Non-dimensional frequencies (ω) using Ti-6AL-4 V/ZrO2 material

a/h Mode Power-Law Index (P)

P = 0 P = 0.5 P = 1 P = 4 P = 10 P = 50

5 1(1,1) 0.2113 0.1985 0.1933 0.1872 0.1835 0.1773

2(1,2) 0.4623 0.4358 0.4239 0.4065 0.3893 0.387

3(2,2) 0.6688 0.6319 0.6142 0.5854 0.5735 0.5592

10 1(1,1) 0.0577 0.0541 0.0527 0.0515 0.0505 0.0485

2(1,2) 0.1376 0.1292 0.1258 0.1223 0.12 0.1156

3(2,2) 0.2113 0.1985 0.1933 0.1872 0.1835 0.1773

20 1(1,1) 0.0148 0.0139 0.0135 0.0132 0.013 0.0125

2(1,2) 0.0365 0.0342 0.0333 0.0326 0.032 0.0307

3(2,2) 0.0577 0.0541 0.0527 0.0515 0.0505 0.0485

Table 5 Non-dimensional frequencies (ω) using Ti-6AL-4 V/Al2O3 material

a/b Mode Power-law index and a/h = 10

P = 0 P = 0.5 P = 1 P = 4 P = 10 P = 50

1 1(1,1) 0.0577 0.0469 0.042 0.0357 0.0335 0.03

2(1,2) 0.1376 0.1122 0.1004 0.0847 0.0792 0.0713

3(2,2) 0.2113 0.1726 0.1543 0.1294 0.1206 0.1092

1.5 1(1,1) 0.0919 0.0748 0.0669 0.0568 0.0531 0.0477

2(1,2) 0.2574 0.2106 0.1883 0.1572 0.1464 0.1329

3(2,2) 0.323 0.2646 0.2366 0.1965 0.1827 0.1665

2 1(1,1) 0.1376 0.1122 0.1004 0.0847 0.0792 0.0713

2(1,2) 0.4047 0.3321 0.2969 0.2453 0.2276 0.2081

3(2,2) 0.4623 0.3799 0.3396 0.2795 0.259 0.2375
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Table 6 Non-dimensional frequencies (ω) using Ti-6AL-4 V/ZrO2 material

a/b Mode Power-law index and a/h = 10

P = 0 P = 0.5 P = 1 P = 4 P = 10 P = 50

1 1(1,1) 0.0577 0.0541 0.0527 0.0515 0.0505 0.0485

2(1,2) 0.1376 0.1292 0.1258 0.1223 0.12 0.1156

3(2,2) 0.2113 0.1985 0.1933 0.1872 0.1835 0.1773

1.5 1(1,1) 0.0919 0.0862 0.084 0.0818 0.0802 0.0772

2(1,2) 0.2574 0.2421 0.2356 0.2277 0.2232 0.2159

3(2,2) 0.323 0.304 0.2958 0.2851 0.2795 0.2708

2 1(1,1) 0.1376 0.1292 0.1258 0.1223 0.12 0.1156

2(1,2) 0.4047 0.3813 0.3709 0.3564 0.3492 0.339

3(2,2) 0.4623 0.4358 0.4239 0.4065 0.3893 0.387
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Influence of the Microstructural
and Mechanical Properties of Reinforced
Graphene in Magnesium Matrix
Fabricated by Friction Stir Processing

Nazish Alam, Md. Manzar Iqbal, Chander Prakash, Subhash Singh,
and Animesh Basak

Abstract The aim of the present researchwork is to find out the influence of uniform
dispersion of different volume percentages of graphene nanoparticles into magne-
sium matrix, fabricated by friction stir processing (FSP). These composites can be
used in various applications, particularly in electrical, automobile and aerospace
industries due to its lightweight and good electrical and mechanical properties.
The friction processed surface of pure magnesium and composites were charac-
terized through X-ray diffraction (XRD). Mechanical properties such as tensile test
of the friction stir processed (FSPed) composites were performed in universal testing
machine and the specimen was prepared according to standard dimension by wire
EDM. The initial properties of the material were compared to the FSPed pure mag-
nesiummatrix composites. The role of various volume percentages of reinforcement
by FSP resulted in grain refinements as well as improved the mechanical properties
of the FSPed composite.

Keywords Friction stir processing ·Metal matrix composites · Pure magnesium ·
Graphene · Tensile strength · X-ray diffraction (XRD)

1 Introduction

Researchers defined “composite” as a combination of two or more than two materi-
als which are different from each other and produce a distinctive material which is
better than the parent materials [1]. This illustration of composite is correct for any
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composites; nonetheless, at a recent time “composite” represent reinforced plastics.
Metal matrix composites (MMCs) are fabricated by metallic matrix which is contin-
ual alongwithmatrix it contains one or more reinforcing part which is discontinuous.
Aluminium is mostly used as metal matrix for the commercial work done onMMCs.
The reason of popularity of aluminium is its resistance towards environment, light
weight and effective mechanical properties; these benefits are also the reasons why
aluminium is used as metal matrix. The high temperature of melting of aluminium is
enough to serve numerous application needs, still sufficiently low to give composite
processing judiciously convenient. Many reinforcing agents like continual boron,
oxides of aluminium (Al2O3), carbides of silicon (SiC), whiskers, fibers (short) and
fiberes of graphite [2]. Composites of magnesium essentially utilize nearly identical
properties as by composites of aluminium. In general, the selection ofmatrix between
magnesium and aluminium is done on the footing of resistance towards corrosion
against light weight. Magnesium is less dense than aluminium; however, magnesium
is more active in corrosive atmosphere. The thermal conductivity of magnesium is
low, which becomes a factor during its selection. MMCs incorporate the properties
possessed by ceramic as well as the properties possessed by metals, leading to high
shear strength as well as compressive strength and it can be utilized at high tem-
perature. MMCs has become an area of interest for researchers in many fields such
as automobile and aerospace, because of its low-cost reinforcement availability and
evolution of various methods which results in replicable properties and microstruc-
ture [3]. The fascinating mechanical properties possessed by MMCs such as high
strength, good thermal stability and specific modulus obtained is also high, all these
properties were reported substantially [4, 5]. Besides this, the issues related to devel-
opment of MMCs are, (a) fiber may get damaged, (b) the microstructure obtained
is not uniform, (c) connection between the two fibers, and (d) substantial interfacial
reaction could be stayed away with non-continuous reinforcement [6]. The welding
Institute of UK first succeeded in developing the technique of friction stir welding
(FSW) in 1991 [7]. Later on FSWafter findingmany applications in aerospace indus-
tries, FSW gradually modified into friction stir processing(FSP), which also enticed
observations of many researchers [8, 9]. FSP is method of severe plastic deformation
which helps in achieving better surface properties [10, 11]. Major benefit of FSP is
that the casting defects are absent and microstructure obtained is fine [12]. Severe
deformation plastically alongwith inflict stirring action of tool leads tomany benefits
of FSP [13], like microstructure becomes fine and cast alloys become homogenous
and parts which is fabricated by powder metallurgy [14–20] and manufacturing of
metal matrix composites and its homogenization is one of its many benefits [21–27].
In FSP, a tool pin which is rotating is feed into the part of metal surface which is to
be fabricated or processed and then tool pin is traversed along a fixed path. Heat is
produced because of friction between the tool pin and the metal surface. This heat
is only responsible for plastic deformation which is taking place in processing area.
When tool is moved then deformed metals starts recrystallizing, leads to homoge-
nization and refinement of grain structure of stirring zone [28, 29]. FSP has proved to
be potent in making fine grain size, of wrought aluminium or cast aluminium based
alloys, and this is achieved through recrystallization.
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Friction stir processing (FSP) process parameters and geometry of tool are impor-
tant parameters that may be changed to get uniform distribution of material. This is
evident that the distribution of particles is influenced by process parameters; rein-
forcing particles will not distribute when axial force applied is less, but when the
force applied axially is high then it will compel particles to throw out particles from
surface [30–35]. If travel speed is increased then heat input will be decreased and that
leads to an incomplete flow of material required for distribution of particle [36], and
hence number of passes of FSP is increased for enhancing the distribution of particle
by instigating more stirring and mixing [37, 38]. For improvement of particle distri-
bution, usually speed of rotation is increased and travel speed is lowered [36, 38].
Many researchers have carried out different works on metal matrix with graphene
oxide or graphene as its reinforcement. Dasari et al. [39] in his work, with the help
of Scanning electron microscope (SEM), showed that graphene oxide (GO) particles
are distributed throughout the aluminium matrix which is necessary to enhance the
mechanical properties. He showed that increasing the percentage of GO in the MMC
leads to improved hardness because of development of more fine and close-packed
microstructure. Indentation test showed that with increase in GO nature of failure
becomes ductile to brittle.

Asgharzadeh et al. [40] had reported that the tensile properties of composite is
not just affected by the amount of graphene added to composite but also the method
of processing and chemical composition of matrix had also a notable effect on com-
posite. Also, showed that few-layer graphene oxide (FLGO) reinforced composites
have exhibited better mechanical properties in comparison to monolithic samples
of aluminium whether it was gas atomized or mechanically milled samples. It was
concluded through that, MM-FLGO attain increased hardness and compressive yield
strength as compared to monolithic MMAl, he also concluded through his work that
MM-FLGO composite improves hardness by 61% and compressive strength by 20%
in comparison to GA-FLGO. Liu et al. [41] in his work showed that, with increase
in amount of reduced GO as reinforcement also increases the Vickers’s hardness of
the aluminium reinforced with reduced graphene oxide (rGO). It was also noticed
that the rGO is evenly spread on the surface of aluminium.

Huang et al. [42] have been fabricated bamboo fiber reinforced epoxy (BF/EF)
composites through resin transfer molding process with varying percentage (about
42%) of fiber. It was found that mechanical properties such as tensile strength,
Young’s modulus increased by decreasing the diameter of bamboo fiber. Also,
hygrothermal test exhibited that BF/EF composites were showed very sensitive to
moisture absorption and lead to negative effects in the properties of composites.
Mohan et al. [43] synthesized short banana fiber reinforced epoxy polymer compos-
ite cylinder through resin impregnationmethod. For that nano clay particles have been
filled into a banana fiber. Scanning electron microscope (SEM) micrographs showed
that interfacial and load transfer capacity of fiber-matrix have been improved which
resulted in enhancing themechanical properties of composites.Atul et al. [44] studied
the application of carbon fiber reinforced silicon carbide (C/SiC) in aerospace indus-
try which is fabricated by chemical vapour infiltration (CVI) and needling methods.
Composites have varying properties; therefore, rotary ultrasonic milling is employed
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for machining of composites. SEMmicrographs showed that SiC was uniformly dis-
persed into the samples which resulted in improving the strength of the composites
and also the space within structure was very small. From the experiment a combina-
tion of optimum machining parameters like material density= 2.34 g/cm3, feed rate
= 150 mm/min and axial depth of cut = 0.02 mm was found. It was also found that
by decreasing the material density, tool wear decreased.

After going through the literature published in previous years related to fabrication
of MMCs, literature gap has been found and there is very limited work that has been
done on metal matrix composites using friction stir processing that concluded that
uniform dispersion of reinforcement in thematrix is not achieved by other processing
techniques such as casting, or powder metallurgy, etc. according to the research
papers. Also, if uniform dispersion of reinforced materials was not achieved that will
result in a drop in the mechanical properties of metal matrix composite. Therefore,
by using friction stir processing to fabricate the MMCs can achieve the uniform
dispersion of reinforcement in the matrix.

2 Materials and Methodology

For, the purpose of fabrication of metal matrix composite, magnesium billet is
selected as matrix of the composite and graphene is selected as a reinforcement.
For that different specification of raw materials listed below:

1. Magnesium

The magnesium billets were purchased from Parshwamani Metals, Mumbai, Maha-
rashtra. India. The properties of the magnesium are listed in Table 1.

2. Graphene

The Graphene nanoparticles were purchased from Ad-Nano Technologies Private
Limited, Shimoga, Karnataka, India. The properties of graphene Nanopowders are
listed in Table 2.

This billet must be cut in such a way so that friction stir processing can be done
over it. So, the dimension which is selected for magnesium plate is 6 mm thickness,
60 mm width, and 100 mm length as shown in Fig. 1. In order to achieve this
dimension of magnesium plate, we have used power hacksaw machine so that the
aforesaid dimension can be achieved from the magnesium billet. In order to perform

Table 1 Specification of
magnesium

Specification

Colour Grey white

Purity >99.8%

Weight 7.5 kg
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Table 2 Specification of
Graphene

Specification

Colour Black powder

Purity >99%

Average thickness (z) 7.5 kg

Average lateral dimension (X & Y ) 1–4 nm

Numbers of layers 5 μm

Surface area −400 m2/g

Fig. 1 Preparation of magnesium specimen from magnesium billet

the friction stir processing, we must prepare an FSP tool, for that first we have
selected toolmaterial asD-3Tool steelwhose compositionhas alreadybeendiscussed
previously. The dimension of the tool is as follows:

1. Tool pin is 5.5 mm in length, and
2. Tool pin smaller diameter is 3 mm whereas
3. Tool pin larger diameter is 4 mm,
4. Shoulder diameter of Tool is 18 mm, whereas
5. Length of the shoulder of tool is 25 mm.

Friction stir processing tool is prepared with the help of center lathe machine and
the tool used is a ceramic tool for cutting the shape of FSP tool as shown in Fig. 2.
A groove is made in the magnesium plate with the help of a shaper machine. This
groove is generated in the magnesium plate, is used for the filling of nano-sized
graphene powder. After filling of groove with graphene powder, magnesium plate is
tightly fixed in the milling machine with the help of a fixture as shown in Fig. 3. Now,
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Fig. 2 Procedure for making tool of FSP

Fig. 3 Steps involved in working of FSP

tool produced for the FSP to be carried out is fixed in the tool post of the milling
machine. Now, different combinations of process parameters are tried and listed in
Table 3.
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Table 3 Different process
parameter

Tool speed (rpm) 630 1000 1600

Feed rate of tool (mm/min) 10 16 25

Angle of tilt (degree) 0 1 1.5

But out of many combinations we tried, it was found that following process
parameters stated below are well and good under our conditions:

1. Tool speed—1000 rpm
2. Feed rate of tool—10 mm/min
3. Angle of tilt—1.5°.

3 Results and Discussions

This section explains about the mechanical properties achieved by the composites,
which is prepared by the friction stir processing.

3.1 Tensile Test

For tensile testing, the FSPed sampleswere firstmilled and cut as per ASTMstandard
as shown in Fig. 4 into the following shape by the wire-cut EDM machine as shown
in Fig. 5.

Fig. 4 Various dimensions of tensile test specimen
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Fig. 5 Tensile sample after wire EDM process

Six test samples were prepared are as follows:

1. Pure magnesium sample (Pure Mg).
2. Friction stir processed pure magnesium sample with 0 vol. % Gr. (FSPed Mg).
3. Friction stir processed pure magnesium sample with 10 vol. % Gr. (10Gr/Mg).
4. Friction stir processed pure magnesium sample with 20 vol. % Gr. (20Gr/Mg).
5. Friction stir processed pure magnesium sample with 30 vol. % Gr. (30Gr/Mg).
6. Friction stir processed pure magnesium sample with 40 vol. % Gr. (40Gr/Mg).

The tensile samples were then tested for tensile strength in the Universal Testing
Machine (20KN). The results obtained are listed in Table 4.

As it can be clearly observed from Fig. 6, with increasing graphene vol. %, the
tensile strength of the composite increases, reaches maximum at 30 vol. % Graphene
content and then decreases for 40 vol. % reinforcement.

Similarly, same trend is observed in Fig. 7 for the different parameters of elonga-
tion which indicates that the ductility of the composite increases with the increase
in the volume percentage of graphene in the composite, but its ductility tends to
decrease after certain amount of reinforcement.

Table 4 Shows the result of tensile sample

Pure Mg. FSPed Mg 10Gr/Mg 20Gr/Mg 30Gr/Mg 40Gr/Mg

TS (MPa) 71.6 87.6 87.7 96.6 138.4 117.2

% ELONG. 11.2 14.6 15.5 10.2 25.0 19.9
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Fig. 6 Stress-strain plots for pure Mg, FSPed and with various volume percentage of graphene

Fig. 7 Load versus Elongation curve of pure Mg, FSPed and with various volume percentage of
graphene
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3.2 X-ray Diffraction Analysis

X-ray diffraction (PANalytical Empyrean) analysis was performed using an incident
Cu Kα radiation (λ= 1.5418 Å), at a tube voltage 30 kVwith a step size of 0.013 and
a counting time of 37.995 s/step with 2 theta values between 15° and 90°. In Fig. 8,
we can find the diffraction pattern of puremagnesium sample, here diffraction pattern
shows peaks at 28 = 32.2, 34.4, 36.6, 47.8, 63.1, 68.6 out of which the maximum
intensity is found at 28 = 36.6 and corresponding interlayer spacing(d-spacing) is
2.45Å.Wecan alsofind thediffractionpattern ofmagnesiumandgraphene composite
sample, here diffraction pattern shows peaks at 28= 34.2, 34.3, 36.6, 47.7, 62.8 out of
which the maximum intensity is found at 28= 34.2 and the corresponding interlayer
spacing is 2.61 Å. The crystal structure is a hexagonal lattice structure.

The chemical found in the composite ismagnesium and carbon. TheXRDanalysis
shows that the amount of carbon present in the composite is very low as compared
to the magnesium. The reason for the very low amount of presence of carbon is the
low mass of graphene in the composite. In FSP, continuous rotation of the tool pin
and shoulder resulted in formation of shear and compression stress. Furthermore,
temperature was increased due to contact of tool and workpiece resulted in shear
stress development along the pin columnandgenerating the shear texture distribution.

Fig. 8 XRD analysis of pure Mg and with a various composition of graphene
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4 Conclusions

In the current work, friction stir processing set up was done on the modified milling
machine. A metal matrix composite is successfully fabricated with magnesium as
matrix and graphene as reinforcement and the process used for the fabrication was
friction stir processing. Effects of reinforcement in magnesium were studied and
obtained the optimum percentage of graphene at which the mechanical properties
were improved. From result and discussions, it can be concluded that:

1. As the volume percentage of graphene increases in the composite, its strength
increases then decreases after 30 vol.% of graphene.

2. Also, concluded that with the increase in volume percentage of reinforcement
the ductility of the composite material increases.

3. As the rotational speed of milling machine is increased, we observed that the
composite material obtained is having tunnel.

4. From XRD analysis, we can say that peaks obtained are prominent and sharp,
also percentage of crystallization is more in composite when compared with the
pure magnesium.
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Strength Properties of M40 Concrete
with Rice Husk Ash as Partial
Replacement of Cement

Jaspreet Singh, Vishal kumar, Harkamal Singh, and Amar Singh

Abstract Strong material is key factor in measuring strength of a structure. For
strong structure, strength of material used should be high enough. If the concrete is
basically a condition and eco-friendly makes it more sustainable. That is the better
idea to make the structure eco-friendly, and also the use of material is less. The
purpose of the study is to expedite the improvement of infrastructure with help of
high-strength concrete. The study has one of themajor advantages that we can use the
waste material produced during farming in the improvement of strength of material
and in the construction part of mega structures. Research has indicated that concrete
consisting rice husk ash as some percentage of cement weight has improved the
performance of concrete. RHA contains 19–21% ash content with respect to weight
of rice husk.
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1 Introduction

1.1 Preface

Rice production in world is about 58 billion t/y, which is on the rise, while the world
population and rice consumption are increasing day by day.

The combustion ashes of the shells produced to an average of 19% by weight of
the rice husk. Before 1970, the ORS was generally produced by the uncontrolled
burning, and the crystals with poor pozzolanic properties were released.

2 Salient Features

• Concrete with RHA shows more resistance to extreme conditions in comparison
with plain cement concrete.

• It is more economical than plain cement concrete.
• It increases the workability of concrete.
• Cohesiveness and plasticity of concrete increase with the addition of RHA.
• Unit weight of RHA concrete is inversely proportional to RHA content.
• Durability of concrete is enhanced, and reduction in corrosion is absorbed.
• RHA enhances the impermeability of concrete.
• RHA has eco-friendly properties and is responsible for capital cost reduction of

a structure.
• Low-cost tiles and concrete blocks for building are made using RHA.

3 Physical Properties

• It feels soft when touched.
• It leaves the grey colour in hand when touched.
• The particle size is really very small with irregular shape (Table 1).

Table 1 Physical properties
of RHA

S. No. Properties Particulars

1 Appearance Grey coloured

2 Shape of particle Irregular

3 Mineralogy Non-crystalline

4 Size of granule <45 micron

5 Odour No odour

6 Sp.Gr. 2.41
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Table 2 Chemical properties
of RHA

S. No. Particulars Ratio (%)

1 SiO2 86.95

2 Al2O3 0.21

3 Fe2O3 0.11

4 CaO 0.3–2.2

5 MgO 0.2-0.6

6 Na2O 0.1–0.8

7 K2O 2.15–2.30

8 Loss on ignition 3.15–4.4

4 Chemical Properties

See Table 2.

5 Literature Review

5.1 Compressive Strength

Anil Kumar Suman [1]
In this work, the concrete strength at 7, 14 and 28 days interval is measured. Envelope
used rice ash is obtained from Kamal solvent extractions pvt ltd. which is located
in Rajnandgaon (Chhattisgarh). With increase in combustion temperature, the silica
content in the ash increases.

RHA improves the concrete properties besides reducing environmental polluter
factors. It was suggested that up to 30% of substitution of RHA is feasible without
compromising the strength of concrete.

Kartini et al. [2] studied replacement of 20 and 30% ordinary Portland cement
by wt. of RHA and with/without Sp, six (6) series of concrete specimens were cast,
namely OPC, RHA20, RHA30, OPCSp, RHA20Sp and RHA30Sp.

Flexural strength
Akeke et al. [3] experimentally examined the structural concrete by using OPC with
RHA. In the study which he conducted on bending properties to examine the MOR,
the values obtained after 28 days were noted and the tensile strength values are 1.84,
1.57 and 0.83 N/mm2 at 10, 18 and 22% substitution. This research is therefore a
performance investigation percentage replacement of RHA and ordinary Portland
cement in structural concrete.

Abdelalim [4] explained the performance of concrete in rigid roads with variation
in percentage of rice husk ash with cement weight for concrete quality mixture M40.
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In the result, he found less strength reduction in 5 and 10% of replacement. First of
all, there is an increase in the flexural strength, but after 10% replacement, the value
starts decreasing. Similarly, for 15, 20 and 25% replacement, the flexural strength
keeps on decreasing.

Split Tensile Strength
Akeke et al. [3] experimentally studied the influence of the introduction of rice husk
ash. He burned it for about 48 h in open air and uncontrolled combustion process.
The temperature while experimenting was 400–6000 °C. The sample was collected
and sieved through BS 75 um sieve size, and the colour found was grey. Assay was
carried out at volume percentages of replacing 10, 20 and 25% (Table 3).

At 10% replacement, the split tensile strength was found 1.94 N/mm2, whereas
at 20%, it was found 1.17. Similarly, at 30%, the value found as 0.91 only. Hence,
by raising the content of RHA, split tensile strength was found decreasing.

Ramakrishnan S, Velrajkumar G and Ranjith S (2006) explained the performance
of concrete for rigid concrete surface replacing different percentages of rice ash up
by weight of cement for concrete quality control mixture M40. In his research paper,
he studied the influence of the rice husk ash (RHA) on the performance of various
concrete parameters to produce an economic concrete for rigid pavements. Results of
28th-day split tensile strength for different percentage of RHA are as follows (Fig. 1).

The split tensile strength of the cement using rice husk ash concrete found less
impact on 5 and 10% replacement. First of all, split tensile strength increases, but

Table 3 Result of split
tensile strength

S. No. % replacement
(%)

Breaking load Split tensile
strength
(28 days)

1 10.00 304,738 1.94

2 20.00 91,500 1.17

3 30.00 79,500 0.91

Fig. 1 Split tensile strength test
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after 10% replacement, the value starts decreasing. Similarly, for 15, 20 and 25%
replacement, the split tensile strength keeps on decreasing.

6 Methodology Used for Mix Design

6.1 Concrete Mix Design

The compressive strength is said to be the important parameter of concrete. There-
fore, the design mix should be prepared keeping in view the permissible limits and
minimum requirements with appropriate workability. Codal provision of IS:10262-
2009 was followed. Following three steps must be followed for proportioning of
concrete mixes.

(i) Selection of appropriate ingredients like fine and coarse aggregates, water and
cement.

(ii) Relative quantities of components to have economical concrete.
(iii) Every phase of concrete making is to be carefully conducted.

6.2 Properties of Cement and Aggregates

See Tables 4, 5 and 6.

Table 4 Cement properties S. No. Properties Result IS code

1 Fineness 2.125 IS code 8112-1989

2 Specific gravity 3.09

3 Early setting time 30 min

4 Final setting time 9.7 h

5 Soundness 2 mm

Table 5 FA properties S. No. Properties Outcome

1 Sp.Gr. 2.732

2 Water absorption 1%

ZONE as per IS code 383-1970 III



254 J. Singh et al.

Table 6 Coarse aggregate
properties

S. No. Size of coarse
aggregate (mm)

Property Result

1 20 Specific gravity 2.71

Water absorption 0.55%

2 10 Specific gravity 2.68

Water absorption 0.50%

7 Preparation of Mix Design

• In this project, we are using the M40 grade of concrete mix design for testing
purpose.

• Mix design proportions are given in Table 7.

7.1 Testing of Specimens

Specimens, after casting were tested at 7 and 28 days interval of curing.

7.2 Compressive Testing Machine

The test samples were de-moulded after 24 h. Then, they were poured in water
tank for the predefined time. After desired time of testing, samples were taken out
of the tank and allowed for drying surface for 12–15 min; samples were tested in
compressive testing machine (CTM) at the load rate of 5 KN/sec recommended as
per IS code: 516-1959 (Fig. 2).

7.3 Result and Discussions

See Table 8 and Fig. 3.

Table 7 Mix design of M40 grade

Mix ratio Cement Sand CA Water

Ratio 1 1.64 2.36 0.45

Quantity 442 kg/m3 734.9 kg/m3 1048.53 kg/m3 176.5 kg/m3
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Fig. 2 Compressive testing
machine

Table 8 Result of slumps Mix RHA replacement (%) Slump value (mm)

M1 0 77

M2 5 72

M3 10 66

M4 15 60

M5 20 50

Fig. 3 Slump value results

77 72 66 60
50

M1 M2 M3 M4 M5

SLUMP VALUES (mm)
SLUMP
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7.4 Compressive Strength

Six cubes sized 150 mm × 150 mm × 150 mm that were cast are to be tested at
7 days and 28 days of curing for each mix, except for concrete mix containing carbon
nanotubes. Nine numbers of cubes of concrete were cast and tested after 28 days of
curing.

7.5 Result of Compressive Strength Test

See Table 9 and Fig. 4.

Table 9 Compressive
strength results

Concrete MIX RHA replacement
(%)

Compressive
strength (N/mm2)

7 days 28 days

M1 0 33.5 47.6

M2 5 36.7 49.1

M3 10 34.6 46.2

M4 15 31.9 40.1

M5 20 27.4 35.3

M6 25 21.1 27.4

0

10

20

30

40

50

60

M1 M2 M3 M4 M5 M6

Compressive strength Results
(N/mm2 )

7 Day 28 Days

Fig. 4 Result of compressive strength
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Table 10 Split tensile
strength of concrete

ST strength (N/mm2)

Sample 7 days 28 days

M1 2.163 3.021

M2 2.360 3.178

M3 1.921 2.643

M4 1.814 2.517

M5 1.586 2.118

M6 1.443 2.041

0
0.5

1
1.5

2
2.5

3
3.5

M1 M2 M3 M4 M5 M6
7 Days

Fig. 5 Split tensile strength

7.6 Splitting Tensile Strength

Six cubes sized 100 mm × 100 mm × 500 mm that were cast are to be tested at
7 days and 28 days of curing for each mix, except for concrete. Nine numbers of
cubes of concrete were cast and tested after 28 days.

7.7 Results of Split Tensile Strength Test

See Table 10 and Fig. 5.

7.8 Comparing Results

• As the project done is with RHA and without RHA, we need to compare the
results of the two.

• Now, below is the comparison of results of the project in the form of table and
graphical representation.
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7.9 Compressive Strength Result Comparison

See Table 11 and Figs. 6 and 7.

Table 11 Result comparison

Mix RHA replacement (%) Compressive strength
(N/mm2)

Flexure strength (N/mm2)

7 days 28 days 28 days

M1 0 33.5 47.6 3.037

M2 5 36.7 49.1 3.350

M3 10 34.6 46.2 3.151

M4 15 31.9 40.1 2.516

M5 20 27.4 35.3 2.185

M6 25 21.1 27.4 1.975

0

20

40

60

M1 M2 M3 M4 M5 M6

Compressive Strength and Flexure Strength 
line Chart (N/mm2) 

7 DAY 28 DAY Flexure 28 day

Fig. 6 Comparison of compressive and flexure strength

0

1

2

3

4

M1 M2 M3 M4 M5 M6

Flexure strength (N/mm2) 

28 days

Fig. 7 Flexure strength of concrete
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• From the above outcomes, we can conclude that the strength (compressive) of
concrete can be enhanced if a correct proportion of RHA is mixed properly.

• Flexure strength came out to be good at M2 grade in our testing, and after further
increase in RHA, we notice a sudden decrease in flexure strength.
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Influence of Graphene on Mechanical
Behavior of EVA Composite at Low
Strain Rate Loading

Kanwer Ajit Singh, Dinesh Kumar , and Prashant Jindal

Abstract The present study is aimed to examine the mechanical behavior of
graphene reinforced EVA composites at low strain rate loading under the influence
of the varying composition of graphene. Composites of EVA-based graphene have
been successfully prepared by using sigma mixing approach followed by Injection
molding. Uniform dispersion of graphene in the EVA matrix has been validated by
using FESEM technique. Tensile results show that the strength of the EVA/Graphene
composite has been increased with the increase in the composition of graphene in the
EVAmatrix. In comparison to pure EVA, a significant improvement of 25% has been
observed in the strength of EVA/Graphene composite with a minor composition of
Graphene (5wt%). Effect of varying strain rates (0.001 s−1, 0.01 s−1, and 0.1 s−1) has
also been studied and it has been noticed that the strength of EVA/Graphene com-
posite material has been increased with the increase in strain rate. Young’s modulus
of EVA/Graphene composite with 7–10 wt% of graphene has been increased in the
range of 21–27% in comparison to pure EVA. Uniform dispersion of Graphene and
their adhesion with EVAmatrix are the suggested reason for significant improvement
in mechanical properties of EVA-based composite material. The present study could
be beneficial for various low load-bearing applications of EVA-based composite
materials.
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1 Introduction

Nowadays, polymers are in high demand because of their excellent physical proper-
ties [1]. Polymers possess high strength toweight ratio, corrosion-free characteristics,
ease of fabrication, lower cost, lightweight, etc. But there are some limitations with
the use of polymer such as; low strength, low melting point, fatigue, failure under
periodic loading, etc. Therefore, modification of these polymers is required to sus-
tain with fluctuating load and temperature conditions. This modification of polymers
may require the addition of some foreign material into the base matrix [2, 3]. There-
fore, polymer composite fabrication has been drawn great interest by scientists to
achieve better properties than the polymer posses alone. Mechanically strong mate-
rial like graphene and carbon nanotubes can be used as filler material to improve the
mechanical properties of pure polymer [4, 5]. The improvement in the mechanical
performance of polymer-based composite material mainly depends on the extent of
dispersion of filler material [6]. There are several methods has been established in
the past by various scientists to fabricate high strength polymer-based composite
material by achieving uniform dispersion of filler material.

Park et al. [7] used polyethylene (PE)based graphene nanocomposites formechan-
ical characterization under the influence of the varying composition of Graphene.
Researchers reported noticeable improvement of 12 folds and 3 folds in tensile mod-
ulus of LDPE and HDPE, respectively, with 5 wt% of graphene oxide in compar-
ison to pure PE. Jindal et al. [8] worked on PC/MWCNTs composites for eval-
uating their mechanical properties at the varying composition of MWCNTs. This
group observed an improvement of 95% in elastic modulus and 150% in hardness
of composites with 2 wt% composition of MWCNTs. Stark et al. [9] worked on
Dynamic Mechanical Analysis EVA polymer. They reported that the glass tran-
sition temperature of EVA at the frequency level lies between −40 and −20 °C.
Tapas Kulia et al. [10] performed Dynamic Mechanical Testing on Dodecyl amine-
modified graphene/linear low-density polyethylene nanocomposites and observed
that the neat linear low-density polyethylene has low storage modulus as compare
to amine-modified graphene/linear low-density polyethylene. The same group of
researchers [11] studied the mechanical behavior of functionalized graphene (ODA-
G)/EVA composites and reported that tensile strength of the composites with 1 wt%
of ODA-G has been improved by 74% in comparison to pure EVA. Composites of
graphene possess better mechanical, thermal and electrical properties [1, 12]. Jindal
et al. [13] prepared Poly (methyl acrylate) (PMMA)/Multi-WalledCarbonNanotubes
(MWCNTs) and observed that hardness and modulus for composites with 5wt%
composition of MWCNTs have been enhanced by 44% and 27%, respectively, in
comparison to pure PMMA. Bing Na et al. [14] reported that the impact strength of
HDPE/EVA composites has been increased by 6 times in comparison to pure HDPE.

Tayebi et al. [15] worked on Graphene oxide (GO) and reduced graphene oxide
(RGO) reinforced low-density polyethylene (LDPE)/EVAcomposites. They reported
that Young’s modulus of 7 wt% (both RGO and GO) composites has been improved
by 92% and 65%, respectively, in comparison to pure LDPE. Guo et al. [16] worked
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on EVA/Ethylene-1-butene copolymer(EtBC) composite to evaluate their mechani-
cal properties under compressive and tensile loading. Scientists reported improved
tensile and compressive strength of composite material in comparison to pure EVA.

Serban et al. [17] used polyamide 12-based polymer to observe the effect of strain
rate and temperature variation on its mechanical properties. A noticeable improve-
ment of 410 and 185%was observed inYoung’smodulus and tensile strength, respec-
tively, in equivalence to pure polymer. Jindal et al. [18] used polycarbonate (PC) and
Multi-walled carbon nanotube composite(MWCNT-PC) to evaluate the mechanical
properties at different strain rates. Researchers observed that at 2wt% concentration
of MWCNTs, the impact strength is increased in the range of 10–20% in comparison
to pure PC. George and Bhowmick [19] reported improved electrical, mechanical,
and thermal properties carbon nanofiber reinforced EVA composites in comparison
to pure EVA. A lowwt% (1wt%) of carbon fiber was found sufficient to improve, ten-
sile strength by 61% in comparison to pure EVA. Yuan et al. [20] prepared graphene
reinforced EVA composites by using in situ polymerization to evaluate their electri-
cal conductivity by varying the composition of Graphene. With a low concentration
of RGO and PANI (4.0wt% and 8.0wt%, respectively) the conductivity of EVA is
enhanced up to 1.07× 10−1 S cm−1. Cheng et al. [21] reported improved mechanical
properties of poly (methyl methacrylate) PMMA by reinforcing it with EVA. Zhang
et al. [22] prepare EVA and organ clay composite by melt intercalation with twin-
extruder mixing. They concluded that Intercalate ability of EVA has been increased
as VA content is increased from 6 to 12 wt%. Zhang et al. [23] choose a range of
strain rate and temperature for basalt fiber reinforced polymer composites (BFRP)
to evaluate their tensile strength. With the variation of strain rate from 19 s−1 to
133 s−1, tensile strength and toughness increased by 45.5% and 17.3%, respectively,
in comparison to pure polymer. Kim et al. [24] reported that EVA/NR foam with
90% of EVA and 10% of NR formed at 165 °C has high tear strength and rebound
resilience in comparison to pure EVA foam.

After the comprehensive study of previous work, it has been observed that limited
work has been done on the static mechanical characterization of EVA-based compos-
ite. Few reports are available on the tensile characterization of EVA-based composite
material at varying composition of filler material. No work to best of our knowledge
has been reported on the influence of varying strain rate on graphene reinforced
EVA-based composite material. As EVA is used in various low load-bearing appli-
cations, therefore, the influence of varying strain rates becomes important to analyze
their effect on the mechanical performance of the composite material. Therefore,
the present study has been undertaken to evaluate the mechanical performance of
EVA/Graphene composite under the influence of varying strain rates and composition
of graphene.
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2 Experimental Section

2.1 Materials and Methods

Pure PU beads of EVA have been used as base material and Graphene has been used
as filler material. Twin-screw extrusion [25] followed by Injection molding [21–24]
have been used for the fabrication EVA-based Graphene composites. Beads of pure
EVA (10 gm) have been poured in the hopper of sigma mixture and temperature and
RPMof the equipment have been set at 225 °C and 25 rpm, respectively.Aftermelting
of EVA, Graphene has been poured to the hopper of sigma mixture and material in
the form of lumps has been obtained by varying the composition of Graphene (1,
3, 5, 7, and 10wt%). These lumps are further used for the fabrication of dog-boned
specimen (ASTM d638 type V). Specimens of pure EVA have also been fabricated
by the same techniques for evaluating the influence of Graphene on the mechanical
behavior of EVA. Before using for Injection molding, lumps have been used for
FESEM to assure the distribution of Graphene into EVA matrix. Representation
of different compositions of EVA/Graphene composite based on the percentage of
graphene in the composite is given in Table 1.

Figure 1 shows the FESEM image of the EVA/Graphene composite. Dark por-
tion shows the EVA and the highlighted portion is graphene because EVA has high
electron density than graphene. Wrinkles prove the presence of graphene in the
EVA/Graphene matrix [25, 26].

Fourier Transform-Infrared Spectroscopy (FTIR) of graphene is shown in Fig. 2.
In this Fig, the carbon–carbon bond [C=C] is represented by the peak at 1626 cm−1

(wave number) [27, 28].

2.2 Mechanical Characterization

Tensile tests have been performed on micro Universal Testing Machine (UTM) hav-
ing an axial load capacity of 1KN, and a stroke length of 50 mm. A small pre-load
has been applied to the specimen to ensure the grip of the specimen into the fixture.
These tests have been performed at room temperature and humidity of 55%.

Table 1 Nomenclature of
EVA-based Graphene
composite material

NAME Composition of Graphene in EVA (wt%)

EVA1 1

EVA3 3

EVA5 5

1EVA7 7

EVA10 10
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Fig. 1 FESEM images of 10wt% EVA/Graphene composite

Fig. 2 FTIR spectra of pure Graphene
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3 Results and Discussion

Figure 3 shows stress–strain plots of pure EVA and its composites with 3, 5 and
10wt% of Graphene. As Figure indicates, with the increase in the composition of
Graphene, the tensile strength of EVA/Graphene composite has been increased in
comparison to pure EVA.

Three strain rates (0.1 s−1, 0.01 s−1, and 0.001 s−1) have been taken into consider-
ation to analyze their individual effect and it has been observed that tensile strength
of EVA/Graphene composite has been increased with the increase in strain rate. The
value of tensile strength for pure EVA has been observed as 5.09MPa, 5.34 MPa and
5.78 MPa for 0.001 s−1, 0.01 s−1, and 0.1 s−1, respectively. A significant increase
in 13.55% of tensile strength of pure EVA has been observed when the strain rate
increases from 0.001 s−1 to 0.1 s−1. The value of tensile strength of EVA has been
increased for all the composition of Graphene under the influence of increasing strain
rate.

Tensile strength of EVA/Graphene composite with 5wt% concentration of
graphene has been observed as 5.39 MPa, 5.87 MPa and 6.79 MPa at 0.001 s−1,
0.01 s−1, and 0.1 s−1, respectively. Improvement of 25% in tensile strength of 5wt%
composite has been observed as the strain rate increases from 0.001 s−1 to 0.1 s−1.
Similarly, an improvement of 26%has been observed in the tensile strength of 10wt%
EVA/Graphene composite when the strain rate increases from 0.001 s−1 to 0.1 s−1.

Figure 4 shows the stress–strain plot for 10wt% EVA/Graphene composite at dif-
ferent strain rates. Figure 4 clearly depicts the tensile strength of composite increases

Fig. 3 Stress–strain plots for EVA/Graphene composites with varying composition of Graphene at
a strain rate of 0.1 s−1
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Fig. 4 Stress–strain plots for 10wt% EVA/Graphene composite at a varying strain rate

with the increase in strain rate. Tensile strength of 5.5 MPa has been observed at a
strain rate of 0.001 s−1 which increases to 6.4 MPa and 6.8 MPa for strain rate of
0.01 s−1 and 0.1 s−1, respectively.

Figure 5 shows the variation in Young’s modulus of EVA/Graphene composite
under the influence of varying composition of Graphene. It has been observed that
the modulus of composite material increases with the increase in Graphene compo-
sition. The value of Young’s modulus for pure EVA has been observed as 11.1 MPa
which peaks to 11.4 MPa, 12 MPa, 13.5 MPa, and 14.2 MPa, respectively for 3, 5, 7,

Fig. 5 Variation in Young’s
modulus of EVA/Graphene
composite at the varying
composition of Graphene
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and 10wt% of Graphene into EVAmatrix. A significant improvement in the range of
21–27% has been observed for 7–10wt% composition of Graphene in comparison
to pure EVA. Reinforcement with mechanically strong material like Graphene has
a significant effect on the static mechanical performance of EVA-based composite
material. Their uniform dispersion and adhesion with EVA matrix are the suggested
reasons for significant enhancement in the mechanical properties of composite mate-
rial. As Graphene sheet has a large surface area therefore the linkage between EVA
and Graphene will be more which increases the strength of composite material. This
implies that composite material has gained in mechanical performance and can be
used for low load-bearing applications instead of pristine polymer.

4 Conclusions

From the present work, the following conclusions can be drawn:

1. Composites of EVA with uniformly dispersed Graphene have been successfully
prepared by using Sigma mixing followed by Injection molding.

2. As EVA gets melted twice, therefore, there is no probability of the moisture
content in the composite material therefore, properties obtained are the actual
properties of the material.

3. Tensile strength of the EVA-based Graphene composite material has been
increased under the influence of the increasing composition of Graphene and
increasing strain rate.

4. Young’smodulus ofEVA-basedGraphene compositematerial also increaseswith
the increase in strain rate. A significant increase of 21–27% has been observed
for 7–10wt% composition of Graphene into EVA matrix.

5. After evaluating the present research work, it is safe to conclude that the com-
position of Graphene around 7–10wt% is sufficient to improve the mechanical
behavior of EVA-based composite material under low strain rate loading.

6. Uniform dispersion Graphene and their better adhesion and with EVAmolecules
are the suggested reasons for significant improvement in mechanical properties.

7. Further work can be done on the evaluation of the mechanical behavior of
EVA/Graphene composite material under dynamic loading conditions.

Acknowledgements This research work is financially supported by the Ministry of Human
Resource Development (MHRD) under the project (17-11/2015-PN-1).

Conflict of Interest Authors declare no conflict of interest during present research work.



Influence of Graphene on Mechanical Behavior of EVA Composite … 269

References

1. Mittal, G., Dhand, V., Rhee, K.Y., Park, S.-J., Lee, W.R.: J. Ind. Eng. Chem. 21, 11–25 (2015)
2. Bansal, S.A., Singh, A.P., Kumar, S.: Int. J. Appl. Mech. 10(07), 1850072 (2018). https://doi.

org/10.1142/S1758825118500722
3. Bansal, S.A., Singh, A.P., Kumar, A., Kumar, S., Kumar, N., Goswamy, J.K.: J. Compos.

Mater. 52(16), 2179–2188 (2018). https://doi.org/10.1177/0021998317741952
4. Moghadam, A.D., Omrani, E., Menezes, P.L., Rohatgi, P.K.: Compos. Part B Eng. 77, 402–420

(2015)
5. Bansal, S.A., Singh, A.P., Kumar, S.: AIP Conference Proceedings (2016). 1728, 020459

(2016). https://doi.org/10.1063/1.4946510
6. Noh, Y.J., Joh, H.-I., Yu, J., Hwang, S.H., Lee, S., Lee, C.H., Kim, S.Y., Youn, J.R.: Sci. Rep.

5, 9141 (2015)
7. Park, S., He, S., Wang, J., Stein, A., Macosko, C.W.: Polym. Test. 104, 1–9 (2016). https://doi.

org/10.1016/j.polymer.2016.09.058
8. Jindal, P., Goyal, M., Kumar, N.: Mater. Des. 54, 864–868 (2014, January). https://doi.org/10.

1016/j.matdes.2013.08.100
9. Stark, W., Jaunich, M.: Polym. Test. 30(2), 236–242 (2011). https://doi.org/10.1016/j.

polymertesting.2010.12.003
10. Kuila, T., Bose, S., Mishra, A.K., Khanra, P., Kim, N.H., Lee, J.H.: Polym. Test. 31(1), 31–38

(2012). https://doi.org/10.1016/j.polymertesting.2011.09.007
11. Kuila, T., Khanra, P., Mishra, A.K., Kim, N.H., Lee, J.H.: Polym. Test. 31(2), 282–289 (2012).

https://doi.org/10.1016/j.polymertesting.2011.12.003
12. Kim, H., Abdala, A.A., MacOsko, C.W.: Macromolecules. 43(16), 6515–6530 (2010). https://

doi.org/10.1021/ma100572e
13. Jindal, P., Sain, M., Kumar, N.: Mater. Today Proc. 2(4–5), 1364–1372 (2015). https://doi.org/

10.1016/j.matpr.2015.07.055
14. Na, B., Zhang, Q., Fu, Q., Zhang, G.: K. Shen. Polymer. 43, 7367–7376 (2002)
15. Tayebi,M.,AhmadRamazani S.A.,HamedMosavian,M.T., Tayyebi,A.: Polym.Adv. Technol.

26(9), 1083–1090 (2015). https://doi.org/10.1002/pat.3537
16. Guo, C., Zhou, L., Lv, J.: Polym. Polym. Compos. 21(7), 449–456 (2013). https://doi.org/10.

1002/app
17. Serban, D.A, Weber, G., Marsavina, L., Silberschmidt, V.V., Hufenbach, W.: Polym. Test. 32,

413–425 (2013). https://doi.org/10.1016/j.polymertesting.2012.12.002
18. Jindal, P., Pande, S., Sharma, P.,Mangla,V., Chaudhury,A., Patel, D., Singh, B.P.,Mathur, R.B.,

Goyal,M.: Compos. Part B Eng. 45(1), 417–422 (2013). https://doi.org/10.1016/j.compositesb.
2012.06.018

19. George, J. J., Bhowmick, A. K.: Nanoscale Res. Lett. 508–515 (2008). https://doi.org/10.1007/
s11671-008-9188-3

20. Yuan, N.Y.,Ma, F.F., Fan, Y., Liu, Y.B., Ding, J.N.: Compos. Part A. 43(12), 2183–2188 (2012).
https://doi.org/10.1016/j.compositesa.2012.06.003

21. Cheng. S, Chen, C.:. Eur. Polymer J. 40, 1239–1248 (2004). https://doi.org/10.1016/j.
eurpolymj.2003.11.022

22. Zhang, F., Sundararaj, U.: Polym. Compos. 25(5), 535–542 (2004). https://doi.org/10.1002/pc.
20047

23. Zhang, H., Yao, Y., Zhu, D., Mobasher, B., Huang, L.: Polym. Test. 51, 29–39 (2016). https://
doi.org/10.1016/j.polymertesting.2016.02.006

24. Kim, M.S., Park, C.C., Chowdhury, S.R., Kim, G.H.: J. Appl. Polym. Sci. 94(5), 2212–2216
(2004). https://doi.org/10.1002/app.21174

25. Kumar, D. Kaur, A., Aggarwal, Y.K., Uniyal, P., Kumar, N., Jindal, P.: I Manager: J. Mat.
Sci. 5(3), 8–14 (2017)

26. Kumar, D., Jindal, P.: Mater. Res. Express. 6, 1–10 (2019). https://doi.org/10.1088/2053-1591/
ab3ad7

https://doi.org/10.1142/S1758825118500722
https://doi.org/10.1177/0021998317741952
https://doi.org/10.1063/1.4946510
https://doi.org/10.1016/j.polymer.2016.09.058
https://doi.org/10.1016/j.matdes.2013.08.100
https://doi.org/10.1016/j.polymertesting.2010.12.003
https://doi.org/10.1016/j.polymertesting.2011.09.007
https://doi.org/10.1016/j.polymertesting.2011.12.003
https://doi.org/10.1021/ma100572e
https://doi.org/10.1016/j.matpr.2015.07.055
https://doi.org/10.1002/pat.3537
https://doi.org/10.1002/app
https://doi.org/10.1016/j.polymertesting.2012.12.002
https://doi.org/10.1016/j.compositesb.2012.06.018
https://doi.org/10.1007/s11671-008-9188-3
https://doi.org/10.1016/j.compositesa.2012.06.003
https://doi.org/10.1016/j.eurpolymj.2003.11.022
https://doi.org/10.1002/pc.20047
https://doi.org/10.1016/j.polymertesting.2016.02.006
https://doi.org/10.1002/app.21174
https://doi.org/10.1088/2053-1591/ab3ad7


270 K. A. Singh et al.

27. Kumar, D., Kumar, N., Jindal, P.: Mater. Today Proc. 5(2), 5636–5640 (2018). https://doi.org/
10.1016/j.matpr.2017.12.156

28. Bansal, S.A., Singh, A.P., Kumar, S.: J. Nanosci. Nanotechnol. 18, 1–7 (2018). https://doi.org/
10.1166/jnn.2018.16336

29. Kumar, S., Singh,A.P., Bansal, S.A.:Mater. Res. Express (2018). https://doi.org/10.1088/2053-
1591/AACFC0

https://doi.org/10.1016/j.matpr.2017.12.156
https://doi.org/10.1166/jnn.2018.16336
https://doi.org/10.1088/2053-1591/AACFC0


Development and Electrical Properties
of Titanium Dioxide-Based Polymer
Nanocomposite Structures

Sudhanshu Singh , Nitesh Singh Rajput, Deepshikha Rathore,
and Umesh Kumar Dwivedi

Abstract In the present work, we have prepared polymeric nanocomposites of
variousweight levels of polymer alongwithmetal oxide. Further, the crystallographic
and basic examinations were finished. In continuation, after the anode development
of the readied tests, the electrical measurement were performed. This test work
has demonstrated the better outcomes in all space, viz. structural and electrical
properties, which will make it appropriate for different electrical and mechanical
applications. The best instances of such arranged structures are supercapacitor, high
energy storing devices, and multi-layered capacitors etc.

Keywords Nanocomposites · PVDF and TiO2

1 Introduction

Titanium dioxide (TiO2) is a semiconductor material with a wide assortment of uti-
lization [1]. Titanium dioxide has been utilized for a long time (approx 90 years) in a
tremendous scope of mechanical and buyer merchandise including color sharpened
sunlight-based cells, paints, coatings, cements, paper and paperboard, plastics and
elastic, printing inks, covered textures and materials, impetus frameworks, pottery,
floor covers, roofing materials, beautifiers and pharmaceuticals, water treatment spe-
cialists, sustenance colorants and in car items, and so on [2–5]. TiO2, the oxide of the
metal titanium, happens normally in a few sorts of shake andmineral sands. Titanium
is the ninth most basic component in the worlds outside layer [6, 7]. TiO2 is regularly
thought of as being artificially dormant. Titanium dioxide (TiO2) is a white strong
inorganic substance that is thermally steady, non-combustible, ineffectively solvent,
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and not named risky as indicated by the United Nations’ (UN) Globally Harmonized
System of Classification and Labeling of Chemicals (GHS) [8–10].

PVDF is a claim to fame plastic material in the fluoropolymer family. PVDF
is a polar polymer with amazing compound, mechanical, and electrical properties.
PVDF has been generally utilized in numerous fields, for example, ultra filtration
and micro-filtration layers, terminal cover in lithium-particle batteries, microwave
transducers, and its interesting applications such as piezoelectric and pyroelectric
materials. Contrasted with other fluoropolymer, it has a simpler liquefy process in
view of its moderately low softening purpose of around 177 °C [11, 12]. It has a low
density (1.78 g/cm3). It is notable that nanoparticles are typically used to improve the
properties of polymer by straightforward mixing and the interfacial communication
among polymer and nanoparticles is urgent to the upgrade [13, 14].

Themost generally utilized oxide for photograph reactant applications attributable
to its ease and high action is TiO2 [15–17]. The revelation of the photolysis of water
on the outside of TiO2 in 1972 propelled for many years of serious examination into
the hidden synthetic and physical procedures included [18, 19]. Regardless of much
gathered proof, an altogether persuading clarification regarding why blended stage
tests of anatase and rutile outflank the individual polymorphs has stayed tricky [20,
21]. One long-standing contention is the vigorous arrangement of the band edges of
the rutile and anatase polymorphs of TiO2 [22].

In this work, we study that the composite films of TiO2 and PVDF were made
by softening press process and structural, thermal, and dielectric properties of these
structures have been considered.

2 Materials and Methods

2.1 Nanopolymeric Composite Films Preparation

Cleaned TiO2 powder from Thermo Fisher Scientific, India, and PVDF powder from
Aldrich, USA,was utilized in the readiness of the composite structures. The sanitized
powder of TiO2 (50 wt% proportion) was blended in the PVDF control in pastel and
mortar till 30 min. The powder blend was kept in a hardened bucket in the hot press
machine. The blend was warmed up to a temperature of 200 °C, and afterward, a
weight of 200 kg/cm2 was connected for 10 min. The temperature of the bite, the
dust was brought down to room temperature (30 °C) and afterward the weight was
discharged. A similar technique for planning was embraced for other synthesis of
the composite structures. The deliberate thickness of the composite film was about
0.5 mm. The roundabout indium terminals having a zone of 2.0 × 10−3 cm2 were
vacuum stored on one surface of the film, and on the other surface, indium is vacuum
kept on a bigger area.

Themorphology of the readied dainty filmswas analyzed utilizing a Zeiss EVO18
special edition scanning electron microscope. The prepared samples were covered
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with gold in programmed sputter coater (Quorum-Q150RS), and after that moved to
the electron magnifying instrument to be analyzed under connected voltage 20 kV.
The X-Ray diffraction estimation was performed to acquire the auxiliary data in
different sorts of unadulterated and composite structures utilizing diffractometer.
The X-Ray diffraction sweeps of different examples, for example, unadulterated
PVDF, 40 wt% TiO2 + PVDF composite film, 50 wt% TiO2 + PVDF composite
film, 60 wt% TiO2 + PVDF composite film and unadulterated TiO2 were taken. The
XRD sweeps were recorded utilizing Anchor Scan Xpert-Pro.

Magneto-dielectric setup—The example is set at the focal point of the electro-
magnet, and a LCR meter ascertains the dielectric/capacitance/electrical property of
the example. The current of the electromagnet is fluctuated which changes the attrac-
tive field connected to the example. The LCR meter estimates the electrical prop-
erties at various estimations of attractive field. Recurrence subordinate estimation
(20–120 MHz) can likewise be completed.

3 Results and Discussion

3.1 Scanning Electron Microscopy [Structural Properties]

Figure 1 underneath demonstrates the normal SEM pictures of 50 wt% of TiO2 and
PVDF composite structures. In the SEM results, it was done at the zoom level of
120,000× and high control up to 20 kV (Zeiss Instrument, USA), of the readied
tests and the outcomes demonstrate the correct installing of the polymer (PVDF) and
metal oxide (TiO2). These additionally demonstrate that the uniform structure ofTiO2

with PVDF, which makes it reasonable for appropriate and uniform electrical gadget
[23–26], where there is an exceptionally less deviation in the electrical properties,
or possibly noise, will be there in it.

3.2 Dielectric Measurement (Dielectric Constant)

The dielectric estimation was finished with the assistance of impedance analyzer
(MEIA instruments, Switzerland). In the device, the dielectric consistent (k-values)
has been determined at different temperature run. In the outcomes, at the lower tem-
perature, TiO2: PVDF indicates less k-value, which shows its uses at low-temperature
applications. As the temperature has been expanded, the k-values arrived at its most
extreme qualities. It portrays the center-level temperature range that will be the
ideal arrangement of the vast majority of the high energy storing devices [27–29],
multi-layered capacitors [27, 30, 31], supercapacitors [32–34], and so on. All these
data were taken at high recurrence of 1 kHz. While at higher temperature, the k-
values got stringent behaviour because of the entry of the glass transient temperature
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for the PVDF. The k-values ranges from 50 to 60, while the temperature changed
from room temperature, i.e., 25 °C to around 180 °C (Fig. 2).

Fig. 1 SEM of the sample

Fig. 2 50 wt% (TiO2 +
PVDF) temperature versus
dielectric constant @ 1 KHz
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3.3 X-Ray Diffraction (XRD) (Crystallographic Properties)

The XRD example of the of unadulterated PVDF, Pure TiO2 and diverse filler cen-
tralization of TiO2: PVDF composite structures at room temperature are appeared
in Fig. 3. The graph shows the (β-stage) rutile stage development of TiO2 in all the
synthesis of various filler convergence of TiO2: PVDF composite with no extra stage
at room temperature. X-beam diffraction crests for planes (101), (004), (200), (105),
and (211) at relating Bragg Angles 2θ = 25.24°, 37.81°, 48.05°, 53.99°, and 55.07°
authenticate the development of rutile structure of TiO2 in the composite structures
at room temperature. From Fig. 4, it has been seen that the pinnacle positions are
indistinguishable for all the distinctive filler focus composite tests at room tempera-
ture, which shows that there is no critical change in the grid parameters as likewise
exhibited in the work done by different scientists [1–6, 11–18, 24–28, 34, 35]. The
majority of the diffraction tops on comparing the Bragg edges (2θ ) coordinate with
the standard information for a rutile—structure (JPCDS 36-1451) of TiO2—which
shows that the nearness of PVDF does not influence in the advancement of new pre-
cious stone directions or change in special directions of TiO2. No diffraction pinnacle
has been seen at 2θ = 13° in the unadulterated TiO2 and diverse filler convergence of
TiO2 in PVDF composite structures as appeared in Fig. 3 The power of the pinnacles
increases with the expansion in the filler centralization of TiO2 in the composite
structures. This demonstrates expanded crystallinity (Table 1).

Fig. 3 XRD pattern of
different filler concentration
of TiO2
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3.4 Electrical Characterizations (Capacitance, Conductance,
Resistance, D Factor, Phase Angle, and Inductance
Measurement)

The electrical investigations have been finished with the assistance of impedance
analyzer instrument (USA Inc). In this instrument, the temperature fluctuations have
been gotten for estimating capacitance, conductance, and impedance estimations of
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Table 1 Peaks in XRD

TiO2
wt% in
(TiO2 +
PVDF)
composite
films

2θ Peak
value

Average
peak
value

D factor Crystallite
size (nm)

Average
crystallite
size (nm)

Lattice
strain

100%
TiO2

25.3223 4804.45 2081.031 0.1584180 50.80657544 44.53798503 0.0031

100%
TiO2

37.805 725.3921 0.1851363 44.83507976 0.0024

100%
TiO2

48.0381 713.25 0.2264126 37.97229988 0.0022

20% TiO2 25.295 3609 2435.5 0.4975836 16.17466001 15.74418418 0.0097

20% TiO2 – – – – –

20% TiO2 48.065 1262 0.5614778 15.31370835 0.0055

40% TiO2 25.4350 3836.46 1672.891 0.1800645 44.70874921 39.5240995 0.0035

40% TiO2 37.895 558.6027 0.2184097 38.01496135 0.0028

40% TiO2 48.125 623.6092 0.2399067 35.84858794 0.0023

50% TiO2 25.295 4819.239 2068.498 0.1536664 52.37479084 44.34772421 0.0030

50% TiO2 37.805 650.3962 0.1982548 41.86834708 0.0025

50% TiO2 48.035 735.8589 0.2215798 38.80003472 0.0022

60% TiO2 25.415 2765 1285.798 0.1814200 44.3729559 39.90915498 0.0035

60% TiO2 37.925 487.277 0.2106552 39.41788707 0.0027

60% TiO2 48.125 605.1167 0.2393190 35.93662196 0.0023

80% TiO2 25.325 4407 2302.667 0.4398365 18.29934231 17.22565625 0.0085

80% TiO2 37.865 1060 0.5449553 15.23444295 0.0069

80% TiO2 48.155 1441 0.4740801 18.14318349 0.0046
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the readied tests of different weight rates of the examples. As the temperature was
expanded, the capacitance expanded in the diagrams, which showed that the TiO2

assumed an indispensable job for electrical applications for models, supercapacitor,
multi-layered capacitors, and so on. Same sort of wonders and examination had been
appeared for the conductance and impedance investigation moreover. Regardless of
this one of a kind marvels, sooner or later the every single electrical parameter were
get strayed results, which were occurred because of some clamor at the structural
condition like some other natural reasons [36]. The capacitance worth changed from
1.98 to 2.12 pF during the temperature differences of 25–160 °C. This will be the
most ideal condition for these polymer composite structure as in super capacitors
applications.

In a similarway, the conductance esteems are likewisemoving toward itsmost ele-
vated worth. In continuation, the obstruction estimations were taken for the 50 wt%
of the PVDF: TiO2 tests for the temperature scope of 250–1600 °C. The impedance
esteems came in the negative reason (approx−100 mH), due to the properties of dis-
playing vitality. Obstruction esteems were likewise differed inside 200M� territory,
which shows the profoundly resistive conduct of PVDF. The dielectric loss property
of PVDF: TiO2 and stage point of the examples, show its counter inverse properties
for a similar temperature extend. So, overall at the given and consistent recurrence,
as the temperature get changed, the conduct of the examples was turned out to be
one of a kind, which will demonstrate it as superior electrical applications [37].

So, from the basic, morphological, crystallographic, and electrical outcomes, it is
seen that after the different emphases of fluctuating level of PVDF: TiO2, 50 wt% is
the best ideal incentive formaking tests. The best solvents are acetone and chloroform
for this sort of work having PVDF: TiO2 blends. Mixture strategies, sol–gel process,
finger cathodes are the best method for making tests for this work. The best electrical
outcomes were acquired in the scope of close to room temperature 25 °C, that makes
it exceptionally extraordinary to work with in anyplace, without the intrusion of need
of profoundly, exorbitant, and modern labs [35–38].

The resistance , inductance, capacitance, conductance, D factor, and stage point
esteems exhibited different working zones for different applications in the field of
science, technology, engineering, and mathematics (STEM) space. The less qual-
ities zone are best appropriate for low-temperature applications, while the center
temperature reason is best for the majority of the everyday schedule machines, while
to wrap things up, the higher temperature reason zone is best appropriate for high
temperature zone, for example, in aviation, atomic, warm enterprises, etc.

4 Conclusion

From the all electrical and morphological investigations, we might be in a situation
to express that the PVDF-based polymer nanocomposites are showing great conduct
with the adjustments in temperature. This sort of properties is best appropriate for
detecting applications just as better directing applications in the zone of electrical
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and hardware. Additionally, stage edge plot versus temperature is portraying its
reasonableness for the exchanging conduct applications.
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Investigation of Structural
and Electronic Properties of BaX (X = S,
Se, and Te): A DFT Study

Agnibha Das Majumdar, Neha Munjal, Uma Kamboj, and Karan Dogra

Abstract The current paper is about the properties of barium chalcogenides
compounds, using the first-principle total energy calculations within linear combina-
tion of atomic orbital method. The work is basically built up using density functional
theory with the coordination of CRYSTAL coding. Becke and PBE scheme was
used as the exchange-correlation potential for constructing Kohn–Sham Hamilto-
nian. Several structural and electronic properties, such as lattice constant (a), bulk
modulus (B0) and bandgap (Eg), have been studied. All the results obtained were
found to be in good agreement with the earlier works.

Keywords DFT · Barium chalcogenides · LCAO · Structural properties ·
Electronic properties

1 Introduction

Acompound semiconductor ismade up of two differentmaterials from twodissimilar
groups of the periodic table. The BaX compounds belong to II-VI group. Barium
chalcogenides are inorganic crystalline solid and are colourless. The present bandgap
for BaS is 3.88 eV, for BaSeis 3.58 eV, and for BaTe is 3.08 eV. At ideal temperature
and pressure, these compounds exhibit closed-shell ionic structural system. Also,
they have shown their stability in rock salt (B1) structure.

In the past, as there was only the high production of silicon as a semiconductor
material, (Earlier, silicon was largely produced as a semiconductor material while)
compound semiconductors were not commercialized in a wider way. However, in
recent years, semiconductor prices are reduced. Presently semiconductor compounds
are commercialized in a wide manner.
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Also, those compounds are having great importance through their fundamental
properties, and overcome the gap between silicon and recent days’ semiconductor
compounds.

As barium chalcogenides compounds like BaS, BaSe, BaTe and their various
alloys, are having a short wavelength, those are used optoelectronic applications.
Now it is important to understand their structural and electronic properties for their
usage in all types of electronic displays.

The article is organized as various sections: In Sect. 2, literature have been
explored. In Sect. 3, computational methods and in Further in segment 4, results
and discussions for structural properties are presented. Finally, the conclusion has
been presented in Sect. 5.

2 Literature Review

The electronic and structural properties of barium chalcogenides compounds have
been calculated byBouhemadou et al. [1]. In thiswork, they have two approximations
i.e. Local Density Approximation (LDA) and Generalised Gradient approximation
(GGA). The calculated bulk modulus and lattice constant at a stable state agree
with the previous computational and experimental data. They concluded that their
calculated band gaps are in the best approximation with other computational val-
ues but slightly differ with experimental ones. The electronic properties of barium
chalcogenides were systematically observed by Lin et al. [2] using the correlation
with density functional theory. In this paper, Cambridge serial total energy package
(CASTEP) has been used for stimulation. The properties of an electronic system
of the semiconductor compounds having oxygen atoms within it always differ from
the compounds having no oxygen atoms within it. Their results predict that energy
bandgap can be adjustable by emerging the oxygen atom into the lattice system.
Tuncel et al. [3] used DFT as inbuilt in SIESTA code to determine the elastic, struc-
tural, lattice dynamical and thermodynamic properties of barium chalcogenides in
rock salt and CsCl structure. In this work, the bulk modulus, the pressure derivative
of bulk moduli, lattice constants, transition pressures, elastic constants, etc. have
been determined and the outcoming values are, usually, closely in tune with existing
experimental values and some computational data. The elastic as well as structural
properties of barium chalcogenides under a high-pressure condition have been cal-
culated by Arya et al. [4] using interionic potential of two-body problem approaches
with a modified charge of ion. In B1 structural phase to B2 structural phase for
the barium chalcogenides compounds, the equation of states has been predicted and
observed that at a particular pressure phase transition occurs. They concluded that
the determined values of transitional pressure from one phase to another phase, the
percentage of volume collapsed, cohesive energies and lattice constant of the BaX
compounds are in excellent agreement. It has also been shown that the cohesive
energy decreases as X changes from S to Te. It suggests that BaTe is more com-
pressible than BaS. Bhardwaj et al. [5] have calculated structural phase transition
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under high pressure for the BaO, BaSe, and BaTe compounds with a help of ionic
interaction potential approach of a three-body system, which is a MTBIP approach
and also it has been revised by integrating the covalency effects. They have assumed
a zero-point energy effect. This zero-point energy can be defined by the ground state
energy in which the compounds can make some band. Using some parameters from
the standard model, they have obtained that the values for the phase transition pres-
sures obtained from the TBIP approach show an excellent contract with experimental
values. Also, with the variation of cation–anion radii ratio, the pressure for the phase
transition from NaCl to CsCl structure varies inversely. Drablia et al. [6] have used
FP-LAPW method. In this work, they have used both LDA and GGA. They have
determined the various properties of bariumchalcogenides compounds and in chalco-
genides compound series they have used O, S, Se, Te and Po elements in the stable
phase. The electronic band structure calculations predict that except BaO compound
among the above compounds all are having the bandgap of indirect type, whereas
the bandgap of BaO is direct. The dielectric function is having an imaginary part.
That part has shown various certain interband transitions. The reflectivity has been
also calculated. And the obtained values are in good contract with other previously
done computational data. First-principles calculations have been used by Haj Hassan
and Akbarzadeh [7] to determine the bond structures and properties related to elastic
constants of the BaX compounds. This study has been done for those compounds
at stable phase as well as at the phase where high pressure applied Full potential-
linearized augmented plane wave (FP-LAPW) method has been performed, which
is a density functional study with WEIN2K code. They have used LDA first with
the combination of GGA and then again without the combination of GGA for total
energy optimization with exchange-correlation functions.

BaX compounds have shown a transition from B1 phase to B2 phase under some
standard condition. For investigating the properties they have utilized LDA in and
without a combination of GGA. At certain different values of unit cell’s volumes,
the total energy calculations have been done at the stable phase and the results were
fitted with the Brich–Murnaghan’s equation of state. For the BaX compounds, the
optical and electronic properties have been calculated with the DFT by Pourghazi
and Dadsetani [8]. They have studied mainly NaCl (B1) crystal structure. FP-LAPW
method has been used to obtain the electronic band structures of the barium chalco-
genides compounds. For constructing the Hamiltonian equation, the WIEN2K code
has been used. GGA scheme is used for the exchange-correlation potential treatment.
The spin–orbit coupling was taking place to calculate the optical and electronic prop-
erties and then the same process had been followed without the spin–orbit coupling
also to find the same properties. Also, some important parameter like dielectric func-
tion, the reflectivity, the optical absorption coefficient, and the energy loss function
has been calculated. Their calculations revealed that the inclusion of the spin–orbit
coupling decreases the energy band gap by about 0.27 eV, 0.24 eV and 0.16 eV for
BaTe, BaSe and BaS, respectively. Benamrani et al. [9] have performed energy opti-
mization with first-principle study within the pseudo-potential plane wave method as
inbuilt in ABINIT to investigate the properties of BaX in B1 as well as B2 structures.
The vibrational, elastic and dynamical properties have been determined within the
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LDA. By changing the volume of unit cells the dependence of the pressure with the
structural, vibrational and lattice dynamical parameters have been calculated simul-
taneously. It was concluded in this work that the vibrational and elastic properties
and also the lattice dynamics are determined with the help of DFT approach and the
results for elastic constant values are in an excellent agreement with another observed
data using LDA-FP-LAPW method.

3 Computational Method

Linear combination of atomic orbital, a first-principle approach has been done to
determine the structural and electronic properties of barium chalcogenides com-
pounds in this paper. For the calculations, the Kohn–Sham Hamiltonian is solved in
the DFT as present in the CRYSTAL06 code. The Kohn–Sham Hamiltonian built
taking into an account the Becke exchange program and PBE correlation scheme. To
calculate the structural properties of barium chalcogenides the energy optimization
was done by minimizing the total energy with respect to the unit cell volume for
each crystal structure. The calculated results are verified with the existing results.
The self-consistent calculations are used taking into account 84 k points of the Bril-
lion zone irreducible with sufficient tolerance level. The self-consistency has been
achieved by 55% mixing within nine cycles.

3.1 Result and Discussion

In the structural properties lattice constant and bulk modulus of BaX compounds
in B1 structure as well as in B2 structure have been computed by the total energy
optimization with the variation of volume of primitive cell of the crystal by LCAO
method. Figures 1, 2, 3, 4, 5 and 6 represent the energy versus volume curve for the
XH. In these figures, the dots represent the calculated energies through DFT and the
curves represent the fitted energies to the Brich–Murnaghan equation of state, which
is represent mathematically by

E(V ) = Eo + 9VoBo
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Here,E(V ) is energy corresponds to a particular volume,Eo is equilibrium energy,
V o is the corresponding volume and Bo is bulk modulus and B ′

o is the pressure
derivative of bulk modulus.

In Table 1 structural parameters are shown.
The electronic band structures of barium chalcogenides compounds have been

examined in the stable state of lattice constant and are shown in Figs. 7, 8 and 9. In
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Fig. 4 Energy versus
volume plot for BaSe (B2)
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Fig. 5 Energy versus
volume plot for BaTe (B1) BaTe B1
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Table 1 Present and previously calculated lattice parameter (a), bulk modulus (B0) for the barium
chalcogenides compounds

Compound BaS (B1) BaS (B2) BaSe (B1) BaSe (B2) BaTe (B1) BaTe (B2)

Lattice constant

Present
work

6.48 3.88 6.78 4.03 7.08 4.24

Others
calculations

6.27 [4],
6.4
46 [7],
6.27
2 [9]

3.73 [9],
3.76 [3]

6.668 [7],
6.48 [9],
6.45 [3]

3.87 [9],
3.84 [3]

7.079 [7],
6.8
68 [9],
6.87 [3]

4.117 [9],
4.08 [3]

Bulk modulus

Present
work

48.8 57 44 48 41 43

Others
calculations

43.43 [4],
4
8.45 [7],
50
86 [9]

52.62 [7],
56
74 [9],
57.23 [3]

41.29 [7],
46.25 [9]

46.28 [7],
48
62 [9]

33.02 [7],
35
41 [9]

39.81 [7],
39
51 [9]

Fig. 7 Plot for energy band
gap of BaS

the Brillouin zone, W(0.5, 0.25, 0.75), L(0.5, 0.5, 0.5), (0.0, 0.0, 0.0), X(0.5, 0.0,
0,0), W(0.5, 0.25, 0.75) and K(0.375, 0.375, 0.75) are the various symmetry points
considered.

It has been observed from the figures that BaS, BaSe and BaTe have indirect ( -X)
bandgap.

These values are consistent with the previous calculations. The calculated results
of band gaps for barium chalcogenides are given in Table 2.
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Fig. 8 Plot for energy band
gap of BaSe

Fig. 9 Plot for energy band
gap of BaTe

Table 2 Experimental
energy gap value for barium
chalcogenides

Compounds Present work Others calculations

BaS 3.72 2.330 [8], 3.07 [1]

BaSe 3.52 2.081 [8], 2.77 [1]

BaTe 3.02 1.607 [8], 2.36 [1]

4 Conclusion

In summary, LCAO method has been used to perform first-principle calculations to
investigate the structural and electronic properties of the BaX compounds. It has
been observed that according to total calculated energy the B1 phase for barium
chalcogenides is more stable as compare to B2 phase. The calculated energy band
gap for BaX are 3.72, 3.52 and 3.02 eV. The calculated structural and electronic
properties for barium chalcogenides are in excellent contract with previous studies.
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