
Lecture Notes in Mechanical Engineering

Chander Prakash
Grzegorz Krolczyk
Sunpreet Singh
Alokesh Pramanik   Editors

Advances in 
Metrology and 
Measurement 
of Engineering 
Surfaces
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 • Grzegorz Krolczyk •

Sunpreet Singh • Alokesh Pramanik
Editors

Advances in Metrology
and Measurement
of Engineering Surfaces
Select Proceedings of ICFMMP 2019

123



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

Grzegorz Krolczyk
Department of Mechanical Engineering
Opole University of Technology
Opole, Poland

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

Alokesh Pramanik
Curtin University
Perth, WA, Australia

ISSN 2195-4356 ISSN 2195-4364 (electronic)
Lecture Notes in Mechanical Engineering
ISBN 978-981-15-5150-5 ISBN 978-981-15-5151-2 (eBook)
https://doi.org/10.1007/978-981-15-5151-2

© Springer Nature Singapore Pte Ltd. 2021
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, expressed 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/10.1007/978-981-15-5151-2


Contents

On Study of Stress Intensity Factors for Different FGM Plates Having
Inclined Edge Crack Using Extended Finite Element Method . . . . . . . . 1
Vikas Goyat, Suresh Verma, and Ramesh Kumar Garg

Analysis of Sensitization in Austenitic Stainless Steel-Welded Joint . . . . 13
Hitesh Arora, Viranshu Kumar, Chander Prakash, Danil Pimenov,
Mandeep Singh, Hitesh Vasudev, and Vishaldeep Singh

Comparative Analysis on Mechanical Properties of Al 6061
and Al 7075 Cross Matrix Composites . . . . . . . . . . . . . . . . . . . . . . . . . . 25
R. Balaji, J. V. Muruga Lal Jeyan, A. Basithrahman, Talasila Estheru Rani,
and S. Abirami

Tensile and Flexural Behaviour of Areca Husk Fibre Reinforced
Epoxy Composite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Sakshi S. Kamath, D. N. Punith, S. Preetham, S. N. Gautham, Janardhan,
K. Lalith Yashwanth, and Basavaraju Bennehalli

Control Techniques and Failure Mode of Active Magnetic Bearing
in Machine Tool System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Shishir Bisht, Nitin Kumar Gupta, and G. D. Thakre

A Technological Review on Temperature Measurement Techniques
in Various Machining Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Vineet Dubey, Anuj Kumar Sharma, and Rabesh Kumar Singh

Development of a Model for the Number of Bends During Stirrup
Making Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
S. N. Waghmare, Sagar D. Shelare, C. K. Tembhurkar, and S. B. Jawalekar

Numerical Analysis of Heat Transfer in Ferrofluid Under Constant
External Magnetic Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Jaswinder Singh Mehta, Rajesh Kumar, Harmesh Kumar, and Harry Garg

v



Formulation of a Mathematical Model for Quantity of Deshelled Nut
in Charoli Nut Deshelling Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Sagar D. Shelare, Ravinder Kumar, and Pravin B. Khope

On Investigation of Dimensional Deviation for Hybrid Composite
Matrix of PLA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
Sudhir Kumar, Rupinder Singh, T. P. Singh, and Ajay Batish

Performance Evaluation of Graphene-Gear Oil Nanolubricants
in Rayleigh Step Bearing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Gaurab Kumar Ghosh, Ankit Kotia, Niranjan Kumar,
and Subrata Kumar Ghosh

The Effect of Two-Step Austempering on Abrasion Wear
Characteristics of the Ductile Cast Iron . . . . . . . . . . . . . . . . . . . . . . . . . 119
C. S. Wadageri, R. V. Kurahatti, Dayanand M. Goudar,
Vijaykumar Hiremath, and V. Auradi

Effect of Particle Content and Temperature on Steady-State Creep
in Thick Composite Cylinder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
Gagandeep Singh Kohli, Tejeet Singh, and Harwinder Singh

Comparative Study on Wind Tunnel Calibrating Instruments . . . . . . . . 139
Akhila Rupesh, J. V. Muruga lal Jeyan, V. M. Ram Mohan,
K. Praveen Kumar, T. Abhishek, T. Ashish,
K. V. V. M. Reddy, and Greeshma Maddireddy

Wear and Friction Study of the Coated Piston Rings Material . . . . . . . 149
Vinayak Goel, Mudit Shukla, and Vipin Kumar Sharma

Thermal Conductivity Analysis of Graphene Oxide Nanofluid
Using Three-Level Factorial Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
Munish Gupta, Jodh Singh, Harmesh Kumar, and Rajesh Kumar

Design Optimization of Go-Kart Chassis Frame Using Modal
Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
A. A. Dere, Manpreet Singh, A. Thakan, Rajeev Kumar,
and Harpreet Singh

Effect of Process Parameters on Water Absorption and Impact
Strength of Hybrid PLA Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
Guravtar Singh Mann, Lakhwinder Pal Singh, Pramod Kumar,
and Sunpreet Singh

Comparative Investigation of Different Types of Cutting Fluid
in Minimum Quantity Lubrication Machining Using CFD . . . . . . . . . . . 199
Payal Chauhan, Anjali Gupta, Amit Kumar Thakur, and Rajesh Kumar

vi Contents



To Study the Effect of Loading on Defect Signature
by Using Statistical Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
Rajeev Kumar, Manpreet Singh, Jaiinder Preet Singh, Piyush Gulati,
and Harpreet Singh

Vibration Analysis of Carbon Fiber and Glass Fiber
Composite Beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
Ajay Kumar Kaviti and Amit Kumar Thakur

Analysis of Transient Thermal Temperature Distribution Over
Service Life of Taper Roller Bearing Using FEA . . . . . . . . . . . . . . . . . . 231
Rajeev Kumar, Manpreet Singh, Jujhar Singh, and Siddique Khan

Incipient Fault Detection in Roller Bearing Using Ultrasonic
Diagnostic Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
Shashikant Pandey, P. Sateesh Kumar, M. Amarnath, Teki Tanay Kumar,
and Paladugu Rakesh

Comparative Analysis of Imaging and Novel Markerless Approach
for Measurement of Postural Parameters in Dental Seating Tasks . . . . . 253
Vibha Bhatia, Jagjit Singh Randhawa, Ashish Jain, and Vishakha Grover

Contents vii



About the Editors

Dr. Chander Prakash is Associate Professor in the School of Mechanical
Engineering, Lovely Professional University, Jalandhar, India. He has received
Ph.D in mechanical engineering from Panjab University, Chandigarh, India. His
area of research is biomaterials, rapid prototyping & 3-D printing, advanced
manufacturing, modeling, simulation, and optimization. He has more than 11 years
of teaching experience and 6 years’ of research experience. He has contributed
extensively to the world in the titanium and magnesium based implant literature
with publications appearing in Surface and Coating Technology, Materials and
Manufacturing Processes, Journal of Materials Engineering and Performance,
Journal of Mechanical Science and Technology, Nanoscience and Nanotechnology
Letters, Proceedings of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture. He has authored 60 research papers and 10 book
chapters. He is also editor of 3 books: “Current Trends in Bio-manufacturing”; “3D
Printing in Biomedical Engineering”; and “Biomaterials in Orthopaedics and Bone
Regeneration - Design and Synthesis”. He is also guest editor of 3 journals: special
issue of “Functional Materials and Advanced Manufacturing”, Facta Universitatis,
Series: Mechanical Engineering (Scopus Indexed), Materials Science Forum
(Scopus Indexed), and special issue on “Metrology in Materials and Advanced
Manufacturing”, Measurement and Control (SCI indexed).

Prof. Grzegorz Krolczyk is Professor in the Opole University of Technology. He
is an originator and a Project Manager of OUTech’s new Surface Integrity
Laboratory. In his career he has held positions such as: head of unit design and
technology, product engineer, production manager, product development engineer
and production director. He is the co-author and project leader of a project
Innovative, energy-efficient diaphragm flow device of a new generation. His
industrial engineering experience was gained while working in a European holding
company involved in machining of construction materials and plastic injection,
where he was responsible for contacts with companies on technical issues such as
quotation and implementation of new products. In professional career he was
responsible from the implementation to production of products such as peristaltic

ix



pumps, ecological sprayers to spray organic pesticides and many pressure equip-
ment operating e.g. in chemical plants. As a production manager, he was respon-
sible from implementation to production and launching the assembly line for
innovative sprayer ultra-low volume spraying system. He is author and co-author of
over 80 scientific publications and nearly 20 studies and implementation of
industry. The main directions of scientific activity are surface metrology, opti-
mization of geometrical and physical parameters of surface integrity, optimization
of production and cutting tool wear analysis in dry machining process of
difficult-to-cut materials. He is also editor of various Journals and Books.

Dr. Sunpreet Singh is researcher in NUS Nanoscience & Nanotechnology
Initiative (NUSNNI). He has received Ph.D in Mechanical Engineering from Guru
Nanak Dev Engineering College, Ludhiana, India. His area of research is additive
manufacturing and application of 3D printing for development of new biomaterials
for clinical applications. He has contributed extensively in additive manufacturing
literature with publications appearing in Journal of Manufacturing Processes,
Composite Part: B, Rapid Prototyping Journal, Journal of Mechanical Science and
Technology, Measurement, International Journal of Advance Manufacturing
Technology, and Journal of Cleaner Production. He has authored 10 book chapters
and monographs. He is working in joint collaboration with Prof. Seeram
Ramakrishna, NUS Nanoscience & Nanotechnology Initiative and Prof. Rupinder
Singh, manufacturing research lab, GNDEC, Ludhiana. He is also editor of 3
books- “Current Trends in Bio-manufacturing”; “3D Printing in Biomedical
Engineering”; and “Biomaterials in Orthopaedics and Bone Regeneration - Design
and Synthesis”. He is also guest editor of 3 journals- special issue of “Functional
Materials and Advanced Manufacturing”, Facta Universitatis, series: Mechanical
Engineering (Scopus Indexed), Materials Science Forum (Scopus Indexed), and
special issue on “Metrology in Materials and Advanced Manufacturing”,
Measurement and Control (SCI indexed).

Dr. Alokesh Pramanik is currently a lecturer in the School of Civil and
Mechanical Engineering, Faculty of Science and Engineering, Curtin University.
He received his Ph.D in Mechanical Engineering from The University of Sydney
and Masters form National University of Singapore. His area of research is bio-
materials, rapid prototyping & 3-D printing, advanced manufacturing, modeling,
simulation, and optimization. He has more than 15 years of teaching experience and
6 years research experience. He has contributed extensively to the world in the
materials and manufacturing by publishing more than 80 research articles.

x About the Editors



On Study of Stress Intensity Factors
for Different FGM Plates Having
Inclined Edge Crack Using Extended
Finite Element Method

Vikas Goyat, Suresh Verma, and Ramesh Kumar Garg

Abstract The aim of the present work is to provide a parametric analysis of stress
intensity factor (SIF) in different functionally graded material (FGM) plates using
the extended finite element method (XFEM). Exponential, power laws and sigmoid
functions have been used for the material gradation of FGM plates. The relations
of SIF have been presented with crack length and FGM material properties such as
material modulus ratio, FGM layer thickness and power-law index. The present work
reveals that the FGM material properties considerably affect the SIF values. Out of
four FGM material models considered in this study, the sigmoid FGM model shows
the least value of SIF.

Keywords Functionally graded material (FGM) · Extended finite element method
(XFEM) · Stress intensity factor (SIF) · Crack

1 Introduction

Irwin introduced SIF in 1957, and it is a theoretical factor to analyze the stress state in
fracturemechanics. The stress concentration-based failure criteria are not suitable for
fractured solids as the value of stress concentration factor reaches infinity at the crack
tip [1]. SIF depends on the geometry of solid, geometry of crack and load conditions.
This factor is independent of material properties for a homogeneous material solid
but, when solid is made of non-homogeneous material, the non-homogeneity of
material will affect the value of SIF. FGM is a kind of non-homogeneous material
whose properties vary continuously along with the dimension of solid. The early
SIF analysis for FGMs was found in the work of Eischen [2]. The eigenfunction
expression was used to calculate the stress field of the crack tip. Knoda and Erdogan
[3] confirmed the result obtained by Eischen [2]. Gu et al. [4] reported a simple
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scheme of conventional J-integral to calculate SIF in FGM for finite element method
(FEM) and also reported that the conventional J-integral loses its path independent
property in FGMs. Kim and Paulino [5] presented a detailed review of all modified
interaction integral formulations used to evaluate the mix mode SIF in FGM solids.
Goli and Kazemi [6] reported the behavior of cracked FGM solid using XFEM.
Khazal et al. [7] solved the edge crack problem in FGM solid using the extended
element-free Galerkin method. Goyat et al. [8, 9] presented XFEMmethodology for
FGM plates having a hole as a discontinuity. Kanua et al. [10] presented a systematic
review on fracture analysis of FGM solids in the aspect of the type of fracture
problem and method used in the analysis. They suggested that the analytical and
standard numerical method faces difficulties in the modeling of fracture problem
in FGM solids, whereas advanced numerical methods like XFEM can easily model
such problems.

The present work consists of the parametric analysis of SIF in FGM plane stress
solid plates having inclined edge crack and subjected to uniaxial tensile load. The
FGM is considered to be grade along the width of the plate with different functions
such as exponential, power laws and sigmoid. The parametric analysis presented in
this work may provide insight to model, analyze and reduction in SIF in FGM solids
of different gradation functions.

2 Materials and Method

2.1 FGM Material Models

Four FGM material models graded along the x-direction (along width) of the plate
are used in this work as follows:

Exponential FGM (EFGM):

E(x) = E1e((
1
W ln E∗)x) (1)

Power-law FGM (PFGM-A):

E(x) = E1

[
1 + (

E∗ − 1
)( x

W

)n]
(2)

Sigmoid FGM (SFGM):

E(x) = E1

[
1 + (E∗ − 1)

2

(
x
W
2

)n]
for 0 ≤ x ≤ W

2

E(x) = E1

[
E∗ − (E∗ − 1)

2

(
W − x

W
2

)n]
for

W

2
≤ x ≤ W (3)
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Another parametric form of power-law FGM (PFGM-B) [11]

E(x) = E1

[
E∗ − (

E∗ − 1
)(
1 − x

W

)n]
(4)

Poisson’s ratio for all the FGM models plate has been considered constant as:

v(x) = v = 0.3 (5)

where E(x) is Young’s modulus of FGM, E2 is Young’s modulus at (x = W ), E1 is
Young’s modulus of material at (x = 0), H is height of plate, W is width of plate,
material modulus ratio E∗ = E2/E1 and v(x) is Poisson’s ratio of FGM.

2.2 Extended Finite Element Method (XFEM)

In XFEM, the displacement field variable for a domain having a crack in it has been
represented as follows:

u =
∑
i=I

Niui +
∑

i=HEN

Niai H(x) +
∑

i=CT N

Ni

(
4∑

l=1

bli F
l(x)

)
(6)

where the first term of displacement field variable (u) is the classical FEM term, the
second term denoted as the Heaviside enrichment term which provides the ability to
handle crack faces within finite element and last term is crack tip enrichment term,
it enables the finite element space to approximate the crack tip behavior without
conformal FEM mesh. In Eq. 6, I represents the set of classical FEM nodes, ui is
the classical nodal displacement or classical degrees of freedom, HEN represents
the set of the Heaviside enriched nodes, ai is the additional degrees of freedom for
HEN, H(x) represents the Heaviside enrichment function, CTN is the set of crack
tip enriched nodes, bli is the degrees of freedom (additional) for CTN, Fl(x) is the
crack tip enrichment function and Ni is the shape function. To model the crack face
behavior, the value of the Heaviside enrichment function is taken as +1 for adjacent
nodes above the crack face and-1 for adjacent nodes below the crack face. To model
the crack tip, the following crack tip enrichment functions are used in crack tip polar
coordinate system r and are θ as:

{
Fl (r, θ)

}4
l=1

=
{ √

r cos
(
θ
/
2

)
,

√
r sin

(
θ
/
2

)
,

√
r sin

(
θ
/
2

)
sin θ,

√
r cos

(
θ
/
2

)
sin θ

}
(7)

The standard FEM form can be obtained by using displacement function as:

[
ki j

]{
d j

} = { fi } (8)
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where d is nodal displacement vector, f represents the nodal force vector and k is
stiffness matrix which can be obtained as:

kαβ

i j =
∫

Ω

(
Bα
i

)T
D(x)

(
Bβ

j

)
d� (9)

where α = β = {u, a, b}
Further,u :Standard DOF, a :Heaviside DOF, b : Crack Tip DOF
The numerical integration in XFEM for enriched elements is different from the

standard elements that utilize standard Gauss quadrature. These enriched elements
are first subdivided into triangles, and afterward, fourth- and sixth-order triangular
Gauss quadrature has been used for Heaviside and crack tip enriched elements,
respectively.

2.3 Interaction Integral

The SIF has been calculated using J-integral in FEM as well as XFEM for homo-
geneous materials. It is very efficient method as it is path independent and can be
calculated away from the crack tip, which enhances the capability of this method.
In non-homogeneous materials such as FGM conventional J-integral loses its path
independence property. This can be re-established in the new interaction integral
approach, i.e., non-equilibrium interaction integral presented by Paulino and Kim
[5]. In this formulation, the auxiliary displacement

(
u2i

)
and strain field (ε2i j ) are

considered same as of homogeneous materials having Young’s modulus (Etip) and
Poisson’s ratio (vtip) of crack tip and the auxiliary stress field (σ 2

i j ) is calculated using
FGM constitutive relation matrix (Di jkl(x)) as:

σ 2
i j = Di jkl(x)ε

2
kl (10)

By using this scheme, the mix mode interaction integral (M) will be represented
as:

M =
∫

A

{
σ 1
i j u

2
i,1 + σ 2

i j u
1
i,1 − 1

2

(
σ 1
i jε

2
i j + σ 2

i jε
1
i j

)
δ1 j

}
q, jdA

+
∫

A

{
σ 2
i j, j u

1
i,1 − Di jkl,1ε

1
klε

2
i j

}
qdA (11)

where

σ 2
i j, j = (

Di jkl
)
ti pε

2
kl, j + Di jkl, j (x)ε

2
kl +

(
Di jkl(x) − (

Di jkl
)
ti p

)
ε2kl, j (12)
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The actual and auxiliary fields are represented by superscript (1 and 2), respec-
tively. Subscript (,1 ) denotes the derivative term with respect to dimension x1. The
q is a weight function whose value is zero for path segment near to the crack tip and
one for the path segment far to the crack tip. The mix mode SIFs can be obtained by
comparing Eq. 11 with following Eq. 13.

M = 2

E ′
[(
K 1

I

)(
K 2

I

) + (
K 1

I I

)(
K 2

I I

)]
(13)

where E ′ = Etip/(1 − v2
tip) for plane strain condition and E ′ = Etip for plane stress

condition case.

3 Results and Discussion

The SIF values have been computed by a MATLAB computer code that has been
developed using XFEMmodel with quadrilateral eight node (Q8) elements. The SIF
values presented in this work are normalized by a factor (πa), where a is the crack
length.

3.1 Validation of Computer Code

The validation has been done to check the accuracy of the developed computer code.
The problemgeometry andmaterialmodel for validation of computer code are shown
in Fig. 1. The obtained results of the present work are compared with the work of
Erdogan and Wu [12], and comparison is presented in Fig. 2. From this comparison,
it is noted that the results of the present work have a good agreement with the results
of Erdogan and Wu [12] with an error of less than 1.5%. From Fig. 2, it is clear that
E* > 1 has lower values of SIF of mode-I (KI) than homogeneous material case (E*
= 1). Further, E* < 1 cases show higher values of KI for a/W > 0.2 when compared
with the homogeneous material case (E* = 1). Thus, the range of material modulus
ratio E* = 1–10 is suitable for the further analysis of edge crack.

3.2 Parametric Analysis of Edge Crack

The edge crack in different FGMplates under uniaxial tensile load has been analyzed
for SIF of mode-I (KI). The geometrical model for the analysis is shown in Fig. 3.

The variation of SIF with normalized crack length (a/W ) for EFGM is depicted
in Fig. 4. It is observed from Fig. 4 that the EFGM is capable to reduce SIF from the
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Fig. 1 Geometric model for
validation of edge crack in
FGM plate

Fig. 2 Comparison of
present work with Erdogan
and Wu [12] for SIF of
mode-I (KI) in EFGM plate
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Fig. 3 Problem geometry
for parametric analysis of
edge crack in FGM plate

Fig. 4 Variation of SIF of
mode-I (KI) for straight edge
crack along with normalized
crack length (a/W ) in EFGM
plate
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reference values of the homogeneous material case, i.e., E* = 1 and the amount of
reduction in the values of KI is proportional to material modulus ratio.

Figures 5, 6 and 7 represent the variation of SIF KI with normalized crack length
(a/W ) for PFGM-A, PFGM-B and SFGM 5, respectively, with material modulus

Fig. 5 Variation of SIF of
mode-I (KI) for straight edge
crack along with normalized
crack length (a/W ) in
PFGM-A plate

Fig. 6 Variation of SIF of
mode-I (KI) for straight edge
crack along with normalized
crack length (a/W ) in
PFGM-B Plate
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Fig. 7 Variation of SIF of
mode-I (KI) for straight edge
crack along with normalized
crack length (a/W ) in SFGM
plate

ratio E* = 1. .From Figs. 5, 6 and 7, it has been noticed that the application of FGM
(except PFGM-A (n = 5)) reduces SIF in comparison with homogeneous case (n =
0) for the full range of normalized crack length (a/W ). While PFGM-A with n = 5
shows higher values of SIF KI for a/W < 0.3 and it has lower values of KI for a/W ≥
0.3, when compared with the homogeneous case (n= 0). In PFGM-A, no power-law
index (n) assured the lowest values of SIF (KI) for the whole range of a/W but, one
can choose n = 2 for better results. Similarly, for PFGM-B, n = 1 and SFGM, n =
5 have been found best in their class. If the comparison is made between EFGM,
PFGM-A (n = 2), PFGM-B (n = 1) and SFGM (n = 5), it is observed that SFGM
with n = 5 is the best one in terms of least SIF.

Figure 8 shows the effect of E* on SIF along with normalized crack length (a/W )
for SFGM (n = 5). It is observed that the increase in the value of E* shows a
significant decrease in SIF (KI) values.

Figures 9 and 10 show the variation of SIFs (KI and KII) with crack inclination
angle θ and different material modulus ratio E* for SFGM (n = 5) along with a/W
= 0.2. It is noted that SIF of mode-I (KI) decreases with increases in the inclination
angle for all values of E*. SIF of mode-II (KII) first increases until θ reach 45° and
then starts decreasing with a further increase in crack inclination angle θ . Further, it
is again observed that higher material modulus ratio assures the least value of SIF of
mode-I as well as mode-II.
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Fig. 8 Effect of material
modulus ratio on SIF (KI) of
straight edge crack in SFGM
plate of n = 5

Fig. 9 Effect of crack
inclination on SIF (KI) for
SFGM (n = 5 and a/W =
0.2) plate

4 Conclusion

From the present work, the analysis of SIF in FGM (plane stress) plates having
inclined edge crack and subjected to uniaxial tensile load, it has been concluded that
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Fig. 10 Effect of crack
inclination on SIF (KII) for
SFGM (n = 5 and a/W =
0.2) plate

the SIF of edge crack is significantly affected by FGM properties. The lower values
of SIF have been observed in the FGM plates as compared to the homogeneous
material plate. The amount of reduction in SIF can be regulated by the function
of FGM, power-law index and material modulus ratio. Out of four FGM material
models considered in this analysis, the SFGMmodel provides the least value of SIF,
and further, power-law index n = 5 has been suggested for SFGM. It has been also
noted that the higher value of the material modulus ratio promises the least value of
SIF.
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Analysis of Sensitization in Austenitic
Stainless Steel-Welded Joint

Hitesh Arora, Viranshu Kumar, Chander Prakash, Danil Pimenov,
Mandeep Singh, Hitesh Vasudev, and Vishaldeep Singh

Abstract The main aim of this paper is to study the mechanical properties of the
weld also the microstructure of the weld joints were analyzed. The effects of sen-
sitization of gas tungsten arc (GTA) welded 304L stainless steel (SS) joints were
observed. 304L stainless steel was heated to 450–950 °C, soaked for 0.5–2 h, and
was observed. The three heat groups were chosen from the operative window of
tungsten inert gas welding; these heat groups are low heat -2200 J/mm, medium
heat–3320 J/mm, and high heat 3800 J/mm. Using these heat groups, weld joints
were made which were normalized at 750 °C, 850 °C, and 1000 °C for 0.5 h, 1 h, and
2 h, respectively. These specimens were used to perform tensile test, impact strength
test, microstructure, and microhardness for welded joint. The effect of sensitization
was observed for these joints for stated mechanical properties. The outcomes of
this study indicate that the tensile strength is maximum at weld joints normalized at
750 °C but remarkably decreased as the temperature was increased while the yield
strength did not notably change with increasing of the temperature. The Charpy
impact energy and micro-harness showed higher value at weld joints normalized at
750 °C but remarkably decreased as the temperature was increased. The major rea-
son for Charpy impact energy decrease was compound of manganese–silicon–Sulfur
formed in the weld pool during solidification. The microstructures of sensitized sam-
ples have been observed by optical microscope. The sensitization was found to be
more for heat-treated welded joints and parent metal as compared to unprocessed
weld joints and parent metal. Precisely, welded joints were normalized at 850 °C
with soaking time 2 h and allowed to cool in a furnace was observed to be more
sensitized.
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Keywords Microstructure · Sensitization ·Microhardness · Tensile strength ·
Impact strength

1 Introduction

Austenitic stainless steel has excellent corrosion resistance as well as mechanical
properties but when the temperature is raised between 450 and 950 °C, the chromium
rich carbides (M23C6) are formed near the grain boundaries which result in the cor-
rosion. The chromium-depleted zone is formed near to the carbides. In this zone,
the chromium concentration decreases to 12 wt% [1]. Austenitic stainless steel is
sensitized when it is heat treated (normalized) in between 450 °C to 900 °C and
soaked for 0.5–2 h. Sensitization reduces the chromium rich carbides which results
improving corrosion resistance. With the diminution of chromium from chromium-
enriched carbide at temperature between 450 and 950 °C encounters by the steel, in
the Heat Affected Zone of a weld normally, Cr-enriched Cr carbide, M represents Cr
and some minute quantity of Fe in M23C6. The carbon atom diffuses to grain bound-
aries where carbon atom combines with chromium atom to form chromium carbide
at sensitization temperature. The chromium carbide precipitates from areas contigu-
ous to the grain boundaries which result in depletion of chromium. These areas are
anodic as compared to the rest of the grains and therefore results in intergranular
corrosion, which are favorably attacked by corrosive media [2].

Sensitization results in dilapidation of corrosion resistance over and above the
mechanical properties [3, 4]. Many researchers have analyzed the welding of
austenitic stainless steel with the gas tungsten arc welding process and the mechan-
ical properties of austenitic stainless steel [5–9] The welding techniques used and
the sensitization situations are changed in every case. The mechanical properties and
consequence of microstructure of welded 316L joints were studied by [10]. The best
results were observed when the weld joint was prepared using shielded metal arc
welding (SMAW). For preparing the weld joint, E316L-16 electrode was used at low
heat input conditions along with 5% of ferrite.

2 Experimental Details

2.1 Base and Filler Material

For the present study, the base material used was AISI 304L austenitic stainless steel.
Nine plates were formed of 25 cm (length) × 10 cm (width) × 0.6 cm (thickness).
These samples were used for the gas tungsten arc welding and the filler material
used was 304L stainless steel solid electrode of 0.315 cm diameter. The chemical
composition of the material used for the experimentation is shown in Table 1.
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Table 2 Welding parameters used for butt welded joints

Welding current
(A)

Voltage (V) Pass Welding
velocity
(mm/min)

Heat input
(J/mm)

Total heat input
(J/mm)

130 23 1st 98 1430 3320

2nd 75 1890

180 23 1st 105 1700 3800

2nd 85 2100

210 25 1st 215 1020 2200

2nd 187 1180

2.2 Welding Procedure

For the preparation of the specimen to be analyzed, the parent metal was cleanedwith
the 1500 grit sand paper. The contaminated particles like rust were removed from the
parent metal before the welding process which will avoid the defects during welding.
After cleaning the parent metal plate, it was held so as to perform the welding [11].
For the different heat input values, the current was changed from 130A to 210A at
the constant voltage of 25 V along with the varying welding speed while preparing
specimen.

There were no welding defects like blow holes and porosity while preparing the
weld bead and also theweld geometrywas good. The parameters selected forwelding
are given in Table 2. For the analysis ofmechanical properties and themicrostructure,
the measurements were occupied from the section which is transverse to direction
of flow of weld bead. The analysis of microstructures was detected with an optical
microscope. Figure 1 shows the weld samples taken for the tests.

2.3 Sensitization Treatment

The welded samples were prepared at low heat input 2.2 kJ/mm (210A). The perfor-
mances of these welds were found to be the best when compared to the welds with
different heat input conditions for various mechanical properties like microhardness,
tensile and impact strength, and microstructure. Therefore, 210 A current was cho-
sen for the said analysis. Another test sample was prepared of SS 304 L which was
250 mm long, 500 mm wide, and 6 mm thick. The same procedure was followed
and the same parameters were used as mentioned for last study. The nine samples
were made from the welded plate and were normalized at different temperatures and
different time of soaking. After that, various properties were examined for the pre-
pared samples. The temperatures used for sensitization were 750, 850 and 1000 °C
and the soaking time was 30, 60, and 120 min. Six different time and temperature
conditions were selected for sensitization of samples.
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Fig. 1 Pattern of samples prepared from the welded plate

Heat treatment was done in muffle furnace. The nine specimens prepared from
welded plate at 210 A were normalized and air cooled at above-stated temperature
and time. For these samples, tensile strength, impact strength, microstructure, and
microhardness were analyzed [12]. For example, three specimens were prepared at
750 °C with soaking time of 30 min and air cooled, and out of these three samples,
one sample is used for tensile strength, second for impact strength, and third for
microstructure and microhardness. Similarly, the next three samples were heated at
750 °Cwith soaking time of 60min and air cooled. In the sameway, all the specimens
were prepared and the same properties were analyzed for these specimens.

2.4 Sampling of Specimen

Figure 1 shows the schematic diagram of the specimens prepared from the welded
plate and their mechanical properties like tensile strength, impact strength, hardness,
and microstructure were analyzed.

2.5 Tensile, Microhardness, and Impact Test

The weld pad was machined to prepare three specimens as shown in Fig. 2. The
specimen prepared for analysis of tensile test, impact strength, and microhardness
was taken according to ASTM E08 standards [9] as shown in Fig. 2. To perform the
test on the various specimens, the hydraulically operated digital tensile test machine
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Fig. 2 Tensile specimen specifications

Fig. 3 Tensile-, microhardness-, and impact-tested specimens viewing the place of fracture at
different normalization temperature

was used of capacity 400 kN. The Vickers’s microhardness testing machine was
used to check the microhardness. The load capacity of the machine is 0.5 kg. Impact
strength was measured using Charpy impact testing machine. Figure 3 shows the
photograph of the specimens after performing the above-mentioned tests [13–17].

2.6 Metallographic

The weld pad was machined to prepare the specimen as shown in Fig. 1. These
specimenswere analyzed for the change inmicrostructure ofwelding. The specimens
were ground and cleaned with different grades of emery paper (800, 1000, 1500, and
2000 grit). Subsequent to cleaning the example with emery papers, every one of the
examples was cleaned with velvet fabric utilizing alumina slurry. The last cleaning
of the example was finished by precious stone glue (1 µm) utilizing Hiffin chloride
as ointment. These cleaned examples were profound carved with Kalling’s reagent
(5 g copper (II) chloride, 100 ml hydrochloric acid and 100 ml ethanol) [10]. These
specimens were finally observed using optical microscope.
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3 Results and Discussion

3.1 Metallographic Studies of Specimen Welded at Different
Welding Conditions

The micrographs of the specimen were analyzed and the presence of delta ferrite
was observed in the matrix of austenite. Whereas the equiaxed grains of austenite
are present in the parent metal. The dark bands observed are stringers of ferrite.
These ferrite bands are least in weld at minimum heat input of 2.20 kJ/mm. The
photomicrographs of the specimen are shown in Fig. 4. The currents selected for
preparing specimen weld (130, 180, and 210 A) were cracked inside the weld bead.
The strength of all the joints observed was good. When the specimen was polished,
the lack of fusion was found which was prepared at 130 A. The tensile strength
of 94.28% of the base metal was observed at low heat input of 2.2 kJ/mm. This
tensile strength is the highest at given heat input. Hardness is maximum at 220 A and
minimum because of arc formed by weak current at 130 A in the sample. Table 3
shows the macrostructural and microstructural details of the weld joints.

Fig. 4 Photographs of base material and welded joints at different heat inputs a 2.2 (kJ/mm), b 3.32
(kJ/mm), c 3.8 (kJ/mm), and d Base metal (at 100x)

Table 3 Mechanical properties details of the weld joints

Depiction Tensile strength
(GPa)

Yield strength
(GPa)

Microhardness
(HV)

Impact strength
(J/mm2)

Base material 0.7874 0.4535 253 1600

2200 (J/mm)
(210A)

0.7477 0.2884 250 1560

3800 (J/mm)
(180A)

0.4716 0.3049 250 1480

3320 (J/mm)
(130A)

0.6300 0.2964 240 1400
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Fig. 5 a Optical micrograph showing the microstructure of sample heated to 750 °C held for
30 min, b Sample heated to 750 °C held for 1 h, c Sample heated to 750 °C held for 2 h

Table 4 Mechanical properties details of the weld joints normalizing at 750 °C

Description Tensile strength
(GPa)

Yield strength
(GPa)

Microhardness
(HV)

Impact strength
(J/mm2)

750 °C for
30 min

0.7507 0.4434 246 1400

750 °C for 1 h 0.7367 0.4770 235 1280

750 °C for 2 h 0.7321 0.4971 232 1200

3.2 Metallographic Studies of Specimen Normalizing
at 750 °C

Figure 5 shows the photomicrographs of the specimen which were normalized at a
temperature of 750 °C with soaking time of 30 min, 1 h, and 2 h, respectively. While
analyzing the samples, the chromium-depleted zoneswere observed. These zones are
negligible for the specimen with soaking time of 30 min. These chromium-depleted
zones increase with the increase in soaking time. Table 4 shows the macrostructural
andmicrostructural details of theweld joints normalizing at 750 °C.With the increase
in normalization temperature and soaking time, the tensile strength, impact strength,
and micro hardness decrease.

3.3 Metallographic Studies of Specimen Normalizing
at 850 °C

Figure 6 shows the photomicrographs of the specimen which were normalized at a
temperature of 850 °C with soaking time of 30 min, 1 h, and 2 h, respectively. The
chromium depleted zones were also observed in these specimens also. These zones
also increase with increase in soaking time. When the comparison of mechanical
properties was done for samples sensitized at 850 and 750 °C, it has been found that
the two samples resemble with each other. With the increase in normalization tem-
perature and soaking time, the tensile strength, impact strength, and microhardness
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Fig. 6 a Optical micrograph showing the microstructure of sample heated to 850 °C held for
30 min, b Sample heated to 850 °C held for 1 h, and c Sample heated to 850 °C held for 2 h

Table 5 Mechanical properties details of the weld joints are normalizing at 850 °C

Description Tensile strength
(GPa)

Yield strength
(GPa)

Microhardness
(HV)

Impact strength
(J/mm2)

850 °C for 30
min

0.7426 0.4635 234 2600

850 °C for 1 h 0.7367 0.4526 260 2500

850 °C for 2 h 0.7220 0.4621 242 1900

decrease. Table 5 illustrates the mechanical properties of the weld joints which were
normalized at 850 °C.

3.4 Metallographic Studies of Specimen Normalizing
at 1000 °C

Figure 7 shows the photomicrographs of samples which were heat treated at 1000 °C.
At high temperature, the carbide precipitates were observed which are negligible for
sample whose soaking time is 30 min and minimum precipitates were observed for
sample with soaking time 120 min. These precipitates are negligible with increase
in temperature and expose time. Figure 7c clearly shows the desensitization. Table 6

Fig. 7 a Optical micrograph showing the microstructure of sample heated to 1000 °C held for
30 min, b 1000 °C held for 1 h, and c 1000 °Cheld for 2 h
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Table 6 Mechanical properties details of the weld joints normalizing at 1000 °C

Description Tensile strength
(GPa)

Yield strength
(GPa)

Microhardness
(HV)

Impact strength
(J/mm2)

1000 °C for 30
min

0.6168 0.4312 235 1.84

1000 °C for 1 h 0.6296 0.3765 227 2.00

1000°C for 2 h 0.6859 0.3710 225 2.20

shows the mechanical properties of weld. At 1000 °C, with soaking time 30 min,
sensitization was observed for sample and desensitization was observed for sample
with soaking time 1 h and 2 h. Tensile strength and impact strength were analyzed
for 304L stainless steel which was normalized. The analysis shows that the tensile
and impact strength increase with increase in temperature and time for soaking but
the hardness decreases due to desensitization.

4 Conclusions

• The sensitization was observed for SS 304L when the samples were heated to a
temperature of 750 and 850 °C with soaking time of 30, 60, and 120 min.

• The joint strengthwas observed to be good for all the three welds. But at minimum
heat input 2200 (J/mm), the best result was observed. The microhardness and
tensile strength of the sample are 250 HV and 0.7477 (GPa), respectively, as
compared to 253 (HV) and 0.7874 (GPa) for the base metal.

• Tensile strength, impact strength, and hardness for 304L stainless steel decrease
with increase in normalizing temperature and soaking time for the sample.

• At 1000 °C with soaking time 30 min, sensitization was observed for sample and
desensitization was observed at 1 and 2 h soaking time.
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Comparative Analysis on Mechanical
Properties of Al 6061 and Al 7075 Cross
Matrix Composites

R. Balaji, J. V. Muruga Lal Jeyan, A. Basithrahman, Talasila Estheru Rani,
and S. Abirami

Abstract Aluminum alloy 6061 and aluminum alloy 7075 (or simply denoted as Al
6061 and Al 7075, respectively) are widely used in the field of aviation, automobiles,
and marine due to their exceptional properties such as good strength, lightweight,
and better corrosion. In this paper, Al 6061 and Al 7075 are used as base materials
for reinforcement to further enhance their mechanical properties. Alumina, silicon
carbide, boron carbide, and titanium oxide are used as reinforcement particles. The
cross matrix composites of Al 6061 and Al 7075 are produced by the widely used
stir casting method. The different weight percentages of reinforcement particles are
used to prepare different composition of cross composites. The resultant composites
are heat-treated in T6 condition and machined in the suitable dimension for testing.
The mechanical characterization was carried out by performing hardness, tensile,
and impact tests, and their results have been presented. Moreover, the comparison
of mechanical properties of alloys Al 6061 and Al 7075 is also given; specifically,
the tensile stress and impact value of Al 6061 are shown to be increased when the
reinforcement particles are added comparing to Al 7075 cross composites.

Keywords Cross matrix composites · Aluminum alloys · Stir casting ·Mechanical
properties · And heat treatment
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1 Introduction

The use of the aluminum alloys in various industries because of its lightweight, and
strength. In the virtual, role of hard ceramic in industry is quit high, but the soft
matrix alloy, generally aluminum, improves the mechanical properties of the mate-
rials and increases the performance of the composites [1]. Aluminum alloy is used
in various industries in line for to its good mechanical properties, and it can be able
to withstand different atmospheric conditions without getting cored. But, it displays
substandard tribological possessions in extensive application [2, 3]. To increase the
brittleness of the aluminum-based materials, we were having plenty of ways, but
reinforcing the materials could be the best option among all, reinforcements such
as SiC and Al2O3 ceramic particles [4]. Many methods normally used to prepare
the composites like powder metallurgy [5], but all are not simplest one; complicity
range is higher. Stir casting [6] is one of the easiest way to manufacture the compos-
ites economically. Squeeze casting [7] is are often used rarely. Comparing to all the
above-listed methods, stir casting is way better and simplest one for fabricating par-
ticulate reinforced composites [8]. Pre-aging is one of the best ways to increase the
tensile properties of the material at various retrogression temperatures; in addition,
it will increase the electrical resistivity and hardness of the AA7075 aluminum alloy
[9]. The hardness of aged AA7075 alloy increases [10]. Boron carbide reinforced
with aluminum alloys at 10% of its weight to increase the hardness and wear resis-
tance. AA 7075 produces higher wear resistance comparing to AA 6061 alloy. The
AA 7075/B4C/graphite cross matrix attains better results [11]. Superior mechanical
and tribological properties increased by reinforcing Sic with Alloys [12]. There is
an increment in the mechanical and thermal properties using this substance of the
materials. The wear resistance of the Al 7075-SiC-b4c composites is improved by
aggregating the SiC ceramic particles. The coefficient of friction is indirectly pro-
portional to the volume content of reinforcements [13]. Comparative analysis of the
mechanical behavior of cold-worked and annealed 7075 aluminum alloy. In above
265 °C temperature, the rearrangement of themolecules inside the sample specimens
at the same time yield and tensile strength gradually decreased [14]. Reinforcement
of alloys with Sic increases the tensile strength and lowers the ductility of the alloys
[15]. The propagation of 0–8 wt% of the Al2O3 and 5 wt% of graphite particles in
AA7075 will increase the behavior of the material with various loads. Due to the
reinforcement, ultimate strength of the materials increases. The mechanical strength
is improved by toting Al2O3 particle and sinking due to toting of graphite particle
[16].

In this work, the two different types of cross composites were produced by stir
casting method using Al 6061 and Al 7075 aluminum alloys. Three different compo-
sitions of the cross composites are produced by using reinforcement particles. The
comparative results of mechanical properties of two cross composites are analyzed.
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Table 1 Composition of Al 6061

Element Si Fe Cu Mn Mg

Weight (%) 0.514 0.23 0.161 0.071 0.96

Element Ni Zn Ti Cr Al

Weight (%) 0.010 0.015 0.031 0.103 Bal.

Table 2 Composition of Al 7075

Element Si Fe Cu Mn Mg

Weight (%) 0.219 0.219 1.582 0.043 2.036

Element Ni Zn Ti Cr Al

Weight (%) 0.037 5.403 0.045 0.205 Bal.

2 Experimental Procedure

2.1 Material Composition

TiO2, Al2O3, B4C, and SiC are cast off as the strengthening particles, and Al 6061
and Al 7075 are used as base material. The composition of Al 6061 and Al 7075 is
shown in Tables 1 and 2. Al 6061 and Al 7075 are used because they have virtuous
mechanical properties and reveal good wettability. The most collective alloys of
aluminum for broad purpose practice.

2.2 Preparation of Composites

Widely used casting technique to manufacture a cross metal matrix composites is
stir casting technique because of its uniform reinforcement distribution. The metal
matrix which has the uniform distribution will increase the quality of the materials.
In this comparative study, the base material was Al 6061 and Al 7075 followed by the
reinforcement particles Al2O3, SiC, TiO2, and B4C. For this comparative analysis,
initially Al 6061 was taken followed by Al 7075. In the first casting process, rein-
forcement particles were Al2O3, SiC, and B4C. For each casting, the reinforcement
particles added at the equal amount to validate the result. Graphite crucible electric
furnace is used here to heat the aluminum alloys at high temperature. The heat treat-
ment was carried out for one hour in the electric furnaces with the temperature of
650°–800° which is high comparing to the melting temperature. To eliminate dusty
particles, preheating is conducted at the temperature range of 450–550 °C. Semisolid
moltenmaterial was cast off usingmechanical stirrer. At the operating speed of 550 to
1100 rpm, the mild steel mechanical stirrer is used for stirring. Preheated reinforce-
ment materials are slowly added during the vortex materialization stage. Magnesium
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alloy of 1% is added to molten alloy in the second cross composite. Stirring speed is
increased after adding the reinforcement, and the duration is maintained 5 min. The
casting materials are obtained after preheated mold in a solid form. Using the base
materials with different has been manufactures.

3 Compositions

The two types of cross composites with different type of compositions are shown in
the tablewith compositions code. In the first cross compositeAl 6061 is used as a base
material, and B4C, Al2O3, and SiC are cast off as reinforcement particles. The Al2O3

reinforcement weight proportion is varied, and B4C and SiC weight percentages are
maintained as constant (Table 3).

Al2O3, B4C, and TiO2 were casted as strengthening particles in the second cross
composite Al 7075 weight are varied and the rest of the composition is kept constant.

Table shows the composition code of the different composition of cross metal
matrix composites (Table 4).

3.1 Heat Treatment Process

The heat treatment process for cast and composite bars was carried out. Muffles
were used to heat-treat the materials at T6 condition to an accuracy of ±1 °C for
8 h at 529 °C, followed by water quenching and then aged at 159 °C for 8 h. The
casted materials are machined after heat treatment process for testing process with
necessary dimension.

Table 3 Composition code
of Al 6061

S. No. Composition Code

1 Al 6061-3%Al2O3-5%B4C-5%SiC A-1

2 Al 6061-6%Al2O3-5%B4C-5%SiC A-2

3 Al 6061-9%Al2O3-5%B4C-5%SiC A-3

Table 4 Composition code
of Al 7075

S. No. Composition Code

1 Al 7075-3%Al2O3-5%B4C-5%TiO2 B-1

2 Al 7075-6%Al2O3-5%B4C-5%TiO2 B-2

3 Al 7075-9%Al2O3-5%B4C-5%TiO2 B-3
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4 Mechanical Characterization

Experimentations were conducted on the material to find out the mechanical prop-
erties of the materials like hardness, impact test, and tensile test for various nodes.
Mechanical properties were measured for the reinforced material and test procedures
discussed in the following sections.

4.1 Hardness Test

Hardness of the specimen was tested, and the results have been computed using
Brinell hardness test. All the test specimen size is maintained as per the ASTM E-18
standard size. The specimen has undergone hardness test with the load of 100 kgf for
five different position, and the average is taken as the hardness value of the material.
The ball intender dimension is 1/16 throughout the test.

4.2 Impact Test

Using Charpoy impact testing machine, impact test was done. The test specimens
were made using casting process, and the material was machined as per ASTM E-
23 standard size. Square cross sections of size (10 mm × 10 mm × 55 mm) with
single V-notches are calculated for research. The dimensions of V-notches as per the
literature review are 45° and 2 mm depth which will be more effective. The effect of
roughness factor was indomitable when fracture takes place.

4.3 Tensile Test

For tensile test, 100 mm length and 12 mm diameter specimen has been taken as per
AETME-08 standard. With universal testing machine (TUE-C1000), the mechanical
properties has been validated and tabulated below.

5 Result and Discussion

5.1 Hardness Test

The testing shows the hardness values of the cross metal matrix composites and that
has been tabulated. The hardness test was carried out on Brinell hardness testing
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Table 5 Hardness value of
cross composites

S. No Loads (kgf) Code Hardness of Al 6061

1 100 A-1 92

2 100 A-2 95.7

3 100 A-3 95.3

S. No Loads (kgf) Code Hardness of Al 7075

1 100 B-1 91

2 100 B-2 102.3

3 100 B-3 105.3

Fig. 1 Hardness value of Al
6061 and Al 7075 cross
matrix composites
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machine as per ASTM standard. The casted cross composites are machined for
required dimension. 100 kgf load is applied to the specimen at three different places.
The average values of the hardness are taken as hardness value of the cross metal
matrix composites (Table 5).

From the table, it is shown that the hardness value of the Al 7075 cross matrix
composites has higher hardness value compared to Al 6061 cross metal matrix com-
posites. For all three different compositions of the cross composites, Al 7075 has
high hardness value (Fig. 1).

5.2 Impact Test

Table shows the impact factor value of the Al 6061 and Al 7075 cross metal matrix
composites. The impact test was carried out on Charpoy impact test machine as
per ASTM standard. The casted composites are machined for required dimension
(Table 6).

From the table, it is shown that the Al 6061 cross composite have higher impact
factor value compared to Al 7075 cross composites. For all three different compo-
sitions of the cross composite Al 6061, cross matrix composites have higher impact
value (Fig. 2).
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Table 6 Impact value of
cross composites

S. No Code Impact value of Al 6061

1 A-1 4

3 A-3 2

S. No Code Impact value of Al 7075

1 B-1 2

2 B-2 4

3 B-3 2

Fig. 2 Impact factor value
of Al 6061 and Al 7075
cross matrix composites A-1 A-2 
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5.3 Tensile Test

Table shows the tensile value of the Al 6061 and Al 7075 composites. The tensile test
was carried out on universal testingmachine as per ASTM standard. The casted com-
posite was machined for required dimension. From the test, mechanical properties
of the materials are measured (Table 7).

From the table, it is shown that the tensile stress value of the Al 6061 cross
metal matrix composite has higher value compared to Al 7075 cross metal matrix
composite. For all three different compositions of the composite Al 6061 have higher
tensile strength (Fig. 3).

Table 7 Impact value of cross composites

S. No Code Peak load Ultimate stress Yield stress % of Elongation

1 A-1 2.905 58 50 14.50

2 A-2 13.04 259 200 17.0

3 A-3 10.805 215 165 13.6

4 B-1 8.81 175 140 16

5 B-2 3.57 71 56 13

6 B-3 3.575 71 55 12
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Fig. 3 Tensile stress value
of the Al 6061 and Al 7075
cross metal matrix
composites
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6 Conclusions

In this work, the stir casting method is used to produce the cross composites with
ceramic particles in different weigh percentage.Mechanical properties of alloys after
reinforcing with ceramic particles have been increased. The other method of increas-
ing mechanical properties is preheating of molds that help to reduce the porosity.
Three different compositions of cross composites are produced and machined as per
ASTM standard. The cross composites are heat-treated into T-6 condition success-
fully. The Al 7075 cross matrix composites have higher hardness value compared to
Al 6061 crossmetal matrix composites. Al 6061 crossmatrix composites have higher
impact factor value and tensile stress, yield stress, and % of elongation compared to
Al 7075 cross metal matrix composite.
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Tensile and Flexural Behaviour of Areca
Husk Fibre Reinforced Epoxy Composite

Sakshi S. Kamath, D. N. Punith, S. Preetham, S. N. Gautham, Janardhan,
K. Lalith Yashwanth, and Basavaraju Bennehalli

Abstract Nowadays, because of the issues related to the environment, it is becoming
mandatory for the usage of eco-friendly products for betterment of the people. Hence,
here is an attemptmadewhere the harmful synthetic fibre composites used formarine,
automobile, constructive applications can be replaced by eco-friendly, biodegradable
natural areca fibre composites. Physical properties of areca husk fibre were studied,
and it revealed that maximum fibres have length range from 40 to 50 mm with the
diameter ranging from 0.200 to 0.299 mm. These untreated and 1% NaOH treated
fibres were used for composite fabrication at different fibre loadings like 45, 50, 55,
60, and 65%. It was found that 50% is the optimum fibre percentage. Tensile strength
and flexural strength for untreated fibre composite at 50% fibre loading were found
to be 7.40 N/mm2 and 4.01 N/mm2, respectively, and 54.91 N/mm2 and 6.81 N/mm2,
respectively, for alkali-treated fibre composites.

Keywords Areca husk fibre ·Mercerization · Linear density diameter method ·
Tensile testing · Flexural testing

1 Introduction

Increasing environmental awareness and decrease in fossil fuels are influencing
researchers to use biodegradable natural material in composite manufacture as the
substitute for synthetic fibres. The non-biodegradability, environmental impact and
high cost of the synthetic fibres used as the reinforcingmaterial in the compositeman-
ufacture is questioning the mankind about its usage and hence finding an alternative
for using natural fibres as the substitute for composite fabrication [1]. The advantages
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like biodegradability, low density, high stiffness, low cost and high aspect ratio of
the natural fibres such as kenaf, areca, abaca, jute, cotton, hemp draw the attention in
replacing artificial fibres such as kevlar, glass, carbon with these natural fibres [2]. In
recent days, research is done on wide variety of naturally obtained fibre reinforced
polymer composites which has a high usage and demand in the marine industry,
transport, construction industries and automotive applications [3, 4].

The areca fibres are one such example which can be used in composite fabrication
to replace the synthetic fibre composites. The study carried out based on the maturity
level of the fibres [5], Investigation done with respect to various chemical treatments
which resulted in betterment of mechanical properties of the areca fibre composites
[6], surfacemodification of fibres, which improvedmechanical, acoustic and thermal
properties at 10% fibre loading [7], the roughness of the surface of treated fibres and
presence of trichomes improving the mechanical properties at 30% fibre loading
[8] proves areca fibre is a promising material to be used as reinforcing material in
composite fabrication as a substitute for artificial fibres.

The demerit of using any natural fibre in composite fabrication is its inadaptabil-
ity towards polymeric matrix. The fibres being hydrophilic in nature form a poor
bonding with hydrophobic resin as a result of which the stress transfer from rein-
forcing fibre to resin becomes difficult [9]. This results in the composites, exhibiting
poor mechanical properties. This is solved by modifying fibre surface with certain
chemical agents, thereby replacing hydrophilic−OH group of the fibres with certain
other side groups like peroxide, silane, permanganate, ester linkage and others [10]
which can form a better compatibility with polymeric resin. This leads to greater
stability of the composites manufactured and provides better mechanical property to
the composite materials produced. The primary treatment which has to be done prior
to any treatment is mercerization. Hence, in the current study, the consequences
of fibre percentage and alkaline effect on the mechanical properties of composite
manufactured are carried out to stabilize optimum fibre loading required for further
composite fabrication.

2 Materials and Methods

2.1 Fibre Extraction

Areca huskwas collected from a local village atMoodbidri, Karnataka. The huskwas
immersed in water for 3 days. This loosens the fibres and helps in its easy removal.
The fibres were collected and air-dried. These fibres were then oven-dried for 15 h
at 70 °C to ensure complete removal of moisture content. The fibres were cut into
pieces with its length ranging from 10 mm to 15 mm.
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2.2 Surface Treatment

The oven-dried cut fibres were exposed to 1% NaOH solution for one hour. Mercer-
ized fibres were washed repeatedly with de-ionized water to eliminate excess alkali
from the surface. The fibres were treated with concentrated HCl for neutralizing the
solution. Final washing was done with water to expel final traces of acid. These fibres
were then kept in oven for 15 h at 70 °C for complete removal of moisture content
[11].

2.3 Composite Fabrication

The raw fibres and the alkali-treated fibres were used for composite fabrication.
The composite was manufactured using treated and untreated fibres at different fibre
loadings like 45%, 50%, 55%, 60%, and 65%, respectively. The composite was man-
ufactured using compression moulding unit (Santec). The resin used for composite
manufacture is epoxy resin because of its low shrinkage, high strength and good
durability [12]. The composites were fabricated under pressure of 40 atm for 24 h
and cured at laboratory temperature for 15 days after which they were cut according
to the ASTM standards and were subjected to mechanical testing.

2.4 Mechanical Characterization

The composites with different fibre loading using treated and untreated fibres were
subjected to mechanical characterizations like tensile strength and flexural strength
using Universal TestingMachine (MecmesinMulti-test 2.5-xt). Five samples of each
were considered to analyse tensile behaviour and flexural behaviour of composites.
The composites were cut into strips according to ASTM D638-03 for tensile testing
andASTM-D790 for flexural testing [13]. The samples were placed in an oven for 6 h
before testing so as to remove moisture content [14]. The average of five readings
was considered for result analysis. Both the characterizations were carried out at
laboratory temperature 35 ± 2 °C.

3 Results and Discussions

3.1 Physical Characterization

Areca fibres extracted from areca husk were taken, and the length of individual fibres
was measured for hundred different samples. The diameter of fibre was measured
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throughout the length of each fibre using Optical Microscope (LEICA DM750M).
The fibres were sorted out according to their length distribution. The range of the
fibre length having the highest number of fibres was found to be 40–50 mm as shown
in Fig. 1 which was selected for further calculation. The mass of the selected fibres
was calculated. The density of fibre was calculated using the linear density diameter
method [15]. The mass of the fibre (M) and the diameter (d) and the length of the
fibre (l) were used to estimate the density of fibre using Formula (1).

ρ = M

πld2/4
(1)

The physical properties of the areca huskfibres like thefibre length range, diameter
range and the density of the fibre calculated are summarized in the given Table 1.

Fig. 1 Fibre length distribution

Table 1 Physical properties
of areca husk fibre

Sample Length (mm) Diameter
(mm)

Density
(g/cm3)

Areca husk
fibre

40–50 0.200–0.299 1.6277
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a) Untreated areaca husk fibre b) Treated areca husk fibre

Fig. 2 a Untreated areca husk fibre. b Treated areca husk fibre

3.2 Surface Morphology

The surface morphology of raw fibre and mercerized fibre taken in Optical Micro-
scope (LEICA DM750M) is shown in Fig. 2a, b, respectively. Figure 2b reveals that
the impurities like lignin, fat and pectin are removed from the surface of the fibres
in case of mercerized fibres [16]. As a result of this, the fibre diameter reduces in
case of mercerized fibres compared to raw fibres. The roughness of surface of fibre
is further enhanced after alkali treatment, reduces hydrophilic nature of fibre and
hence helps in better fibre resin adhesion.

3.3 Tensile Strength

The tensile strength with respect to load versus displacement curve of alkali-treated
fibre epoxy composite is revealed in Fig. 3. The graph reveals that the tensile strength
is maximum when the fibre loading is 50%. As the fibre loading further increases,
drastic decrease in composite tensile strength is observed due to agglomeration of
fibres in certain places, resulting in improper interaction between fibre and resin.
Thus, stress transfer from reinforcing fibre material to resin becomes difficult which
leads to the breakdown of composite manufactured [17]. The comparative study of
tensile strength is shown in Fig. 4 which reveals that, tensile strength of the untreated
fibre composites at 45%, 50%, 55%, 60% and 65% fibre loading is 7.40 N/mm2,
10.06 N/mm2, 2.80 N/mm2, 4.28 N/mm2 and 4.59 N/mm2, respectively. Whereas
for alkali-treated fibre composites, it was observed to be 35.12N/mm2, 54.91N/mm2,
42.17 N/mm2, 15.62 N/mm2 and 18.55 N/mm2, respectively. This drastic changes
in tensile strength of raw fibre and mercerized fibre composites reveal that in alkali-
treated fibres, the −OH group of the cellulose is replaced by −ONa, as a result
of which fibres behave hydrophobic in nature. The moisture absorption thereby
decreases, and interaction between fibre and matrix increases. This leads to increase
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Fig. 3 Load versus displacement curve of 1% NaOH treated areca composite

Fig. 4 Comparative study of tensile strength

in tensile strength of treated areca fibre epoxy composite. Tensile testing and the
flexural testing of the samples are as given in Fig. 5a, b, respectively.

3.4 Flexural Strength

Flexural behaviour of treated areca composites is shown in Fig. 6. Flexural strength
of mercerized fibre epoxy composite is 4.68 N/mm2, 6.81 N/mm2, 5.67 N/mm2,
6.36 N/mm2 and 4.87 N/mm2 for composites at different fibre loadings like 45%,
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a) Tensile  testing b) Flexural testing

Fig. 5 a Tensile testing. b Flexural testing

Fig. 6 Load versus displacement curve of 1% NaOH treated areca composite

50%, 55%, 60% and 65%, respectively. Flexural strength of untreated fibre com-
posites is 3.93 N/mm2, 4.01 N/mm2, 3.40 N/mm2, 3.03 N/mm2 and 3.60 N/mm2at
different fibre loadings. The comparison between the flexural behaviour is shown in
Fig. 7. Flexural strength for treated fibre composites is much greater in comparison
with untreated fibre composites. In both the cases, flexural strength is maximum at
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Fig. 7 Comparative study of flexural strength

50% fibre concentration. The reason for this is, at greater fibre concentration, clus-
tering of fibre takes place which results in non-uniform transfer of stress from fibre
to resin.

4 Conclusion

The tensile and flexural behaviour of raw and 1% NaOH treated fibres were stud-
ied at different fibre loadings from 45% to 65%. The study witnessed that in both
the cases, strength is maximum at 50% fibre loading. Hence, 50% fibre loading is
selected as optimum loading for future work. The comparative studies revealed that
tensile strength and flexural strength of 1% NaOH treated fibre composites are ele-
vated compared to untreated fibre composites. Hence, it proves that mercerization
enhances the properties of composites and the need for the identification of differ-
ent chemical treatments possible which would improve the strength of composites
becomes necessary.
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Control Techniques and Failure Mode
of Active Magnetic Bearing in Machine
Tool System

Shishir Bisht, Nitin Kumar Gupta, and G. D. Thakre

Abstract Bearing is an integral part of the machine tools system, but due to contact
stress, wear is induced, which decreases the life of the machine tools and bearing
system. Stress developed due to contact between mating surfaces, i.e., contact stress
and friction forces, is the main factor which is affecting the efficiency of a system.
To achieve efficiency or to make contact-less levitation, active magnetic bearing are
most suitable. This paper gives a basic idea on control techniques and failure modes
and their effect on the active magnetic bearing system, by which frictional forces
and the vibration should be minimised, which are the primary cause of wear and tear
and decentralisation of the shaft. AMB systems are more suitable to increase the life
and performance of the machine tools.

Keywords Active magnetic bearing · Control techniques · Failures in AMB

1 Introduction

Bearings play a major role in machine tools system; they are used to minimise the
friction between two components whenever there is a relative motion between them.
An electromagnetic bearing uses amagnetic forcewhichwill levitate the shaft; hence,
due to absence ofmechanical wear, it reduces friction and also increases its reliability
and life [1, 2]. Magnetic bearings are generally of two types, namely active magnetic
bearings (AMB) and passive magnetic bearings (PMB). There is no feedback control
in passive magnetic bearings, i.e., passive magnetic bearings [3, 4] do not require
active control. However, in active magnetic bearings (see Fig. 1), there is feedback
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Fig. 1 Typical active magnetic bearing [1]

control or closed-loop control which ensure that there is no physical contact between
the rotor and the stator.

Electromagnetic forces are used for rotor levitation,whichwill be developedwhen
some amount of current flow through the copper wires. An active magnetic bearing
consist of three major components which are a position sensor which indicates or
measures the rotor’s position from its initial position and gives actively feedback to
the controller; a stator consists of electromagnets which generate the electromag-
netic force and the rotor or shaft [5, 6]. Active magnetic bearing (AMB) have several
advantages if compared with the traditional or mechanical bearings [2, 7], includ-
ing contact-less operation hence less mechanical wear and friction, the absence of
lubrication, lower maintenance costs, higher life, etc. (Fig. 2).

Although these bearings have some disadvantages include limitation in size, high
initial cost as well as high running cost. But, due to many advantages, active mag-
netic bearings have wide area of applications, such as in machine tool systems,
magnetically levitated vehicle, high-speed turbines, flexible rotor dynamic systems,
compressors [2].

1.1 Active Magnetic Bearing—Control Techniques

To control the high amplitude vibrations in AMB system, it is necessary to select
an appropriate control technique which will affect the life as well as performance of
the AMB system. Following are some control techniques used in the AMB system
[1, 8]:
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Fig. 2 Basic working principle of an active magnetic bearing [5]

PID. The proportional-integral-derivative (PID) is a traditional closed-loop feed-
back control technique, and because of its ease of use, this technique has been
widely used in AMB systems. But because of unmeasured parameters variations
and unavoidable external disturbances, this control technique is not very accurate;
therefore, many kinds of control techniques have been developed such as fuzzy con-
trol and slidingmode control. These control techniques not only improve the stability
of AMBs systems but also improve their performance in many ways.

Fuzzy Control. It is based on fuzzy logic, and fuzzy logic is the logic which can
be expressed as “partially true” instead as ‘true’ or ‘false’. It describes the problem’s
solution in a form that can be easily understood by human operators, so it is easy
to utilise in the design of the controller. Because of its nonlinear properties, fuzzy
control has advantages in magnetic suspension system applications, and also, it is
widely used in applications related to machine control system.

Sliding Mode Control. It is a nonlinear control technique to change the dynamic
behaviour of the said system into a linear system by use of a discontinuous con-
trol signal. SMC technique is usually used in the field of magnetic bearings due to
its associated robustness. Chattering will affect the stability and precision of SMC
technique which can be easily controlled by the filtering method.

Model Predictive Control. Model predictive control technique has the advantage
that with wide bandwidth, it can easily control the current which passes through the
coils in order to improve the performances of the active magnetic bearing system.
MPC can easily apply over other techniques because of its fast dynamic response
and unavailability of modulation.

Fault Tolerant Control. In any AMB system, the rotor displacement from its
initial position has to be measured precisely for its better working performance and
stability. But if there is any error in the position sensor, the stability as well as
the performance of the AMB system gets affected. So to avoid this, self-sensing
technology is used, in which rotor displacements is directly calculated from the



48 S. Bisht et al.

Table 1 Comparison of different control techniques [1, 8]

Control techniques Advantages Disadvantages

PID Development process is simple Not suitable for unknown and
variable model

Fuzzy control For unknown or variable model It does not provide the précised
control to the system

Sliding mode control Completely self-adaptive
against external disturbances

Chattering will affect the
precision and stability of the
AMB system

Model predictive control Fast dynamic response,
unavailability of modulation

Difficult to apply for the
nonlinear and time-varying
system

Fault tolerant control Reduce the risk of failure in the
AMB systems whenever there is
any unexpected component
failure occurs

Difficult for fault detection and
identification of nonlinear
system

current that passes through the coils and its voltage, so it provides a new and effective
method for achieving controlled stability of the AMB system, and this causes the
system to be more reliable. Table 1 presents various type of control technique with
their advantages and disadvantages.

2 Literature Review

This current review paper deals with the control aspects and failure modes of the
AMB system.

2.1 Active Magnetic Bearing

Ludvig and Kuczmann [9] did an analysis on an active magnetic bearing (AMB)
system to find out the optimal shape and dimensions of the legs of the stator and air
gap for the maximum electromagnetic force. The analysis was done with the help
of finite element method and the magnetic vector potential formulation. The study
focused on the eight-pole bearing that contains eight electromagnets. His calculation
was done with a maximum and the constant current value of 12 A (DC) and 80
turns on each leg, the number of turns will also be constant, and then, it determines
the maximum holding force. He has done his simulation on COMSOLMultiphysics
software, which has a user-friendly interface, and after many calculations simulated,
AMB can provide maximum 800 N as holding force over 1 mm thick air gap.
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Fig. 3 Experimental rotor: Williams et al. [11]

PID means proportional-integral-derivative, and this control method is based on
voltage control for the determination of KP, KD and KI which governs the PID
controller that has been proposed by Muzakkir and Lijesh [10]. The main motive is
to levitate the shaft statically by the implementation of a voltage controller. The PID
controller has been designed using LABVIEW software. The result of his experiment
was that by voltage control method, the system was easily controllable using only
KP value and it did not depend on the KD and K I for its static levitation. In PID
method, the output will be calculated by the measured error and the three controller
gains which are KP, K I, KD means proportional gain, integral gain and derivative
gain, respectively.

An approach has been presented which aims to design an active magnetic bearing
system and test a digital control system for its stability, and the AMB is having an
eight-pole configuration [11]. A test rig has been made in which the flexible shaft
test rotor has to be supported by two of these bearings. Theoretical relationships
are created to make relationship between the characteristics of a controller transfer
function and the stiffness and damping properties of an active magnetic bearing
system. A demonstration has been shown regarding the digitally controlled magnetic
bearing’s flexibility by the use of algorithm, which includes integral feedback and
second derivative. The design approach shows the effect of these new algorithms on
the active magnetic bearing performance.

For the reshaping of the part in the damping curve which consists of high-
frequency, second derivative feedback was utilised and to make sure the effects
of the algorithm on the rotor response that it would be effectively anticipated integral
feedback was implemented (Fig. 3).

2.2 Identification of Faults and Failure in AMB System

Failure modes were found out by a test rig and seen that mostly the failure occurred
was due to high vibration [12]. The conventional compression trains would be
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replaced by an AMB system in a hermetically sealed compressor. An AMB test rig
has developed with two radial AMBs which are connected by an external controller
and manipulated by computer software.

A test rig has beenmade (see Fig. 4) which is used to find out AMB failure modes.
The primary cause of radial vibration in AMBs is to be the axial separation between
the position sensor and bearing actuator. The failure modes that have been observed
during normal machine operation are summarised in Table 2.

Failure of any component in AMB affects its performance, and hence, somemajor
failure modes and their effects on the performance of AMBs have been identified
[7] to make necessary changes in design to prevent these failures. So, failure modes
and their effect have been found out for an AMBwhich will termed as FMEAmeans
failuremode and effect analysis [12]. Risk Priority Number (RPN)will be discovered

Fig. 4 Test rig schematic: Prof. Melinda Hodkiewicz et al. [12]

Table 2 Observed failure modes of AMB [12]

Item and function Functional failure Failure mode—cause of
failure

Radial AMB: support shaft
and minimises shaft vibration

High vibration amplitudes Super-synchronous
vibration—controller tuning
unsuitable for damping
structural resonances

Radial vibration Axial vibration—coupling
not sufficiently robust to
damp axial vibration

Controller: control and
monitor shaft rotation and
levitation

Rotation deviates from
command

CW motor acceleration
following a deceleration to 0
RPM from CCW
rotation—motor control logic
failure

Rotation prevented Rotation disallowed by
controller—max. allowed
de-levitations onto auxiliary
bearings reached
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by the assistance of severity, occurrence and detection of failures modes. In FMEA,
first the system failures in the various components have been found out in each of the
components of AMB system [13]. After that, the ranking is provided on a rating scale
of 1–5 based on severity, occurrence and detection of each failure mode to calculate
the Risk Priority Number (RPN). Hence, by the aid of Risk Priority Number, critical
failure modes of AMB system have been found out. After identifying the critical
failure mode and applying the control methods, the value of RPN is again calculated.
The final FMEA worksheet is given in Table 3.

Table 3 Failure mode and effect analysis worksheet [7]

Components Root-cause modes Effects RPN

Amplifier Condition of external
environment

Results in reduction in
speed

5

Over loading due to excess
current supply

Results in reduction in
speed

12

Short circuit Results in reduction in
speed

10

Position sensors Failure in electric circuit Results in reduction in
speed

20

Physical contact between
sensor and rotor

Rotor will levitate away
from its original position

18

Shaft will be damaged Rotor will levitate away
from its original position

8

Presence of debris Rotor will levitate away
from its original position

3

Coil Wire insulation decay Results in reduction in
speed

4

Software error Failure occurs in operating
condition

Rotor will levitate away
from its original position

16

Rotor in dynamic loading Loading condition has
been changed

Rotor will levitate away
from its original position

12

Motion in abnormal
condition

Vibration from external
source

Rotor will levitate away
from its original position

24

Mounted in portable
applications

Rotor will levitate away
from its original position

128

Active magnetic bearing
touchdown bearings

Permanent damage Results in reduction in
speed

6

Temporary errors in the
system

Rotor will levitate away
from its original position

4
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3 Conclusion

Active magnetic bearing provides contact-less operation, hence, mechanical wear
and frictional losses reduce, and there is no use of lubrication, so the maintenance
cost reduces, and life and reliability of the bearing will increase.

In this paper, different control techniques studied, fromwhichPIDhas beenwidely
used in industrial control system and AMB systems in comparison with others. Also,
failure modes have been studied to minimise the faults and failures in AMB and
to increase its life, performance and reliability. It has been observed that the high
vibrations are the main cause of failure of AMBs which results in decentralised of
the shaft and minimises the life as well as the overall efficiency of the system.

Work is ongoing inmany project areas, mainly to reduce or to control the vibration
in the AMB system. The current areas of exploration include to control the multiple
axes magnetic bearing and decentralisation of shaft and to reduce the high amplitude
vibrations.
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A Technological Review on Temperature
Measurement Techniques in Various
Machining Processes

Vineet Dubey, Anuj Kumar Sharma, and Rabesh Kumar Singh

Abstract The cutting temperature and the amount of heat produced at the tool–chip
interface during different machining operations have been recognized asmain factors
that influence the cost of machining as well as the cutting tool performance in terms
of surface finish and the production time involved while machining. Cutting tool
efficiency is largely affected by temperature generated while machining which limits
the quality of the finished product. This paper presents a review of various methods
for the measurement of tool and workpiece temperature distribution in different
machining processes. Different temperature-sensing techniques are discussed along
with their limitations. A comparison between several sensing methods has been done
in terms of cost-benefit, accuracy, ease in measurement and response time in order
to find out the best-suited method.

Keywords Cutting temperature · Sensors · Thermocouple · Infrared ·
Experimental method ·Machining

1 Introduction

The surface quality of the part developed in material removal process is mainly
dependent upon the efficiency of cutting tool. Hence, proper monitoring of the cut-
ting tool is required. During the tool–workpiece interaction, large amount of heat is
generated because of friction. Mainly, three types of deformation zones are encoun-
tered, namely primary, secondary and tertiary deformation zones as shown in Fig. 1.
Primary deformation zone is affected largely as very high temperature is reported
due to localized heating resulting in material softening. Further heat liberation is
encountered in secondary zone in deformation of chips and to counteract the sliding
friction at tool–chip interface. Due to the rubbing action between flank face of the
tool and the machined surface, heat is liberated at the tertiary deformation zone in
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Fig. 1 Sources of heat liberation in the orthogonal machining process [1]

order to overcome friction. Various researchers have worked in this area to estimate
the temperature at the tool–chip interface.

Shan et al. [2] performedorthogonal turning on titaniumalloyTi6Al4V for validat-
ing their experiment. In order to predict the temperature distribution, they developed
an analytical model depending on moving heat source. K-type thermocouple was
used for temperature measurement, and it was reported that the temperature differ-
ence recorded from the predicted model and the experiment performed are within
0.49–9%. Baumgart et al. [3] utilized two-color pyrometer to estimate the tempera-
ture in cylindrical grinding. It was observed that at low coolant supply variation in
thermal load was from 265 K/s at 1.5 mm to 11,300 K/s at 0.5 mm. Ranc et al. [4]
also used pyrometer along with CCD camera in machining of low-carbon steel and
observed the highest temperature of 730 °C and minimum temperature of 550 °C.
Using this setup, they also recorded the formation of chip during machining. Li et al.
[5] inserted thin-film sensor on the rake face of tungsten carbide insert where the
microgrooves were prepared and performed turning operation. Evaluation of temper-
aturewas seen in continuous aswell as intermittent test. Sharma et al. [6]workedwith
in-house developed K-type thermocouple in the tool holder in machining AISI 304
steel using alumina and alumina–MWCNT hybrid nanofluid mist. They simulated
using conjugate heat transfer method and found a variation of 5.79% with experi-
mental work. Alvarez et al. [7] used two-color pyrometer technique while turning
Inconel 718 at a different speed and feed rate. It was revealed that the temperature
recorded reduced as the applied feed was increased. Davoodi and Hosseinzadeh [8]
utilized infrared sensor in which voltage signal is inducted as the temperature raises.
The amount of voltage is used in estimating temperature. High response rate was
achieved with infrared sensor. Ghafarizadeh et al. [9] performed milling operation
on CFRP and used K-type thermocouples for estimation of cutting temperature at
low feed and medium-speed cutting. The temperature recorded raised linearly as per
cutting speed. Chaudhary and Bartarya [10] performed orthogonal turning on EN
24 steel using HSS tool and utilized tool–work thermocouple method in order to
sense the temperature. They observed rise in the temperature at cutting zone as the
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cutting speed as well as feed rate was increased. Yashiro et al. [11] employed various
techniques for calculating temperature while machining of carbon fiber-reinforced
plastics. Embedded as well as tool–workpiece thermocouple, and infrared camera
was used. The temperature reached up to 180 °C at a speed of 25 m/min. The aim
of the experiment was to control the glass transition temperature of the matrix resin.
Prakash et al. [12] applied electrical discharge coating and achieved surface modifi-
cation of Ti6Al4 V alloy using partially sintered Ti-Nb electrode. Uddin et al. [13]
performed experiment on drilling in order to evaluate the hole quality in case of
aluminum alloy. Gupta et al. [14] performed machining on Inconel-800 superalloy
in near dry machining condition and observed reduction in cutting force as well as
improvement in the surface quality. Pradhan et al. [15] used FEAmodeling to investi-
gate the performance ofmicrogroove textured cutting tool and observed lower cutting
temperature as well as cutting force. Dubey and Singh [16] studied powder-mixed
EDM on aluminum alloy and found that recast layer is decreased at lower setting
of parameters. Tiwari et al. [17] performed drilling operation and studied the effect
of drilling speed on micro-residual stress distribution in the proximity of hole using
nanoindentation.

The present paper discusses the research work of past ten years in various machin-
ing processes such as turning drilling and milling. An attempt has been made to
measure the cutting tool–workpiece temperature while machining. The researches
focused on temperaturemeasurement technique duringmachining as given inTable 1.
The table describes the machining process, the tool–workpiece material used, along
with the various sensing techniques involved in machining. Furthermore, the paper
discussed the different temperature-measuring methods.

2 Study of Various Temperature-Sensing Techniques

Temperature-measuring techniques are basically categorized into conduction and
radiation method. In case of conduction, interaction of energy among the particles
from higher energy to lower energy happens. The temperature difference between the
two regions in contact is calculated. Different methods under conduction techniques
are shown in Fig. 2. The radiation technique depends upon the emissivity and tem-
perature of the body. The accuracy of emissivity decides the precise measurement
given by the radiation measurement instrument. The sub-categories of conduction
and radiation methods are discussed.

2.1 Thermocouples

Thermocouples work on the principle of Seebeck effect. This effect produces differ-
ence in the voltage within the hot and cold junction whenever there is temperature
difference [30]. In order to measure temperature rise at cutting zones, the obtained
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Table 1 List of past work done in estimating temperature in various machining operations

Authors Machining
processes

Temperature-sensing
technique/equipment

Tool/workpiece Remarks/findings

Shan et al. [2] Turning K-type armored
thermocouple

Carbide tool
insert

With rise in feed
rate, the
high-temperature
area is changing
away from nose of
tool

Zhang et al.
[18]

Drilling Thermocouple and
platinum resistors

S45C steel Temperature rise
was maximum at bit
regolith region

Kesriklioglu
[19]

Milling K-type thin-film
thermocouple

Tungsten
carbide

It was noticed that
in case of climb and
conventional
milling the peak
temperature is very
close

Li et al. [5] Turning K-type thin-film
thermocouple

Tungsten
carbide insert

Proper linearity and
uniformity are seen
in estimating when
the sensors are
insulated with the
alloy substrate

Baumgart
et al. [3]

Cylindrical
grinding

Two-color
pyrometer

Cold work tool
steel

Variation in thermal
load can be seen
from 265 to
11,300 K/s

Nunez et al.
[20]

CNC
milling

Infrared
camera/thermogram

High-speed
steel end
milling tool

For finding of the
interest zones, the
image collected was
useful

Urgoiti et al.
[21]

Grinding Pyrometer GG-30 cast
iron

There has been a
decrease of
measurement error
by 60% when
temperature
estimation of the
surface was done
while grinding
operation using this
technique

(continued)
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Table 1 (continued)

Authors Machining
processes

Temperature-sensing
technique/equipment

Tool/workpiece Remarks/findings

Rizal et al.
[22]

Milling Thermocouple ACK 300
tungsten
carbide tool

Thermocouple used
was found to be
reliable for
interpreting
machining signals.
The signals
obtained are
co-related to flank
wear stare

Werschmoeller
and Li [23]

CNC
milling

Thin-film
micro-thermocouple

Polycrystalline
boron nitride
(PCBN)

Thin-film
micro-thermocouple
exhibited good
linearity as well as
quick response time

Alvarez et al.
[7]

Turning Two-color
pyrometer

Triangular
uncoated
carbide insert

It was reported that
despite harsh
environmental
conditions, this
pyrometer
technique has
shown good
performance in
measuring
temperature where
emissivity can play
an important role

Sorrentino
et al. [24]

CNC
drilling

K-type
thermocouple

Tungsten
carbide

The highest
temperature
estimated on the
tool rises with the
cutting speed and
decreases with
increasing feed rate

Tapetado et al.
[25]

Turning Two-color
pyrometer

Carbide insert The experiment
results revealed a
temperature error of
14%

Gosai et al.
[26]

Turning K-type
thermocouple

Coated carbide
insert

The obtained
mathematical model
was validated, and
the error reported
was less than 10%

(continued)
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Table 1 (continued)

Authors Machining
processes

Temperature-sensing
technique/equipment

Tool/workpiece Remarks/findings

Baohai et al.
[27]

End
milling

Single-wire
thermocouple

Milling cutter
with carbide
insert

An inverse trend of
temperature change
was found against
cutting speed

Sugita et al.
[28]

Turning Micro-thermocouple
sensor

Carbide insert This sensor can be
used with
non-conducting
materials and
applied to medical
devices

Fig. 2 Temperature-sensing methods [29]

voltage difference is calibrated. This mode of temperature measurement is bene-
ficial to relate various machining parameters like depth of cut, feed rate and the
speed involved to the variation of temperature. Different thermocouple techniques
are discussed below.

2.1.1 Embedded Thermocouple

This technology involves introducing thermocouples into suitable sized hole in the
workpiece material referring to as an ‘embedded thermocouple.’ These thermocou-
ples are generally mounted in proximity to the surface where the temperature needs
to be calculated. Figure 3 depicts the use of embedded thermocouples in case of
milling operation.

2.1.2 Tool/Workpiece Thermocouple

The experimental setup of this technique is quiet simple as shown in Fig. 4. In this
case, the machining temperature is associated with the emf produced across the hot
interface between tool and workpiece. Application of this methodology is largely
seen in case of tool inserts. This technique poses limitation in finding temperature
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Fig. 3 Milling temperature
measurement using
embedded thermocouples
[31]

Fig. 4 Tool/workpiece thermocouple experimental setup [31]

distribution at various points of the tool in single setup. Like embedded thermocouple,
this technique is too limited to dry cutting while it has a good dynamic response.

2.1.3 Single-Wire Thermocouple

In this thermocouple as the name suggests, an insulated wire is inserted through the
workpiece by dividing the part into two across the line of cutting as depicted in Fig. 5.

The thin wire is cut during milling, exposing it and forming a thermocouple
between the wire and the cutting tool [32] as shown in Fig. 6. In this method, very
short signal duration is seen only during electrical contact with the wire. Thus, high
sampling rate is necessary in order to record the signal during the short measurement
interval [29].With this technique, remotemeasurement is feasible and setup is simple.
Several repetitions aswell as variance analysis are desirable due to short contact times
and electrical conduction problems.
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Fig. 5 Installation of
single-wire thermocouple

Fig. 6 Single-wire thermocouple measuring process

2.1.4 Transverse Thermocouple

These thermocouples are used in finding the tool temperature distributions on the rake
face of the tool at the chip–tool interface [33]. The setup of transverse thermocouple
arrangement is depicted in Fig. 7. The thermoelectric junction comprises the tool
material and the probe material. As the position of the sharp probe changes, the
readings of the temperature distribution relative to a specific edge are recorded [33].

Therefore according to the need, wherever the temperature is of interest the sharp
probe can move on the tool surface which enables measurements of 3D temperature
distribution. Though the experimental setup is complex, yet this method helps in
predicting the position of tool wear.
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Fig. 7 Transverse
thermocouple setup [16]

2.2 Thermochemical Powders

This method involves shaping the cutting tool in two divisions having symmet-
rical interface. While assembling, a coating of powder is applied to the region.
Thermochemical powders having varying melting points are used, at a time, and
the temperature distribution is determined by repeating the experiments. Isotherms
are generated using this method which indicate temperature distribution as seen in
Fig. 8. With this technique, it is simple to detect boundaries and also no calibration is
required, because of the constant melting points of the powders used. The different
thermochemical powders used in this technique along with their melting and boiling
point are mentioned in Table 2.

Fig. 8 Temperature
isotherms on rake face [34]
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Table 2 Thermochemical
powders and their respective
melting points [31]

Chemical substance Melting point (°C) Boiling point (°C)

NaCl 800 1413

KCl 776 1500

CdCl 568 960

PbCl2 501 964

AgCl 455 1550

Zn 419 907

KNO3 339 –

Pb 327.4 1750

SnCl2 246.8 623

Sn 231.9 2270

2.3 Thermal-Sensitive Paint Method

In order to estimate the temperature distribution, another method called thermal-
sensitive paint method is employed, in which the specimen is coated with the thermo-
sensitive paints which change their color at known temperatures. For tracing the
isothermal lines, this technique is found to be suitable [30]. It is reported that this
method finds its best suitability for qualitative comparison of temperatures. The
limitations of this method are the response time and accuracy for small temperature
variations. This technique is of low cost and is easy to use. The limitation of this
method is that it requires controlled heat transfer environment and is not suitable for
use with cooling/lubrication.

2.4 Metallurgical Method

This method utilizes metallurgical deformation and hardness change which the cut-
ting tool possesses post-machining operation which can be correlated with tem-
perature. With the help of metallographic investigation, the structural changes can
be examined. The microstructure obtained from the tool/workpiece is matched to
reference microstructures, which aids in calculating temperature. These structural
changes make it suitable to map the temperature distribution. On the other hand,
micro-hardness measurements can be performed on the tool after the cutting to deter-
mine temperature counters. This method is time consuming and requires accurate
hardness measurement [33]. Application is restricted to suitable conditions like high
range of temperature and materials like high-speed steel. This method proves to be
insensitive when there is no microstructural change.
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2.5 Infrared Camera

It is a technique to estimate the surface temperature of the body based on the thermal
energy produced by the body. This technique is accessible for point measurement
as in case of infrared pyrometers and infrared thermograph. The radiation method
offers rapid response and material safety, and allows measurements on objects over
thermoelectric technique.However, propermeasurement location has to be opted as it
may hinder the accuracy by chip obstruction. Calculation of the tool–chip interface
temperature also becomes difficult due to chip obstruction, hence avoided. Exact
emissivity of the surface is desirable as it affects the measured temperature [8].

3 Results and Discussion

As per the review from the above works mentioned on various techniques of
temperature-sensing, an exact approach for measuring temperature depends as per
the problem, like the ease with the sensor can be installed to the location desired,
accuracy required, setup cost, data acquisition and analysis, innovations in sensor
technology measurement. In case of embedded thermocouple, frequent repetition as
well as several variance analyses has to be performed. In case of transverse ther-
mocouple using sharp probe, temperature can be determined at different locations.
Using infrared technique, safety of the workpiece as well as tool can be ensured as
no harm is imposed on the material unlike other sensing techniques. Some of the
techniques find itself suitable for a particular condition in temperature detection,
while some methodology poses limitation on temperature calculation. In the present
paper, it can be seen that the temperature detection techniques are applied on turning,
milling as well as grinding operations with tool material especially tungsten carbide.

4 Conclusion

• In metal cutting, most of the literature is related to turning, milling and grinding
operation. There is a scope of estimating temperature in various other conventional
as well as non-conventional machining operations.

• Calculation of temperature in the close proximity of the chip–tool interface is still
a challenge.

• The use of embedded thermocouple is found to be better in terms of cost, ease of
calibration and response time.

• Infrared techniques have certain advantages over other sensing techniques, but its
limitation is the lack of emissivity value of novel materials as well as the hard and
soft coatings done on the cutting tool.
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• This review can help the new researchers working in the field of thermal sensors
in machining as well as the industries in getting a brief idea of work carried out
in recent years in different machining operations.
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Development of a Model for the Number
of Bends During Stirrup Making Process

S. N. Waghmare, Sagar D. Shelare, C. K. Tembhurkar, and S. B. Jawalekar

Abstract Stirrup making is a process to angling reinforcement bars at expected
edges into civil engineering work. Hand-operated bar bending requires vigorous
physical exercise, which is generally done in a bad ergonomic atmosphere at con-
struction site. This could begin to prolonged musculoskeletal complications such as
profound back disorder among bar benders. Current research explains a numerical
model for number of bends, torque and required time to process of a stirrup mak-
ing method using human fortified flywheel motor based on testing data collected,
applying a method of design for experimentation. Out of the above three models,
the numerical model and its analysis for a number of bend for the stirrup producing
process is described here. Findings obtained by the numerical model for a num-
ber of bends positively describes the degree of interaction of multiple independent
parameters for stirrup producing operation.

Keywords Stirrup · Bar bending · Human power · Sensitivity analysis

1 Introduction

The civil construction business is the othermost significant businesses in India giving
work to higher than 35 million people, that is nearly 16 percentage of India’s serv-
ing people [1]. However, an industry creates work possibilities on a massive scale,
and over 80 percent of the workers are untrained [2]. Globally, construction places
are intrinsically terrible, and every year, the industry proceeds to register few most
significant levels of misfortune and destructiveness among all industrial divisions
[3–5]. Also, by large safety management orders and enactment in place, industrial
accidents continue a pervasive, yet preventable dilemma [4, 6, 7]. In civil engineering
works, bending of the bar is a method to provide angle to reinforcement bars applied
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as stirrups and support [8]. Although stirrups have been practiced since decades,
various problems, such as getting the most effective geometrical stirrup pattern, are
still subjects of constant investigation [3, 9, 10]. Stirrup bending is manual in most
entire emerging countries, because of its cost-effectiveness [11].

At smaller civil construction site work, labors bend stirrup by the traditional
approach [11]. No alternative significant method for crating the stirrup with the
fewer human attempts same time; the detailed investigation of presentmanual stirrup-
producing process shows that the process experiences different drawbacks.

In this paper, the stirrup is made from stirrup-creating setup driven by human-
powered flywheel motor (HPFM) [12]. The stirrup-producing unit comprises two
spur gears, and it is having 3/4 and 1/4 teeth; the gear drive is used to transmit the
motion from energy unit to process unit shaft [13]. The rectangular helical spring is
provided for tension and getting back the circular disk to its original position, it also
provides the fixed pin which is utilized for bending the rod by 90 degrees by pressing
the foot lever.

The conceptual design of stirrup producing consists of mainly pedal, sprocket,
chain drive, flywheel and process unit (stirrup bending mechanism) as per Fig. 1.
Fabricated setup of stirrup-producing machine is as per Fig. 2. Setup mainly consists
of energy unit, transmission unit and process unit. The operator energizes theflywheel
by pedaling conveniently. After storing the sufficient amount of energy, pedaling is
stopped, and the energy is transferred with clutch. Five bending operations make the
stirrups. The stirrup rod is first cut in predetermined length, and marking by chock
then the five bending operations are performed as follows. Primarily, a smaller length
of the rod is bent through inserting it into a guiding slot. By putting the rod at a centre

Fig. 1 Conceptual design of
stirrup-producing machine.
Where 1-pedal, 2-big
sprocket, 3-chain drive,
4-smaller sprocket,
5-flywheel, 6-sprocket,
7-sprocket, 8-process unit
(stirrup bending mechanism)
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Fig. 2 Fabricated setup of stirrup producing the machine

position of the disc, operator needs to push andmove the lever by foot. For the second
bend, follow the same process based on the size of stirrup. Similarly third, fourth
and fifth bend is made to obtain the perfect rectangular shape as per requirement.

2 Materials and Method

2.1 Experimental Model Formulation

For the model formulation, the method proposed as per Hilbert Schenck is used.
This helps for deciding the minimum processing torque required, and human energy
to be supplied to the system for getting bending operation for rod in minimum
time [14]. By knowing this, one can form a relation for stirrup-creating method.
This would be conceivable if we have a quantitative relationship among different
dependent, independent parameters of the system. This relationship is the analytical
model of stirrup-creating process. Notably, model of stirrup making cannot be made
logically. The only alternative method is to form an innovative data-based model.
In this methodology, all independent variables differ over a permissible range, a
response data is gathered, and the relationship is established analytically.

In this experimentation process [15], torque (T r), time to process (tp) and no. of
bends (nb) are dependent or response variableswhereas various independent variables
are flywheel energy (Ef), angular speed (ωf), time required to speed (tf), stirrup
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diameter (ds), stirrup size (s), bend angle (θ ), stirrup hardness (Hs), pin and center
distance (r), ratio of gear (G), spring stiffness (k), rotating disk diameter (dr), rotating
disk thickness (tr), acceleration because of gravity (g), stirrup length (Ls), elasticity
modulus for stirrup (Es).

2.2 Experimental Procedure

For experimentation, the stirrup rod of 6 mm plain, 6 mm TMT holding the equiva-
lent diameter is prepared in the machine at three separate lengths, i.e., 968.4, 1068.4
and 1220.4 mm, at four separate speeds, ranging between 300 and 600 rpm, and
at three separate gear ratios 1/2, 1/3 and 1/4. Hence, two diverse materials are
utilized for experimentation to control an exact use of machine. Speed need to
be achieved is shown in the GUI with instrumentation system. During the exper-
imentation process, time, torque, bend number, flywheel time to speeding, etc., are
noted by a uniquely designed electronic kit, i.e., instrumentation system presented in
Fig. 3 [16] (Tables 1, 2 and 3).

Fig. 3 Experimental arrangement and electronic kit for speed measurement with software and
sensors. Where 1-speed rising gear pair, 2-sensor, 3-jaw clutch, 4-jaw clutch engaging disengaging
lever, 5-instrumentation GUI showing speed, 6-electronic kit
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Table 1 Plan of experimentation and observations when G.R = 0.5

S. No. Size type P.D Rod type G.R (N) (tf) (Tp) (nb)

1 Type-I 45.0 6-plain 0.5 300 35 56 7

2 Type-I 67.5 6-plain 0.5 300 35 63 11

3 Type-I 45.0 6-twist 0.5 300 35 91 15

4 Type-I 67.5 6-twist 0.5 300 42 91 19

5 Type-I 45.0 6-plain 0.5 400 28 32 10

Where G.R gear ratio, P.D pin distance, tf flywheel time to speeding, N speed in rpm, Tp
processing time, nb no. of bend, Type-I-179 × 229 mm

Table 2 Plan of experimentation and observations when G.R = 0.33

S. No. Size type P.D Rod type G.R (N) (tf) (Tp) (nb)

1 Type-I 45.0 6-plain 0.33 300 28 42 6.5

2 Type-I 67.5 6-plain 0.33 300 21 42 10.5

3 Type-I 45.0 6-twist 0.33 300 42 91 16

4 Type-I 67.5 6-twist 0.33 300 56 77 17.5

5 Type-I 45.0 6-plain 0.33 400 28 42 9

Where G.R gear ratio, P.D pin distance, tf flywheel time to speeding, N speed in rpm, Tp
processing time, nb no. of bend, Type-I-179 × 229 mm

Table 3 Plan of experimentation and observations when G.R = 0.25

S. No. Size type P.D Rod type G.R (N) (tf) (Tp) (nb)

1 Type-I 45.0 6-Plain 0.25 300 35 49 8

2 Type-I 67.5 6-Plain 0.25 300 28 63 10.5

3 Type-I 45.0 6-Twist 0.25 300 49 77 15

4 Type-I 67.5 6-Twist 0.25 300 30 80 19

5 Type-I 45.0 6-Plain 0.25 400 28 56 8

WhereGR gear ratio,PD pin distance, tf flywheel time to speeding,N speed in rpm,Tp processing
time, nb no. of bend, Type-I-179 × 229 mm

2.3 Formulation of Model by Dimensional Analysis

As per the dimensional analysis, bend number is written in function form as [17]:

nb = f2(Ef, ωf, tf, ds, s, θ, Hs, r,G, k, dr, tr, g, Ls, Es)

Total independent variables, n = 15 and no. of fundamental units, m = 3.
No. of � terms = n − m = 15 − 3 = 12.
A mathematical model of bend number (nb) is obtained as-
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(nb) = f2

{(
Ef

L3
s ∗ Es

)
(ωf ∗ tf)

(
K

Ls ∗ Es

)(
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)(
ds ∗ r ∗ dr ∗ tr

L4
s

)(
S

L2
s

)
(θ ∗ G)

}

(1)

2.4 Design of Experiments

In this experimentation, 144 experiments were designed based on sequential classi-
cal experimental design technique, generally proposed for engineering applications,
Hilbert Schenck. The basic classical plan consists of keeping all but any independent
parameters constant and changing this one variable over its range. The basic reason of
experiments is to find correlation in 12 independent process variables with 3 depen-
dent responses for stirrup-creating process optimization. Simultaneously varying the
all 12 independent parameters was confusing as well as complicated. Therefore,
every 12 independent process variables were decreased by dimensional analysis.
Buckingham π theorem was accommodated to produce dimensionless π terms for
reduction of process variables [18].

3 Analysis of Model

3.1 Analysis of Model for No. of Bends

For analysis of model for dependent pi term of number of bends nb (Fig. 4)

Fig. 4 Indices of dependent pie term for no. of bends
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(nb) = 02.59656979 × 10−9
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The reduced relationship for this pie term is given by π02 = nb.
It would be seen that equation is model for a pi term containing several bends (nb)

as a response variable.
The following primary outcome can be justified from the earlier model.

(i) The absolute index of π4 is highest, viz. 8.9311. The factor π4 is related to
properties of material; i.e., elasticity and hardness are the common growing
terms. Value of this index is positive, showing the correlation within ratio
for elasticity and material hardness has a sturdy impact on π02, and π02 is
immediately changing concerning π4.

(ii) The absolute index of π2 is lowest, viz. 0.0831. Thus, π2, the term related to
angular speed and time required speeding up of flywheel angular speed and
time needed to speeding of flywheel, is the least influencing term in model.
The low value of absolute index indicates the factor, angular speed and time
required to speeding of flywheel demand growth.

(iii) Importance of other independent pi terms existing in model is π1, π5, π6 and
π7 having an absolute index of 0.5355, 0.1377, 1.0505 and 0.0986. The indices
ofπ3 are negative, viz.−1.924, respectively. The positive indices are indicating
the need for improvement. The negative indices are showing that π02 varies
inversely concerning π3.

(iv) The constant in this model is 2.59656979× 10−9. This value is a lesser amount
than one. So, it has nomagnification outcome in the importance calculated from
multiplication of various terms of model.

3.2 Sensitivity Analysis

An impact of the different independent π terms has investigated through examining
an indices of those different π terms in a model [19]. When series of a change of
±10% is added in a value for independent pi term π1, a change of about 10.72%
occurs in quantity of π02 (computed from the model). The change brought in a value
of π02 because of change into quantity of the other independent pi term π2 is only
1.667%. Similarly, variation about 39.23, 195.2, 2.761, 21.01 and 1.978% takes place
because of change in values of π3, π4, π5, π6 and π7, respectively. It is observed
that the biggest change is due to pi term π4, whereas the least change takes place due
to the pi term π2. Thus, π4 is the most sensitive pi term, and π2 is the least sensitive
pi term. The order of the different pie terms in the ascending order of sensitivity is
π2, π7, π5, π1, π6, π3 and π4 (Figs. 5 and 6).
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Fig. 5 Graphs illustrating
sensitivity analysis, indices
for Pi02
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Fig. 6 Comparison of actual and computed data by ANN (for no. of bends nb)

4 Conclusions

1. Sensitivity analysis shows stiffness of spring, rod material hardness, modulus
elasticity ofmaterial is predominant over the considered independent parameters.

2. Themachining attributes of stirrup-producing procedure are proved by the theory
of experimentation, which was hidden in earlier cited investigation.

3. Presently most utmost, stirrups are created by the hand by the workers, and
the stirrup-producing machines are operated utilizing electrical power, but the
current machine uses HPFM creating a stirrup.
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4. The data of stirrup-creating process is collected by performing actual experi-
mentation. Due to this, the finding of study positively represents superiority of
interplay of several independent variables. The standard error of estimate of pre-
dicted/computed dependent parameter values is found to be very low. This gives
authenticity to improved analytical models and ANN.

5. The calculated choice of stirrup-forming method parameters with dimensional
analysis gives practical direction to the production technicians so that they can
minimize the time for optimal performance.

6. Developed setup produces intermittent energy, due to which speed obtained dur-
ing operation is retarding, and a newermechanismmay be developed for constant
speed.
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Numerical Analysis of Heat Transfer
in Ferrofluid Under Constant External
Magnetic Field

Jaswinder Singh Mehta, Rajesh Kumar, Harmesh Kumar, and Harry Garg

Abstract This paper reports the numerical analysis of single-phase kerosene-based
ferrofluid that passes through a circular-shaped closed loop. Permanent magnet has
been employed to generate themagnetic field, and fluid flows as per thermo-magnetic
convection principle. A two-dimensional, incompressible, and laminar flow has been
consideredwhile performing the time-dependent heat transfer study for the ferrofluid.
The governing equations such as continuity, momentum, and energy equations are
solved for steady-state incompressible flow using a partial differential equation based
multiphysics finite element software, COMSOLMultiphysics 5.0. Simulation results
indicate that magnitude of Kelvin body force rises with time as fluid flows with
increased velocity resulting in successful dissipation of heat flux.

Keywords Heat transfer · Thermo-magnetic convection · Kelvin body force ·
Kerosene-based ferrofluid · Velocity contour

1 Introduction

Heat transfer augmentation is of paramount concern in electronics cooling and var-
ious other industrial cooling systems. Nanofluids, as of date, are used quite fre-
quently for various applications requiring high rate of heat dissipation, and plethora
of research work [1–9] in this field signify the interest of research community to
explore various nanofluids for such applications. Recently, ferrofluids have caught
the researchers’ eye as the fluid can be manipulated in the presence of magnetic field.
Ferrofluid is a distinct class of nanofluid whose thermo-physical properties could be
customized as per system requirements, and variation in its flow rate can also be

J. S. Mehta (B) · R. Kumar · H. Kumar
UIET, Panjab University, Chandigarh 160014, India
e-mail: jsmehta@pu.ac.in

H. Garg
CSIR-CSIO, Chandigarh, India

© Springer Nature Singapore Pte Ltd. 2021
C. Prakash et al. (eds.), Advances in Metrology and Measurement
of Engineering Surfaces , Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-5151-2_8

79

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5151-2_8&domain=pdf
mailto:jsmehta@pu.ac.in
https://doi.org/10.1007/978-981-15-5151-2_8


80 J. S. Mehta et al.

made by changing the strength/frequency of magnetic field. The fluid is composed
of magnetic particles of size usually less than 10 nm, and uniform suspension in a
non-magnetic carrier fluid can be reasonably approximated [10].

The influence of asymmetrical magnetic field on heat transfer and pressure dif-
ferential of water-based ferrofluid was experimentally examined. The fluid flows
through uniformly heated parallel-plate channels, and the flow rate was varied
between Reynolds number 20–1200. An augmentation in convective heat transfer
coefficient was noticed with velocity and frequency of magnetic field while increase
in volume fraction of fluid led to rise in pressure drop [11]. The effect of two kinds
of magnetic arrangement on convective heat transfer coefficient of water-based fer-
rofluid was experimentally examined. The fluid passes through a stainless steel tube,
and magnets were arranged in two different configurations along the flow direction.
The authors observed higher augmentation of heat transfer coefficient for double
in-line magnet arrangement as compared to single in-line arrangement at fixed flow
rates. A significant enhancement in heat transfer capability of fluid was also found
in the presence of magnetic field [12]. Cooling capability of thermo-magnetically
pumped ferrofluid in vertical flow loop was studied. There was substantial decrease
up to about 75% in size of heat sink with the use of ferrofluid. Also, high heat
transfer enhancement factor was noted at higher static magnetic field strengths [13].
Flow and heat transfer characteristics of water-based ferrofluid were numerically
investigated using CVFEM method. Rayleigh number, magnetic number, and parti-
cle volume fraction have direct bearing on average heat coefficient; however, with
increase in Hartmann number, heat transfer coefficient was observed to decrease
[14]. An experimental heat transfer analysis of a copper oscillating heat pipe filled
with kerosene-based ferrofluid was performed. At a liquid filled ratio of 50%, the
effect of magnetic field on temperature distribution and alteration in thermal resis-
tance of the pipe was calculated. The authors compared the heat transfer of Fe2O3

nanofluid-charged oscillating heat pipe with kerosene-charged OHP and concluded
that in the presence ofmagnetic field, substantial improvement in the former casewas
noticed due to reduction in its overall thermal resistance [15]. The effect of Reynolds
number, location of line dipoles, and magnetic flux intensity on heat transfer char-
acteristics of water-based ferrofluid passed through a two-dimensional duct was
studied numerically using simple finite volume method. Increase in Reynolds num-
ber and magnetic field strength lead to improvement in convection heat transfer rate
[16]. Convective heat transfer characteristics ofwater-based ferrofluid under different
temperatures and magnetic field strengths varying from 100 to 200 G were analyzed
experimentally. The fluid was passed through a hollow circular pipe, and convective
heat transfer coefficient was observed to decrease under the effect of constant and
uniform magnetic field. The intensity of magnetic field also had negative correlation
with heat transfer coefficient. The authors argued that low Brownian motion along
with increased viscosity might be the possible cause for reduction in heat transfer
coefficient [17]. The impact of alternating magnetic field on convective heat transfer
was examined, and it was deduced that heat transfer performance was enhanced with
strength and frequency of the field. Non-accumulation of nanoparticles in vicinity to
tube wall when the field was alternated was the primary cause behind augmentation
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of heat transfer coefficient [18]. The performance of a miniature automatic energy
transport device was measured experimentally. A temperature-sensitive magnetic
fluid was allowed to flow through the loop. Flow behavior of magnetic fluid was
envisaged using particle image velocimetry technique. With increase in applied heat
flux, fluid flow velocity was found to increase and performance of the device was
shown to be dependent on structure of the loop [19]. Heat transfer characteristics for
a ferrofluid flowing through a square-shaped duct were experimentally evaluated.
Higher volume fraction resulted in increase in Nusselt number while reverse trend
was noted for mass flow rates when magnetic field was applied perpendicular to the
heat flux [20].

The present work reports the numerical simulation of convective heat transfer
of single-phase kerosene-based ferrofluid in a circular-shaped closed loop under
the influence of an external magnetic field. Governing equations were solved using
COMSOLMultiphysics 5.0, an FEA-based solver. Simulation results concluded that
Kelvin body force was generated inside the ferrofluid when spatial thermal gradient
exist along with non-uniformmagnetic field. Velocity tends to growwith the passage
of time resulting in movement of ferrofluid without the need of any external pump.

2 Computational Method

2.1 Geometrical Model

Figure 1 shows the schematic of the geometry employed for numerical analysis. A
circular closed loop of outer diameter 180 mm and thickness 2 mm is taken. The fer-
rofluid flows through the annular space having outer and inner diameter as 178 mm
and 175.5, respectively. A permanent magnet of size 25 × 7 mm and intensity 1T

Fig. 1 Two-dimensional
geometrical model

Accumulator 

Magnet 

Heat Source 
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Table 1 Thermo-physical
properties of ferrofluid

Sr. No. Parameters Value

1 Viscosity,μ 2 cP

2 Density,ρ 910 kg/m3

3 Thermal conductivity,k 0.174 W/(m K)

4 Curie temperature of the fluid 65 °C

5 Surrounding temperature 20 °C

6 Magnetic susceptibility 0.386

7 Relative permeability 1.386

is being employed for generating external magnetic field. A constant heat flux of
2 W/cm3 was applied. The problem undertaken was considered to be two dimen-
sional, steady, and incompressible while flow was assumed to be non-turbulent in
nature. No slip boundary conditions were assumed at the inner wall surface. The
fluid was synthesized, and their thermo-physical properties were determined exper-
imentally by the supplier and are used as such for the present study, the details of
which are listed in Table 1.

2.2 Governing Equations

Since themagnetic nanoparticle size is less than 10 nm, the fluid is treated as homoge-
nous fluid, and accordingly single-phase approach is adopted formodeling ferrofluid.
The continuity, momentum, and energy equations [21] that govern the ferrofluid flow
through the closed loop are as follows:

Mass continuity equation:

∂ρ

∂t
+∇ · (ρ �u)=0 (1)

Momentum equation:

ρ∂ �u/∂t + ρ �u · ∇ �u = −∇ p + ∇ · (μ(∇�u + (∇�u)T
) + �F (2)

Energy equation:

ρcp

(
∂T

∂t
+ �u · ∇T

)
= k∇2T (3)

Magnetic induction:

�B = μ◦
( �H + �M

)
(4)
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Table 2 Grid independence
study for the selected domain

Grid size Fluid velocity (mm/s)

Normal 7.2765

Fine 7.6948

Finer 7.7257

Extra fine 7.7318

Extremely Fine 7.7311

Kelvin body force:

�F =
( �M · ∇

) �B (2.5)

2.3 Grid Independence Test

Mesh size for the two-dimensional model was determined by conducting grid inde-
pendence test. Velocity of the ferrofluid was estimated for all the grid settings used,
and results are displayed in Table 2.

However, anymesh settings can be used, but physics-controlled finemesh is being
adopted for the selected domain as the best settings since no significant variations in
the velocity values were observed upon increasing the mesh density further in order
to access the velocity measurements accurately as shown in Fig. 2.

Fig. 2 Grid distribution
used in the study
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3 Results and Discussions

Figure 3 illustrates the temperature distribution inside the closed loop at different
instant of time. As can be seen, the temperature of fluid keeps on rising up to its
Curie temperature as the time progresses. A high temperature gradient exists near
the heat source where permanent magnet is positioned.

The spatial thermal differential and non-uniform magnetic field were primarily
the basis for generation of Kelvin body force. The Kelvin body force, thus, becomes
the driving force, and fluid begins to flow due to this.

The velocity field inside the loop at different length of time is depicted in Fig. 4.
There has been a spontaneous increase in velocity with time. The region ofmaximum
velocity is found where the magnet is positioned and at the instant just when the fluid
is about to enter into the heated length. The existence of higher temperature gradient
and non-uniform magnetic field at that location is the principal reason for generation
of Kelvin body force.

Fig. 3 Temperature distribution inside loop at different length of time a 5 min b 35 min

Fig. 4 Velocity contours (mm/s) inside the loop at different point of time a 5 min b 35 min
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Velocity vectors showing the direction of flow of ferrofluid in the loop have been
represented in Fig. 5. The fluid flows in clockwise direction under the effect of
magnetic field generated by permanent magnet. Velocity profile of the ferrofluid as
depicted in Fig. 6, clearly indicating the growing magnitude of velocity with time.

Fig. 5 Velocity vectors
indicating fluid flow
direction

Fig. 6 Fluid velocity profile
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4 Conclusions

Following conclusions could be drawn from the simulation study:

1. Temperature contours representing the variations of temperature in the loop reaf-
firm themovement of ferrofluid under the effect of externalmagnetic field. Colder
fluid displaces the hot fluid as it passes through the heated length due to Kelvin
body force, and as the fluid travels, it dissipates its heat to the surrounding air.

2. Velocity contours and velocity profile signify the increase in magnitude of fluid
velocity with time. With the passage of time, fluid was heated in close vicinity
to its Curie temperature resulting in existence of higher thermal differential, and
thus, strength of Kelvin body force increases and it in turn leads to faster fluid
movement that result in quick extraction of heat. This effect is very much similar
to natural convection where hot, lesser dense fluid is displaced by colder, denser
fluid.

3. Maximum fluid velocity of 8.45 mm/s was found at t = 35 min near the location
where permanent magnet is positioned. The flowwas also found to be continuous
and laminar in nature with parabolic velocity profile.

Simulation results illustrate the heat transfer potential of ferrofluid and the distinct
advantage of ferrofluid-based miniature cooling system is that system is totally pas-
sive in nature. The fluid can be tailored as per design requirement and maneuvered
under the influence of magnetic field.

5 Future Recommendations

Further laboratory testing aided by numerical simulations would help to better under-
stand the behavior of ferrofluid when subjected to magnetic field. The effect of dif-
ferent angles of magnet orientation and nanoparticle volume fraction on the heat
transfer effectiveness of ferrofluid-based cooling system should be recommended
for future studies.
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Formulation of a Mathematical Model
for Quantity of Deshelled Nut in Charoli
Nut Deshelling Machine

Sagar D. Shelare, Ravinder Kumar, and Pravin B. Khope

Abstract Charoli (Buchanania lanzan) is a vital multipurpose tree and essential
plant for a rural and tribal economy. Charoli tree gives food, fuel, fodder, wood,
and medicine to the local rural and tribal society. In traditional ways, this Charoli
kernel removal is made manually by using hammer and hands due to which there
is lower efficiency with damaged and broken kernels. Hence, there is a demand to
create an indigenous and sustainable design of Charoli nut desheller for improve-
ment in Charoli nut processing efficiency and reducing the wastage occurring due
to kernel damage. In this investigation, a theoretical mathematical model based on
a dimensional analysis method was disclosed to identify the quantity of deshelled
nut of a Charoli nut deshelling process. Dimensional analysis applying the Bucking-
ham Pi (π) theorem was adopted to get an effective relationship among the quantity
of deshelled nut and independent variables. Independent variables comprise diame-
ter of grinding disk, thickness of grinding disk, number of grinding disk, clearance
between two rotating disks, energy of flywheel, angular speed, time to speed up the
flywheel, % moisture content, hardness of nut, moment of inertia of flywheel, gear
ratio, bulk density of nut, and feed rate. Established relation is useful to the predic-
tion of behavior between dependent and independent variables corresponding to the
different process conditions.

Keywords Quantity of deshelled nut · Dimensional analysis · Buckingham pi (π)
theorem ·Mathematical model · Prediction equation
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1 Introduction

Charoli or chironji or belonged to the species Anacardiaceous and was first reported
by Francis Hamilton in 1798. It is utilized as fuel, food particularly for buffalos, and
oil for soaps and beautifying products [1]. The kernels are incredibly nutritiouswhich
are being used in confectionery products. Charoli oil is utilized as a replacement for
almond and olive oil toward glandulous injury of the neck, and Charoli nuts are
diuretic. Kernels are also used as a medicine in epidermis diseases [2]. Charoli tree
yields amber benzoin alike but secondary to that of Styrax benzoin. It is an exceptional
tree of agroforestry and social forestry for wasteland improvement; it finds high
importance due to its diverse applications and ability to resist the unfavorable climatic
situation [3]. Currently, it is developing below forest condition as underexploited
products and provides a portentous compensation for the tribal population. Charoli
is worthy and located in dry woodland everywhere in the country [4, 5]. The pulp of
the matured Charoli is tasty and is most of the time eaten fresh or dried. Mesocarp
of the ripened Charoli is nutritious and adored by minors [6]. Charoli oil is healthy
and is fit for individual consumption [7]. Apart from these advantages of Charoli
nut, there is still no proper mechanism to deshell it. For this purpose, there is a
scope to develop an indigenous and sustainable design of Charoli nut desheller for
improvement in Charoli nut processing [8].

Dimensional analysis is a dominant and clear way applied to reduce the real,
multifaceted difficulties into the purest form [9]. It is a renowned technique utilized
in material science and popular engineering regions so as to approve the model
formulation and to cut endeavors in the exact evaluation stages [10]. Physical factors,
like mass, length, and time, give the link among science and the physical world
[11]. As all know, particular notice of physical dimensions can provide a significant
understanding of similarities between physical values. Mathematical modeling is a
craft of creatingmathematical relationswhich depict a procedure.Amodel empowers
analysts to sort out the hypothetical guesses and accurate perceptions about the
framework and to derive the profound meanings of the association [12]. In such
manner, the Buckingham Pi theorem states that “any equation modeling a physical
issue can be revised and improved utilizing a set of dimensionless factors so that the
number of factors initially used to depict the issue can be decreased by the number
of independent fundamental physical quantities utilized in the first equation” [13–
18]. Buckingham’s π theorem is a precise method in setting a forecast equation of
several systems [19]. Confined work has been carried out on the deshelling process
of Charoli, and no one has formed the mathematical model for output parameters of
the Charoli nut deshelling. Hence, the existing research is undertaken to establish
a mathematical model for predicting the quantity of deshelled nut of a Charoli nut
deshelling process using the dimensional analysis.
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2 Materials and Method

2.1 Experimental Setup

Experimental setup mainly comprises pedaling unit, energy unit, and process unit
[20].

1. PedalingUnit: Pedaling unit primarily consists of a bicycle, chain sprocket, pedal,
chain, freewheel, bearings for bicycle side, and speed amplification gear pair.

2. Energy Unit: Energy unit mainly comprises a flywheel, torque amplification gear
pair, bearings, and clutch

3. Process Unit: Process unit includes mostly a pair of an abrasive stone disk, cross
plate, pair of the shaft, pair of bevel gear, three-layer screens with reducing grade
size, and cam system.

where 1—seating arrangement, 2—large sprocket, 3—pedal, 4—chain, 5—small
chain sprocket, 6—shaft B1, 7—bearing for bicycle, 8—gear I, 9—pinion, 10—shaft
B2, 11—bearing, 12—flywheel unit, 13—clutch, 14—lever, 15—gear II, 16—gear
III, 17—shaft B3, 18—shaft B4, 18—shaft B4, 19—clutch for process, 20—process
unit.

In this current work, the peddling process of bicycle mechanism transmits the
human energy to the kinetic energy of the flywheel [21]. The stored energy of the
flywheel will be utilized as per need for the actual deshelling process. So, operations
could be performed intermittently. Modak [22] reports on the functional feasibility
and financial viability of bicycle operated mechanism.

A computer-aided model of proposed Charoli nut desheller setup is as given in
Fig. 1. A driver sited on seat peddles pedal and converts the oscillatorymotion into the
rotational motion of flywheel, thereby increasing speed. The inertia required to the
flywheel provided by the legs of the rider is only. The rider needs to store the energy in
the flywheel as per his/her capacity. Thus, with the help of this human mechanism,
human muscular strength gets converted into the rotational kinetic energy of the
flywheel. It was essential to develop the energy unit of a similar kind for Charoli
desheller scientifically.

2.2 Development of a Model to Predict the Quantity
of Deshelled Nut

The homogeneity principle of the dimensional variable is utilized to determine a cor-
relation among different physical quantities. To infer a physical relation, the depen-
dent variables of a proposed substantial number are found. Then, final dimensional
equation is written in the form of mass (M), length (L), and time (T ) [23]. Comparing
the powers ofM, L, and T of the dimensional equation, three equations are formed to
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Fig. 1 Computer-aided model of Charoli nut desheller

estimate unknown powers. By substituting obtained values, the pure form of relation
is achieved [24]. Table 1 expresses various fundamental units used in the model.

The physical parameters affecting the separation are:

a. Nut factor: % moisture content, the hardness of nut, and bulk density.
b. Machine factors: Diameter of grinding disk, the thickness of the grinding disk,

number of grinding disk, clearance between two rotating disks, energy of fly-
wheel, angular speed of flywheel, time to speed up the flywheel, moment of
inertia of flywheel, gear ratio, and feed rate.

Dimensional analysis of the Buckingham pi π method was used to obtain the
mathematical model.

For the calculation of the dimensionless pi terms, all dependent and independent
variables need to express in terms of basic physical quantities first. Table 2 repre-

Table 1 Fundamental units used in the model

S.No. Dimensions Symbol Unit

1 Length L m (meter)

2 Mass M Kg (Kilogram)

3 Time T sec (Second)
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Table 2 Selected parameters and their corresponding dimensions

Type of variable Description of variables Symbol Unit Dimensions

Dependent Quantity of deshelled Nut Q Kg [M1L0T0]

Instantaneous Torque on grinding disk Ti N-m [M0L2T−2]

Process time for deshelling T S [M0L0T1]

Independent Diameter of grinding disk d m [M0L1T0]

The thickness of the grinding disk t m [M0L1T0]

Number of grinding disk N – [M0L0T0]

Clearance between two rotating disks Cl m [M0L1T0]

Energy of Flywheel Fe N-m [M0L2T−2]

The angular speed of flywheel ω Rad/sec [M0L0T−1]

Time to speed up the flywheel tf S [M0L0T1]

Moment of Inertia of a flywheel I Kg-m2 [M1L2T0]

Gear Ratio G – [M0L0T0]

% Moisture content Mc d.b. [M0L0T0]

Hardness of Nut Hn N/m2 [M0L−1T−2]

Bulk density � Kg/m3 [M1L0T−3]

Feed rate F kg/hr [M1L0T−1]

sents the various parameters involved in this research work in terms of fundamental
physical quantities [25].

For development of model, the following assumptions were made [26],

1. Dimensions of nut dimension are constant at the identical moisture content,
2. Shell thickness is equal at the identical moisture content,
3. Age of the nut is the identical,
4. Weight and volume of every nut are constant at identical moisture content.

The quantity of deshelled nut can be expressed as follows:

Q = f (t, N ,Cl,Fe, t f, I,G,Mc,Hn, F, d, ω, �) (1)

The variables of interest that determine the quantity of deshelled (Q) are 14 and
the number of units is 3; so, the number of π terms is 11. It follows that π1; π2; π3;
π4; π5; π6; π7; π8; π9; and π10 for independent variables and π01 for dependent
variable will be formed. From the above matrix, N,G, and Mc are dimensionless and
therefore excluded from the dimensionless terms determination and are added when
other dimensionless terms are determined [26].

Q = f (t,Cl,Fe, tf, I,Hn, F, d, ω, �) (2)

The dimensional equation is as follows:
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f (Q, t,Cl,Fe, tf, I,Hn, F, d, ω, �) = 0 (3)

Before initiating the investigation of the problem, it is required to choose the
repeating variables. While selecting repeating variables, ensure certain variables
must include all of the fundamental dimensions, i.e., (M, L, T ). A combination of the
repeating variables must not form a dimensionless group and must be measurable
[27]. As per the criteria, diameter of grinding disk (d), angular speed of flywheel
(ω), and bulk density (�) are selected as repeating variables.

The dimensionless groups based on the Buckingham’s π theorem are made by
using all of the left variables,

(π1) for thickness of grinding disk, π1 = t

d
(4)

(π2) for number of grinding disk, π2 = N (5)

(π3) for clearance between two rotating disks, π3 = Cl

d
(6)

(π4) for energy of flywheel, π4 = Fe

d2ω2
(7)

(π5) for time to speed up the flywheel, π5 = t f
1

ω
(8)

(π6) formoment of inertia of flywheel, π6 = I
ω

�d5
(9)

(π7) for gear ratio, π7 = G (10)

(π8) for %moisture content, π8 = Mc (11)

(π9) for hardness of nut, π9 = Hn
d

ω2
(12)

(π10) for feed rate, π10 = F
1

d3�ω
(13)

Formulation of Pi terms for dependent parameters

(π01) for quantity of deshelled Nut, π01 = Q

d3�
(14)

Putting respecting π term in Eq. (3),

f (π01π1π3π4π5π6π9π10) = 0
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3 Results and Discussion

The prediction equation of quantity of deshelled nut in a Charoli nut deshelling
machine is developed as below

(Q) = (d3�)K

{(
t

d

)(
Cl

d

)(
Fe

d2ω2

)(
t f
ω

)(
I

ω

�d5

)(
Hn

d

ω2

)(
F

d3�ω

)}

The diameter of the grinding disk and the bulk density plays a crucial role in
the quantity of deshelled nut. Quantity of deshelled nut is directly affected by the
diameter of the grinding disk and the bulk density [28]. To maximize the quantity of
deshelled nut, most of the attention needs to pay on the diameter of the grinding disk
and the bulk density. Quantity of deshelled nut is directly proportional to the cube
of the diameter of the grinding disk and the bulk density.

The dimensionless ratio for individual dependent and independent variable is
formed and is given in Table 3

The performance of data in non-dimensional groups enables the utilization of
innovative relationship to wide range physical conditions. The dimensionless ratio/π
values provide the concept related to the consolidated impact of process variables in

Table 3 Dimensionless ratio for individual parameters/π term

Type of variable Dimensionless ratio/π term Nature of basic physical parameters

Independent π1 = t
d The thickness of the grinding disk

π2 = N Number of grinding disk

π3 = Cl
d Clearance between two rotating disks

π4 = Fe
d2ω2 Energy of Flywheel

π5 = t f
1
ω

Time to speed up the flywheel

π6 = I ω

�d5
Moment of Inertia of flywheel

π7 = G Gear Ratio

π8 = Mc %Moisture content

π9 = Hn
d
ω2 Hardness of Nut

π10 = F 1
d3�ω

Feed rate

Dependent π01 = Q
d3�

Quantity of deshelled Nut
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that π value. A mild alteration in individual process variables in the group helps the
researcher to optimize the output as per requirement.

4 Conclusions

A theoretical mathematical model for the quantity of deshelled nut was developed
based on the Buckingham pi theorem concerning to dimensional analysis phenom-
ena, considering the various Charoli nut and machine parameters. The mathematical
model has been predicted for maximization of the quantity of deshelled nut, i.e.,

(Q) = (d3�)K
{(

t
d

)(Cl
d

)( Fe
d2ω2

)( t f
ω

)(
I ω

�d5

)(
Hn

d
ω2

)(
F

d3�ω

)}
. Model for quantity of

deshelled nut is described in terms of thickness of grinding disk, a number of grind-
ing disk, clearance between two rotating disks, the energy of flywheel, time to speed
up the flywheel, a moment of inertia of the flywheel, gear ratio, % moisture content,
and hardness of nut feed rate. Dimensional analysis using the Buckingham Pi the-
orem could be a veritable tool in the modeling of agricultural and food engineering
studies. The developedmodels provide a highly simplified representation to optimize
the quantity of deshelled nut. The model can thus be used to predict the quantity of
deshelled nut for a Charoli nut deshelling machine.
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On Investigation of Dimensional
Deviation for Hybrid Composite Matrix
of PLA

Sudhir Kumar , Rupinder Singh , T. P. Singh , and Ajay Batish

Abstract This paper deals with the investigations for controlling dimensional devi-
ations of 3D printed thermoplastic composite matrix-based prototypes with fused
deposition modelling (FDM). The dimensional deviation results suggested that infill
density 60%, infill angle 45° and infill speed of 70 mm/s are the optimized printing
condition, but only infill density is the significant parameter in the present inves-
tigation. Surface hardness analysis supported the observed trend for dimensional
deviation. It has been observed that the 3D printed prototype held very low electrical
conductivity (<10−6 S/cm) and was suitable for structural engineering applications.

Keywords Dimensional deviation · Hybrid magnetostrictive polymeric
composite · Electrical conductivity · Optimization · Four-probe method

1 Introduction

FDM-based 3D printing for four-dimensional (4D) applications is one of the thrust
areas of research [1]. Researchers are exploring this feature for drug loading, drug
delivery, scaffoldmanufacturing, etc. [2, 3]. The range of input parameters of process-
ing conditions for 3Dprinting is one of the foremost advantages of FDM technique [4,
5]. PLAwhich is biodegradable thermoplastic is beingwidely used by researchers for
its medical field application such as in the production of scaffold, artificial joints and
drug delivery agent [6, 7]. PLA has been reinforced with different reinforcements
(such as rayon fibres, posidonia oceanica (PO) seagrass, chitin powder, graphite,
natural sisal fibres) and has been analysed for their effect on the mechanical, chem-
ical and surface properties of as-composite matrix [8–11]. It has been observed that
with the reinforcement of external fillers, the mechanical performance of PLA com-
posite has been improved for tensile and flexural properties [8–11]. Dimensional
characteristics of reinforcement have also an important contribution towards the
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thermal properties of polymeric composites. It has been observed that graphene and
boron nitride have improved the thermal conductivity of PLA composite by 35 times
[12, 13]. The inner structural design of composite may also be optimized for the
higher thermal and electrical conductivity application as it has been observed that
highly dense structure has provided maximum thermal and electrical conductance
[14]. PLA itself acts as insulator whose thermal conductivity varies in the range of
0.2–0.3W/mKand electrical conductivity in the range of 3.8× 10−7 S/cm [15]. From
the literature survey, it has been observed that various polymeric composites have
been prepared for 3D printing application, but hitherto very little has been reported
on investigation for dimensional deviation and electrical conductance of PLA-based
hybrid composite for the FDM processing parameters.

This work is an extension of previously reported work [16] in which magnetic
filler-based hybrid composite was prepared and optimized TSE processing condi-
tions. In present work, an effort has been made on the investigation of dimensional
deviation and electrical conductivity for 3D printed prototype with FDM set-up.

2 Materials and Methods

As this work is an extension of previously reported work [16], the compositions of
PLA matrix as (i) virgin PLA 50 wt%, (ii) PVC 25 wt%, (iii) Fe3O4 20 wt% and (iv)
wood powder 5 wt% and TSE conditions (load of 5 kg, screw temperature of 170 °C
and screw torque of 0.13 Nm) for feedstock development were same as optimized for
the reported work. In present work disc of Ø110 mm and thickness 1.74 mm was 3D
printed using prepared feedstock filament from the selected composite on commer-
cial FDM machine (Make: Divide by Zero, Pune, India). Three prototypes of each
setting as per Table 1 have been printed so that the standard deviation of processing
conditions may also be noted. From reported literature, it has been observed that
infill density, infill angle and infill percentage has a vital role to play in mechanical,

Table 1 Taguchi L9 OA for
statistical optimization of
properties

S. No. Fill density (%) Fill angle (°) Infill speed
(mm/s)

1 60 45 50

2 60 60 70

3 60 90 90

4 80 45 70

5 80 60 90

6 80 90 50

7 100 45 90

8 100 60 50

9 100 90 70
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Fig. 1 Methodology for the present investigation

thermal and surface properties of 3D printed prototypes; therefore, these parameters
were selected as input processing parameters for FDM machine. Electrical conduc-
tivity of 3D printed disc was measured using four-probe instrument, and dimensional
deviation has beenmeasured using a digital vernier caliper. Table 1 shows theTaguchi
L9 orthogonal array (OA) which has been used for the optimization of dimensional
deviations. Figure 1 shows the methodology used for the present investigation.

3 Results and Discussion

3.1 Electrical Conductivity Results

Four-probe testing method of capacity 10−6 to 106 S/cm was used for electrical
conductivity measurement of 3D printed samples, and it has been observed that the
samples held very low electrical conductivity (<10−6) due to which it was impossi-
ble to quantify the electrical conductivity. Hence, it may be observed that 20 wt%
of magnetite powder in PLA matrix has not shown improvement in electrical con-
ductivity of the composite matrix. This may be due to the fact that the presences
of PVC and wood dust which are basically insulators have dominated in electrical
behaviour of the composite. This also suggested that electrical properties were inde-
pendent of FDMprocessing conditions as no improvement was observed in electrical
conductance.

3.2 Dimensional Deviation Results

Table 2 shows the dimensional deviations in 3D printed part on the FDM set-up.
From Table 2, it is clear that for sample as per S. No. 1, 2 and 3, the deviation
recorded in diameter and thickness was lower in comparison with other samples.
Further, it has been observed that as infill density of samples was increased, the devi-
ation got enhanced. This may be due to the fact that as the sample density increases
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Table 2 Observed dimensional deviations for FDM printed discs

S.
No.

Printed
diameter
(mm)

Original
diameter
(mm)

Printed
thickness
(mm)

Original
thickness
(mm)

�D (mm) �T (mm)

1 110.86 110 1.67 1.74 0.86 ± 0.21 −0.07 ± 0.02

2 110.62 110 1.71 1.74 0.62 ± 0.19 −0.03 ± 0.01

3 110.9 110 1.73 1.74 0.9 ± 031 −0.01 ± 0.01

4 111.62 110 1.83 1.74 1.62 ± 0.21 0.09 ± 0.09

5 112.64 110 1.82 1.74 2.64 ± 0.19 0.08 ± 0.04

6 112.57 110 1.85 1.74 2.57 ± 0.30 0.11 ± 0.03

7 112.92 110 1.92 1.74 2.92 ± 0.19 0.18 ± 0.05

8 112.85 110 2.07 1.74 2.85 ± 0.24 0.33 ± 0.04

9 112.56 110 2.16 1.74 2.56 ± 0.28 0.42 ± 0.09

the voids/porosity reduced resulting into better structure formation, but due to low
internal vacant space, the material after solidification has shown more deviation for
thickness as well as for diameter. But for lower infill density, the vacant space as
voids/porosity was more available due to which the expansion of material while
solidifying filled the vacant space first due to which low-dimensional deviations has
been observed. Further, the values of�D (printed diameter—original diameter as per
drawing) and�T (printed thickness—original thickness) were subjected to MiniTab
17 statistical software package tool for analysis of variance (ANOVA) optimization
of dimensional deviations for minimum which is the better case (as less deviation
is required for the production of prototypes to eradicate the extra post-processing of
product) (Table 3). Figure 2 shows the main effect plot for signal-to-noise (SN) ratio
of �D which suggested that least infill density (60%), low infill angle of 45° and
medium infill speed of 70 mm/s were the optimized condition for least dimensional
deviation for 3D printed disc on FDM set-up. Table 3 shows the ANOVA for SN
ratios of �D, from which it was observed that infill density was the only significant
parameter for the dimensional deviation feature for printed discs and has contributed
maximum (91.83%), while other two selected parameters of FDM processing were

Table 3 ANOVA for SN ratios of �D

Source DF Seq SS Adj SS Adj MS F P % CB

Infill density 2 206.476 206.476 103.238 140.82 0.007 91.83

Infill angle 2 1.815 1.815 0.907 1.24 0.447 0.81

Infill speed 2 15.067 15.067 7.534 10.28 0.089 6.71

Residual error 2 1.466 1.466 0.733 – – 0.65%

Total 8 224.824 – – – – –

DF degree of freedom; Seq SS sum of squares; Adj SS adjusted sum of squares; Adj MS adjusted
mean of squares; F fisher value; P probability; % CB percentage contribution
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Fig. 2 Main effect plot for SN ratio of �D

insignificant. It should be noted that the optimized/suggested conditions were out-
side the design of experimentation (DOE), but from ANOVA analysis (Table 3), it
was clear that the infill angle and infill speed were least significant for processing
conditions and moreover in S. No. 1 as per Table 1, the suggested infill density and
infill angle were present therefore in place of suggested/optimized condition onemay
take S. No. 1 as per Table 1 as the standard conditions for the printing of discs on
FDM set-up.

Table 4 shows the rank table for SN ratios of �Dwhich clearly suggested that the
infill density was ranked 1st as per its contribution towards the output, whereas infill
speedwas ranked 2nd and infill anglewas ranked at 3rd position. FromANOVA table,
it was observed that the used statistical model was significant as the total residual
error was 0.65% of total error; thus, the used model and observed values for FDM
setting were correct up to 95% confidence interval. From percentage contribution, it
has been observed that infill density has contributed the most (91.83%), whereas the
other two factors were not significant for the current investigation. It is known that
surface properties such as hardness and electrical properties (electrical conductivity)

Table 4 Rank table for SN
ratios of �D

Level Infill density Infill angle Infill speed

1 2.126 −4.063 −5.329

2 −6.940 −4.459 −2.734

3 −8.856 −5.149 −5.608

Delta 10.982 1.087 2.874

Rank 1 2 3
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are greatly dependent over the inner structure (porosity holes, bonding between
polymer and reinforcements, proper adhesionbetweendifferentmolecules) of printed
prototypes, and therefore in the present case, infill density has played a significant
and maximum role towards the observed surface hardness and electrical properties.
Moreover, the dimensional deviations are also the result of structural formation;
therefore for the observed properties, only infill density has a maximum role to play.

3.3 Optimization for the Dimensional Deviation

The SN ratios obtained from the ANOVA optimization were used for calculation
of optimized/predicted value of dimensional deviation and electrical conductivity to
compare it with actually observed values of the property. Equations 1 and 2 were
used for optimization/prediction of output for �D.

ϑ opt= T+(TA− T ) + (TC− T ) (1)

Y 2(opt) = (1/10)ϑ(opt)/10 for smaller is better case (2)

ϑ (opt) = T + (TA− T ) + (TB− T ) + (TC− T )

T SN mean of �D = −4.56
TA max SN for infill density from Table 4 = 2.126
TB max SN for infill angle from Table 4 = −4.063
TC max SN for infill speed from Table 4 = −2.734

ϑ(opt) = T + (TA− T ) + (TB− T ) + (TC− T )

= −4.56 + (2.126− (4.56)) + (−4.063− (4.56)) + (−2.734− (4.56))

= 4.443

Y 2(opt) = (1/10)(4.443)/10

Y (opt) = 0.60

It has been observed that the predicted value for �D was almost similar to the
observed value which clearly signified that the 3D printing condition as per S. No. 1
(see Table 2) may also be used as optimized processing condition for least dimen-
sional deviation in place of suggested processing condition as per main effect plot
(see Fig. 2). This was solely due to the reason that infill density was the maximum
contributing input factor and only significant parameter for output properties. Similar



On Investigation of Dimensional Deviation for Hybrid Composite … 105

Fig. 3 Surface hardness plot
for 3D printed discs

studies have been performed for all other properties, and it has been observed that
all other properties also exhibited similar trends as for the �D.

3.4 Shore D Hardness

The 3D printed discs were subjected to surface hardness testing, and it was observed
that the disc with least dimensional deviation held the lowest hardness which clearly
signifies the presence of voids/porosity in inter-molecular spacing. This may be
due to the fact that when the samples were printed with least infill density, the
material deposited in inter- as well as intra-layer was not optimum which resulted
into voids/porosity, whereas when the samples were printed with higher density
and high infill rate, the deposition of material in layer fashion was subsequently
higher resulting into better structure formation with least voids/porosity. Thus, low
voids/porosity ultimately improved the surface hardness of 3D printed prototype
as the result suggested. The results are in line with observations made by other
investigators [17, 18] Fig. 3 shows the observed shore D hardness for 3D printed
specimens.

4 Conclusions

The present study dealt with the exploration of electrical conductivity and optimiza-
tion for dimensional deviation for the 3D printing processing conditions of FDM
set-up. Following were the observations from the present investigation

1. Electrical properties have been independent of FDM processing conditions as no
improvement was observed in electrical conductance. The prepared composite
has shown very low electrical conductivity (<10−6 S/cm) which was favourable
for non-structural engineering applications.

2. From dimensional deviation results, it has been observed that infill density 60%,
infill angle 45° and infill speed of 70 mm/s are the optimized/suggested printing
condition, but S.No. 1 as perDOEmay also be taken as the optimized condition as
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only infill density was the significant parameter of the present investigation. The
surface hardness results have also supported the observed trend for dimensional
deviation.
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Performance Evaluation
of Graphene-Gear Oil Nanolubricants
in Rayleigh Step Bearing

Gaurab Kumar Ghosh, Ankit Kotia, Niranjan Kumar,
and Subrata Kumar Ghosh

Abstract In this paper, the contribution of dispersed graphene nanoparticles in
graphene-gear oil nanolubricant has been analyzed. Synthesis of nanolubricant has
been performed using the two-stepmethod. The nanoparticles have been dispersed in
the range of 0.03–1.8% by volume in industrial gear oil (SAE EP90). Viscosity and
density of nanolubricant are measured by using Stabinger viscometer (SVM 3000,
M/SAnton-Paar). Rheological properties have been experimentally tested in the tem-
perature range of 20–80 °C, and the results have been compared with theoretically
available models in open literature. The performance characteristics of nanolubri-
cants in hydrodynamic lubrication regime have been evaluated by considering the
standard Reynolds equation. For this purpose, the geometry of an infinite Rayleigh
step slider bearing (one dimension) is considered with defined boundary conditions.
Finite difference method (FDM) is used to obtain the solution of boundary value
problem. Results confirm that the dispersion of graphene nanoparticles in gear oil
enhances the performance of lubrication.

Keywords Graphene-gear oil nanolubricant · Rayleigh step bearing · Reynolds
equation · FDM

Abbreviations

X Non-dimensional pad width
l Pad width
P Non-dimensional pressure of the nanolubricant film
h(x) Thickness of nanolubricant film
H Non-dimensional film thickness
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η0 Viscosity at p = 0 (Pa s)
ρ0 Density at p = 0 (kg/m3)
ρ∗ Non-dimensional density
η∗ Non-dimensional viscosity

1 Introduction

Conservation of energy is a major concern for a sustained ecosystem. The main
reason for energy loss in any mechanical system is due to wear of its components
which can be reduced by efficient lubrication. Efficient lubrication is basically an
ideal selection of base lubricant and proper additives. With the advancement of tech-
nology, researchers have come up with newer lubricants comprising of nanoparticles
as additives dispersed in base lubricants termed as ‘Nanolubricants’. Nanolubricants
are found to have enhanced thermophysical, rheological and tribological proper-
ties over conventional lubricants. Adding nanoparticles in traditional lubricants for
enhancing tribological and thermal properties in recent years is extensively studied
[1]. Kotia et al. [2] observed that Al2O3 nanoparticles in industrial gear oil (SAE
EP-90) enhanced viscosity to 1.7 times of base lubricant with a concentration of 2%
by volume of nanoparticles. Aberoumand et al. [3] expressed viscosity as an impor-
tant consideration for industrial application and presented a correlation for the same.
Berman et al. [4] introduced graphene as a new emerging potential additive to the
lubricating oils. Graphene nanoparticles with their sheet-like structure enhance sur-
face area, thereby reducing metal to metal contact resulting in transmitting heat more
efficiently [5]. Yang et al. [6] confirmed that graphene-based lubricants remarkably
reduce the wear and coefficient of friction by 91 and 53%, respectively, compared to
base lubricant. Adding graphene nanoparticles in base oils has indicated remarkable
increment in heat transfer properties within optimum concentration range beyond
which agglomeration takes place leading to high friction and wear [7, 8]. Further-
more, many noteworthy works have been conducted regarding the enhancement of
tribological properties of lubricants by adding graphene nanoparticles [9, 10].

In this paper, the nanolubricant has been prepared bydispersing graphene nanopar-
ticles in gear oil (SAE EP90). Rheological and thermophysical properties at varying
temperature and particle volume fraction are experimentally evaluated. Performance
parameters considering Rayleigh step bearing geometry are numerically obtained
using finite difference method.
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2 Governing Equations

2.1 Reynolds Equation

A 1D Reynolds equation for incompressible flow is given as:

∂

∂x

(
ρh3

η

∂ρ

∂x

)
= 6U

∂

∂x
(ρh) (1)

Where h denotes the film thickness, p denotes the pressure of the nanolubricant
film, ρ and η denotes the density and viscosity of the nanolubricant, respectively,
and U is the sliding velocity of the moving surface.

In Eq. (1), the parameters have been presented in the non-dimensional form as:

∂

∂X

(
ρ∗H 3

η∗
∂P

∂X

)
= ∂(ρ∗H)

∂X
(2)

where X = x
l , P = ph22

6Ulη0
, H = h

h2
, ρ∗ = ρ

ρ0
, η∗ = η

η0
.

2.2 Load Carrying Capacity

Load carrying capacity per unit width (W ) of the plate is given as:

W

B
=

L1∫
0

P1dx +
L2∫

L1

P2dx (3)

W

B
= 3ηULL2(L − L2)(a − 1)(

L2a3 + L − L2
)
h22

(4)

Where a = h1
h2

3 Modelling

A schematic representation of the geometry of Rayleigh step bearing is shown in
Fig. 1. The sliding direction is along the x-coordinate considering the location of
origin at the entry. The flow of nanolubricant is assumed to take place from left to
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Fig. 1 Pictorial representation of Rayleigh step bearing

right. The surface of the pad has a step zone with initial film thickness h1 and final
film thickness along a land zone as h2.

The boundary conditions used herein are: At entry, P = 0 for X = 0, P = Pc at X
= L1/L, and at exit, P = 0 for X = 1.

4 Experimental Procedures

Graphene nanoparticles, sheet thickness 2–5 nm, 2–4 layers with surface area
380 m2/g, density 2.2 g/ml have been dispersed in industrial gear oil (SAE EP90).
Samples were prepared comprising of plain gear oil and graphene-gear oil nanol-
ubricants with varying particle concentration of 0.3, 0.6, 0.9, 1.2, 1.5 and 1.8% by
volume fractions. The nanoparticles appropriate weight (W ) is calculated using the
following Equation [5] in terms of volume fraction (φ):

φ = Wp/ρp

Wp/ρp + Wl/ρl
(5)

where ′ρ ′, ′ p′ and ′l ′ represent particle density, nanoparticle and base lubricant,
respectively. Digital weighing balance (least count 0.001 mg) was used to obtain
the accurate measure of mass for the nanoparticles. Nanoparticles in base lubricants
were uniformlymixed bymagnetic stirring for 30min at 600 rpm followed by half an
hour ultra-sonication (20 kHz) to de-agglomerate the nanoparticles. The following
table shows the details of instruments used for measuring density, viscosity and shear
variations (Table 1).

All the readings from these instruments were recorded in Dhanbad at an estimated
height of 232 m above mean sea level.
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Table 1 Details of
instruments

Instrument Make Model

Viscometer Anton Parr SVM300

Rheometer Malvern Instrument, UK Bohlin Gemini

5 Results and Discussions

5.1 Density and Viscosity Variation

Figure 2 represents the density plots of graphene/EP-90 nanolubricant with tempera-
ture at varying nanoparticle volume fraction. The density decreases with temperature
in all cases following a constant gradient at all particle concentrations. Error bars
are incorporated to include uncertainty in the analysis. The temperature range (20–
80 °C) has been set to get the nature of the data points. With increasing temperature,
the graph approaches a constant value asymptotically. The data points are measured
with an estimated maximum uncertainty within 3%.

Figure 3 represents the viscosity–temperature variation of graphene/EP-90 nanol-
ubricant with varying concentration of nanoparticles. The dependence of viscosity
of nanolubricant with temperature affirms asymptotic nature as a result of weaken-
ing inter-molecular adhesion force with increasing temperature. Measurements are
reported with an estimated maximum uncertainty within 2% (Table 2).

Figure 4 represents the relative viscosity plots of graphene/EP-90 nanolubricant
between theoretical models and experimental data. It can be seen that with increasing
particle concentration, the relative viscosity also increases. The viscosity enhance-
ment of nanolubricant respect to base lubricant is about 22–32%with varying particle
concentration of 0.3–1.8%.MATLAB(2014) is used to develop a correlation between
relative viscosity and volume fraction as expressed below:

Fig. 2 Density–temperature
variation
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Fig. 3 Kinematic
viscosity–temperature
variation

Table 2 Theoretical
viscosity models proposed by
various researchers

Authors Predictive model

Einstein [11] μeff = μ f (1 + 2.5φ)

Brinkman [12] μeff = μ f (1 − φ)−2.5

Lundgren [13] μeff = μ f

(
1 + 2.5φ + 25

4 φ2
)

Pak and Cho [14] μeff = μ f
(
1 + 39.11φ + 533.9φ2

)
Wang et al. [15] μeff = μ f

(
1 + 7.3φ + 123φ2

)

Fig. 4 Variation of relative
viscosity with volume
fraction
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μeff = 1.205μ f
(
1 + 5.138φ + (26.71φ)2

)
(6)

5.2 Rheological Variations

Figure 5 depicts the shear stress with shear rate variation of graphene/EP-90 nanol-
ubricant at varying concentration of graphene at 30 °C. It is evident that at relatively
low volume fraction, the variation is almost linear indicating Newtonian behaviour,
while at higher volume fraction, this variation approaches towards nonlinearity show-
ing non-Newtonian nature. Figure 6 represents the viscosity–shear rate trends of

Fig. 5 Shear stress–shear
rate variation

Fig. 6 Viscosity–Shear rate
variation
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Table 3 Basic inputs Geometry Notations Inputs

Slider width L 10 mm

Film thickness gap h1−h2 100 nm

Sliding velocity U 0.05 m/s

Length of step zone L1 7 mm

Length of land zone L2 3 mm

Optimum film thickness ratio a 1.86

graphene/EP-90 nanolubricant at varying concentrations. It confirms that nanolubri-
cant exhibits significant shear thinning characteristics at higher volume fraction and
viscosity declines asymptotically at a higher shear rate.

5.3 Performance Curves

To evaluate the performance characteristics in the step bearing with nanolubricant,
the following geometrical inputs have been used for the study (Table 3).

Figure 7 shows the pressure distribution with non-dimensional length over the
width of the slider. It is evident that the pressure profile shows an increasing trend
with volume fractions in all cases. The peak pressure is achieved at the common
point of step and zone land. Figure 8 depicts the profile of maximum load-carrying
capacity with volume fraction at 30 °C and found to increase with volume fraction
under optimum film thickness ratio condition, i.e. 1.86.

Fig. 7 Pressure profile with
non- dimensional length
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Fig. 8 Variation of
load-carrying capacity with
particle volume fraction

6 Conclusions

In this present work, the effects of dispersing graphene nanoparticles in gear oil
(SAE EP-90) have been experimentally investigated. Improvement in rheological
properties have been obtained and compared with previous research works. Shear-
thinning behaviour has been observed with increasing nanoparticle volume frac-
tion. The performance characteristics of nanolubricants in hydrodynamic lubrication
regime assuming the geometry of 1D Rayleigh step bearing have been obtained by
considering the standard Reynolds equation. Basic inputs from the earlier study have
been used for calculating the performance parameters. It has been observed that the
dispersion of graphene enhances the performance of lubrication.
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The Effect of Two-Step Austempering
on Abrasion Wear Characteristics
of the Ductile Cast Iron

C. S. Wadageri, R. V. Kurahatti, Dayanand M. Goudar,
Vijaykumar Hiremath, and V. Auradi

Abstract This paper focuses on the effect of two-step austempering on abrasion
wear characteristics of the ductile cast iron. The single-step (conventional) and two-
step austempering were employed for the samples. There were four treatments. For
all samples, austenitization at 900 °C was done. The first treatment comprised of
conventional austempering at 400 °C. The second one consisted of conventional
austempering at 320 °C. The third one consisted of austempering at 400 °C followed
by austempering at 320 °C. The fourth one comprised of austempering at 320 °C
followed by austempering at 400 °C. The results showed that samples with two-step
austempered at 320 °C followed by 400 °C exhibited enhanced abrasion resistance.
The reason for this behavior is discussed considering the microstructure parameters.

Keywords Ductile iron · Two-step austempering · Abrasion resistance

1 Introduction

Recent studies [1–3] have shown that ductile iron can be utilized in applications
requiring sudden impact loading and wear resistance. Examples of uses are auto-
motive parts like transmission gears and crankshafts, agricultural implements and
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defense equipments. Austempered ductile iron (ADI) parts used are frequently sub-
jected to abrasive wear. Most studies [3–6] focused on adhesive and abrasive wear
performance of ADI. Zimba et al. [2] inferred that ADI could be used as alternate
material for earth moving equipment. Zhou and Zhou [4] and Shepperson et al.
[5] investigated the rolling wear characteristics of ductile iron. Studies on fatigue
performance of ductile iron are found in the literature [3].

The wear of ADI gears was investigated by Magalhaes and co-workers [6]. The
effect of superiority of casting on the abrasion performance was studied by several
researchers. The effect of graphite nodule shape and size on the slidingwear of ductile
iron was studied by Hatate et al. [7]. The authors noted that the change in nodule
shape, i.e., from spheroid to flake, was the main cause for lower wear loss in ADI.
Very few studies threw a light on the role of austempering temperature and time on the
wear resistance of ductile iron. Zhou and Zhou [4] studied the wear (on oiled surface)
performance of ductile iron and showed that wear resistance initially reduced and
eventually increased substantially with increased austempering temperature. Other
studies [8, 9] confirmed the beneficial effects of microstructure parameters on the
abrasive wear behavior.

This paper compares the effect of conventional and two-step austempering tem-
perature and time on the abrasion resistance of ductile iron. Themicrostructure details
and their effect on the wear behavior are considered.

2 Details of Experiment

2.1 Materials

The ingredients of the ductile iron in weight percentage were C (3.48%), Si (2.4%)
Mn (0.31%) Cu (0.03%) P (0.01%) S (0.01%) and Mg (0.05%).

2.2 Heat Treatment Procedures

The following heat treatments were carried out on ADI samples. Figure 1 shows the
procedures schematically.

• Austenitization at 900 °C was done for all samples.
• Sample 1: Conventional austemepering (CA-1) at 400 °C for 150 min
• Sample 2: Conventional austempering (CA-2) at 320 °C for 150 min
• Sample 3:Two-step austempering (TSA-1), i.e., austempering at 400 °C for 30min

followed by austempering at 320 °C for 120 min
• Sample 4:Two-step austempering (TSA-2), i.e., austempering at 320 °C for 30min

followed by austempering at 400 °C for 120 min
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Fig. 1 Schematic diagrams of two-step austempering a,b and conventional austempering processes
c

2.3 Quantitative Analysis

The contents (volume percentage) of microconstituents like austenite and carbon in
austenite were determined using the X-ray diffractometer, as per ASTM E975-84
[10, 11].

2.4 Abrasion Wear Test

Figure 2 shows the abrasion test setup. The abrasion test was conducted according
to ASTM standard G132-96. A load of 65 N was used. The disk rotated at 22 rpm;
it traveled a distance of 13 m at 0.04 m/s. 0.1 mg accuracy weighing equipment was
used. The sample weights before and after the wearing tests were noted and weight
loss was determined. Three readings were noted and the average value was used for
reporting. Rockwell hardness test (C scale) was utilized to determine the hardness
of the worn-out surfaces. Vickers hardness test was used for testing the hardness of
untreated and heat-treated samples.
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Fig. 2 Abrasion test setup

V Alumina 
abrasive belt

rpm

3 Results and discussion

3.1 Microstructural details

Table 1 shows the microstructural details such as contents of austenite (Xγ), carbon
in austenite (Cγ) and austenitic carbon (XγCγ) as obtained from heat treatment
procedures mentioned. It is clear that more austenitic carbon content (XγCγ) was
obtained from TSA-2 (400 °C, 150 min) process. The mechanism of microstructure
development is found in the literature [12]. Table 2 shows the weight loss details of
the tested samples.

Table 1 Microstructural details of the samples

Samples Austenite Xγ (vol.
%)

Carbon in austenite
Cγ (vol. %)

Total carbon in
matrix, XγCγ (vol.
%)

TSA-1 (320 °C, 60 min) 0.3 1.89 0.56

TSA-1 (320 °C, 90 min) 0.28 1.8 0.5

TSA-1(320 °C,150 min) 0.16 1.7 0.27

TSA-2 (400 °C, 60 min) 0.19 1.85 0.35

TSA-2 (400 °C, 90 min) 0.35 1.95 0.68

TSA-2 (400 °C,
150 min)

0.38 2.01 0.76

CA-1 (400 °C, 150 min) 0.15 1.7 0.25

CA-2 (320 °C, 150 min) 0.36 1.96 0.71
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Table 2 Weight loss details of the samples

Sample Weight loss (milligrams, mg)

Untreated ductile iron 85.2

TSA-1 (320 °C, 60 min) 79.3

TSA-1 (320 °C, 90 min) 79.2

TSA-1 (320 °C, 150 min) 74

TSA-2 (400 °C, 60 min) 78.1

TSA-2 (400 °C, 90 min) 77.8

TSA-2 (400 °C, 150 min) 70

CA-1 (400 °C, 150 min) 76.2

CA-2 (320 °C, 150 min) 74.9

Table 3 Hardness and tensile properties of ADIs (austempering time: 150 min)

Austempering temperature Hardness
(VHN)

Yield
strength
(MPa)

Tensile
strength (MPa)

Elongation
(%)

Untreated ductile iron 280 550 880 1.8

CA TSA CA TSA CA TSA CA TSA

320 °C 480 435 822 855 1092 1126 2.1 2.2

400 °C 310 410 618 811 976 1076 5.2 2.6

Table 3 shows the effect of conventional and two-step austempering on the hard-
ness and tensile properties of samples. It is observed that as the austempering tem-
perature increased, hardness and strengths were decreased. This was due to the fact
that austenite and ferrite become coarser at higher temperature (400 °C). The coarse
grains formed result in the remarkable decrease in strengths. This is only true for
conventional and two-step austempering (400 °C). The strength values are higher in
CA and TSA processes (320 °C). This is due to grain size effect. The finer grains at
320 °C result in higher tensile properties (Hall–Petch equation). Relatively higher
strengths and lower ductility were observed in TSA processed materials.

3.2 Abrasion properties

Numerous workers [3–6] concluded that it was the austempering temperature and
time that is main reason for modification of microstructure The modified microstruc-
ture ultimately determines the wear behavior of the samples. This has become true
in our study. By TSA-2 (400 °C, 150 min) process, the microstructure constituents
as observed in Table 1, i.e., higher austenite Xγ (vol.%) and higher total carbon in
matrix, XγCγ (vol.%) were obtained. The hardness of ADIs has drastically improved
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Fig. 3 Weight loss versus vol. % of austenite (Xγ) a weight loss versus vol. % of carbon content
in austenite (Cγ) b weight loss versus vol. % of austenitic carbon (XγCγ) c (austempering time:
150 min)

due to this microstructure evolution. The improved abrasion wear resistance may be
attributed to the enhanced hardness and tensile properties of the materials (Table 3).

From Fig. 3a, it is clear that the wear loss increased as the austenite volume
fraction increased. It is further noticed that for same volume fraction of austenite,
TSA-2 (400 °C, 150 min) samples exhibited lesser weight loss. The austenite with
FCC structure is soft and capable of undergoing higher work hardening. The BCC
ferrite is not so. So considering this argument, the more austenite should have been
the cause for more wear loss. TSA-2 processes have created more austenite than
the TSA-1 processes. On the contrary, the wear loss appeared lesser as compared to
TSA-1 processes. This behavior was attributed to work hardening of the austenite
during the abrading process. The work hardening phenomenon could be confirmed
by the hardness readings obtained after the abrasion test (Table 4).

Figure 3b, c clearly shows that the carbon content in austenite and austenitic
carbon has identical effect on weight loss of materials. Normally diffusion of carbon
atoms in austenite is more at higher temperature. This results in carbon enriched
austenite. The carbon atoms form the interstitial solid solution within FCC austenite
lattice. The strength of austenite phase thereby increases. The strengthened matrix
naturally gives rise to improved abrasion resistance.
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Table 4 Hardness of samples prior to and after abrasion test

Samples Hardness prior to wear (HRC) Worn surface hardness (HRC)

TSA-1 (320 °C, 60 min) 19 30.4

TSA-1 (320 °C, 90 min) 23 36.4

TSA-1 (320 °C, 150 min) 38 45

TSA-2 (400 °C, 60 min) 35 36.5

TSA-2 (400 °C, 90 min) 38.5 41.2

TSA-2 (400 °C, 150 min) 47 48.5

CA-1 (400 °C, 150 min) 39.5 45

CA-2 (320 °C, 150 min) 22.5 30.4

It becomes clear from Table 4 that hardness of the worn surfaces has increased.
There ismore increment in hardness inTSA-2 samples particularly inTSA-2 (400 °C,
150min). Gundlach, Janowak [13] and other researchers [4, 5] indicated the hardness
increase and they concluded that after the wearing, work hardening and the strain-
induced martensite were the cause for this behavior [14].

Optical examination of worn surfaces of ADIs exhibits that surface morphology
(Fig. 4) consisted of typical shallow scars and grooves. The worn surfaces showed a
look of semi-polished metallographic surface consisting of coarse interwoven abra-
sive grooves. It seems that the grooves and scars may have been formed by hard
abrasive particles that exist in belt while undergoing abrasion test. Deep grooves,
shear lips existed near the abraded areas. This occurrence wasmore evident in TSA-2
samples. This shear lips broke finally and formed the abrasion debris.

Fig. 4 Worn surface morphology of two-step austempered ductile iron sample (400 °C, 150 min)
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4 Conclusion

Based on the present study, the following conclusions were made.

1. Due to two-step process, the microstructure of ductile iron sample consisted of
fine ferrite and more austenitic carbon. This microstructure was the reason for
enhanced hardness and strength values in the samples.

2. The materials processed by TSA-2 (400 °C, 150 min) exhibited lowest wear
loss of 70 mg compared to as-cast sample 85.2 mg. This was due to higher
austempering temperature and time.

3. Higher worn surface hardness was observed for material having greater wear
resistance.
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Effect of Particle Content
and Temperature on Steady-State Creep
in Thick Composite Cylinder

Gagandeep Singh Kohli, Tejeet Singh, and Harwinder Singh

Abstract In the present work, the effect of particle content and operating temper-
ature on secondary stage creep in the thick composite cylinder is analyzed. The
cylinder is made of Al-SiCp and is exposed to internal pressure only. Threshold’s
creep law is used for creep analysis of the thick composite cylinder under plane stress.
The analysis is carried out and results are obtained by varying material parameters.
Marginal variations in radial, tangential and effective stresses are noticed. How-
ever, strain rates show considerable change by increasing the particle content and
decreasing operating temperature.

Keywords Thick composite cylinder · Plane stress · Threshold’s creep law

1 Introduction

In various industries, cylindrical vessels are used for transportation of high-
pressurized fluid or gases from one place to another where they are subjected to
high temperature and pressure. Keeping in view, the working condition of the cylin-
ders, a large amount of research has been done to study creep behavior in the thick
cylinders [1, 2]. Further, in application involving high temperature and mechanical
loadings, creep plays an important role whose effect is to decrease the service life-
time of the cylinders [3, 4]. A large amount of research was done to study the creep
behavior in the cylinders made of monolithic material. The cylinder was subjected to
internal pressure and it was found that the change in dimension was very small and
the deformation was referred with respect to the original dimensions of the cylinder
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[5–7]. Bhatnagar and Gupta [8] had analyzed creep in thick-walled orthotropic cylin-
ders and found that creep anisotropy had a significant effect on cylinder behavior.
Bhatnagar el al. [9] found that as per design consideration, the orthotropic cylinder
could be better and a safe choice when comparison with isotropic cylinders.

Further, in number of applications such as automobile, military and aerospace
industry, reducing the weight of a component is a big challenge. To overcoming
this challenge, composites play important role especially metal matrix composites
(MMCs). MMCs with aluminum (Al) as matrix reinforced with ceramic material
in the form of fibers/whiskers/particles and functionally graded materials (FGMs)
were found to be very useful as they can resist deforming under harsh conditions.
According to some experimental studies, with the use of ceramic particle like silicon
carbide in aluminum/aluminum alloys creep rate could be reduced to several orders
in comparison to pure aluminum/aluminum alloys [10, 11]. Keeping this in view,
You et al. [12] had analyzed creep in an internally pressurized FGM cylinder and
found that by altering the material parameter along radial direction, the stresses in
circumferential and axial directions were considerably affected. Chen and Lin [13]
had done elastic analysis in the thick cylinder made of FGMs and they found that the
property of gradation significantly affects the stress variation along radial direction.
Singla et al. [14] had derived a mathematical model for secondary creep in a thick
cylindermadeof orthotropicmaterial and the obtained resultswere comparedwith the
isotropic cylinder and significant variation was observed. Jamian et al. [15] analyzed
creep in FG thick cylinder and found that the property of the FGM significantly
affects stress in radial direction. Nejad et al. [16] had studied that how material
parameters used in Norton’s law affects stresses in various directions and shown that
stresses and strain rateswere considerably reduced in radial direction. From literature
review, it was found that in most of these studies, creep behavior of the cylinder is
predicted by using Norton’s law. However, in composites made of aluminum, the
study of creep behavior using Norton’s law was not approved because of high values
of apparent stress exponent and apparent activation energy [17]. Keeping in mind,
the present study is done to study the creep behavior of a Al-SiCp cylinder under
plane stress using threshold stress-based law in place of Norton’s power law. The
steady-state condition of stress is assumed and the applied pressure is held constant
during the entire loading history. Further, primary creep deformations are neglected
being small.

2 Basic Creep Equations and Parameters

According to threshold’s law, the effective creep rate (ε̇e) in Al composites
undergoing steady creep is given by Eq. (1) [2, 18],

ε̇e = [M(σe − σo)]
n (1)
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Table 1 Values of creep parameters used for Al-SiCP composite [2]

P (µm) T (°C) V (vol%) M (s-1/5/MPa) σo (MPa) Coefficient of
correlation

1.7 350 10 0.00435 19.83 0.945

20 0.00263 32.02 0.995

30 0.00227 42.56 0.945

1.7 350 20 0.00263 32.02 0.995

400 0.00414 29.79 0.974

450 0.00592 29.18 0.916

where

M = 1

E

(
A′ exp

−Q

RT

) 1
n

where E, A′, Q, R, T, n, σe and σo represent Young’s modulus, structure dependent
parameter, true activation energy, gas constant, working temperature stress exponent,
von Mises effective stress and threshold stress. The creep parameters M and σo as
shown in Eq. (1) depend upon material type, operating temperature (T ), particle size
(P) and particle volume (V ). Singh and Gupta [2] had used creep data reported by
Pandey et al. [18] and plotted individual set of that data as ε̇1/5 versus σ on a linear
scale and obtained the values of M and σo, as shown in Table 1.

3 Analysis and Solution

Assume a thick composite cylinder composed of Al-SiCp having internal radius “a”
as 25.4 mm and external radius “b” as 50.8 mm. The cylinder is under application
of internal pressure “p” of 85.25 MPa as shown in Fig. 1.

The radial strain rate (ε̇r ) and tangential strain rate (ε̇θ ) in a cylinder are given by:

Fig. 1 Schematic diagram of open end, thick-walled composite cylinder subjected to internal
pressure
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ε̇r = du̇r
dr

(2)

ε̇θ = u̇r
r

(3)

where u̇r = du
dt indicates the displacement rate in radial direction and u represents

radial displacement.

r
dε̇θ

dr
= ε̇r − ε̇θ (4)

Applied boundary conditions are,

σr = −p, at r = a

σr = 0, at r = b

The equilibrium equation is obtained by balancing the forces acting on a small
cylindrical element in radial direction [3]

r
dσr
dr

= σθ − σr (5)

Since it is assumed that the volume of the cylinder do not change, therefore,

ε̇r + ε̇θ + ε̇z = 0 (6)

Considering a plane stress case (σz = 0), the generalized constitutive Eqs. for
creep in composites along the principal directions of r, θ and z are given as [17]

ε̇r = du̇r
dr

= ε̇e

2σe
[2σr − σθ ] (7)

ε̇θ = u̇r
r

= ε̇e

2σe
[2σθ − σr ] (8)

ε̇z = − ε̇e

2σe
[σr + σθ ] (9)

where σr , σθ , σz represent the stress in the radial, tangential and axial direction.
According to von Mises yield criterion, effective stress is given by [19]

σe = 1√
2

[
σ 2

θ + σ 2
r + (σr − σθ )

2] 1
2 (10)

Divide Eq. (7) by (8) and taking σr
σθ

= x we have,
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dur
dr

· r

ur
= 2x − 1

2 − x
= φ(r) (11)

Integrating Eq. (5) between limits a to b, and applying the boundary conditions,
we get

b∫
a

σθdr = ap (12)

Solving Eqs. (7), (8), (9), (10) and (12), we have

σθ =
[

ap∫ b
a T (r)dr

−
∫ b
a K (r)dr∫ b
a T (r)dr

]
· T (r) + K (r) (13)

where

T (r) =
⎧⎨
⎩
2
(
1 + x2 − x

) 1−n
2

(2 − x)r
· exp

⎡
⎣

r∫
a

φ(r)

r
dr

⎤
⎦

⎫⎬
⎭

1
n

(14)

K (r) = σo√
1 + x2 − x

(15)

Or Eq. (13) may be written as

σθ =
[

σθav(b − a)∫ b
a T (r)dr

− ∫b
a K (r)dr

∫b
a T (r)dr

]
· T (r) + K (r) (16)

where σθav = ap
b−a

And σθav is average tangential stress
Integrating Eq. (5) between limits a to r,

σr = 1

r

r∫
a

σθdr − ap

r
(17)

To calculate the first approximation of x = (x)1, taking σθ = σθav in Eq. (17), we
get first approximation of σr = σr1, as

σr1 = ap

r

(
r − b

b − a

)
(18)



132 G. S. Kohli et al.

2(a)           2(b) 

2(c)

Fig. 2 a–c Effect of varying particle content of on creep stresses

And

(x)1 = σr1

σθav

= 1 − b

r
(19)

Put (x)1 in Eq. (11) we get φ(r)1, from this by numerical integration, we find,
exp

∫ r
a

φ(r)
r dr .

Using this in Eq. (14) together with (x)1 for (x), the value of T (r)1 is obtained.
And similarly, value of K (r) = K (r)1 is also obtained with (x)1 for (x).

Using the above values in Eq. (16), we obtain σθ1 . Again using σθ1 in Eq. (17), we
get σr2 and so on.
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4 Results and Discussion

4.1 Effect of Particle Content

Figure 2a–c shows the effect of changing the particle content (SiCP) from 10%, to
30% by volume on the creep stresses in a thick composite cylinder. Figure 2a shows
that a no significant change has been observed on the radial stress which is found
to be of compressive nature by changing the content of reinforcement. Figure 2b
shows the variation of stress in the tangential direction and it is found that tangential
stress increases from inner to outer radius of a cylinder. It is also observed that
with the change in particle content (SiCP) from 10 to 30%, the tangential stress
decreases at the inner radius and increases toward the outer radius. The tangential
stress with 30% SiCp content at the inner radius is 56.01 MPa and at the outer
radius stress is 101.87 MPa, whereas with 10% SiCp content, the tangential stress
at inner radius 60.14 MPa, and at outer radius, stress found is 99.05 MPa. Figure 2c
shows the graph for effective stress by varying SiCp content. The effective stress
decreases throughout the radius and the effective stress with 30% SiCp content is on
the lower side in comparison to 10% SiCp content at the inner radius and increases
toward outer radius. The effective stress with 30% particle content at the inner radius
is 122.22 MPa and at the outer radius is 101.87 MPa, whereas with 10% particle
volume, the effective stress at the outer radius is 125.84 MPa and at the inner radius
is 99.05 MPa.

Figure 3 shows variation in stress difference (σe − σo) for different particle con-
tent and it shows a significant decrease over the entire radius by increasing particle
content. The variation in the stress at internal radius is more as compared to external
radius.

With the increase in SiCp content, the effective strain rate decreases significantly
as shown in Fig. 4a. This decrease in the effective strain is because of decreasing
creep parameter M and increasing threshold stress σo with the increase in particle
content as given in Table 1.

Figure 4b–d shows the effect of variation in radial, tangential and axial strain rates
(ε̇r , ε̇θ , and ε̇z) by varying particle content. The effect of the radial and tangential
strain rate is similar to that of the effective strain rate; however, radial strain rate
shows compressive nature and tangential strain rate shows tensile nature.

Similarly, the axial strain rate is less for 30% particle content than the strain rate
for 10% particle content. With the increase in SiCp content in composite cylinder,
the spacing between the particles decreases which results in increasing the threshold
stress [20] and decreasing creep parameterM (Table 1), and together these parameters
significantly reduces strain rates. Similar results had been reported by Neih [10] that
by increasing content of SiCw in aluminum alloy (6061 Al), creep rate could be
reduced significantly. Pandey et al. [18] had also found a significant decrease in
strain rate under uniaxial test.
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Fig. 3 Effect of varying particle content of on stress difference

4(a)

4(b)

4(c)

4(d)

Fig. 4 a–d Effect of varying particle content of on creep strain rates
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5(a) 5(b)

5(c)

Fig. 5 a–c Effect of temperature variation of on creep stresses

4.2 Effect of Changing Operating Temperature

Figure 5a–c shows the effect of temperature variation on creep stresses in a cylinder.
Figure 5a shows that radial stresses are negligibly affected by the variation in the oper-
ating temperature. Whereas the stress in tangential direction decreases marginally by
decreasing the operating temperature from 450 to 350 °C as shown in Fig. 5b. The
tangential stress for operating temperature 450 °C at the inner radius is 58.45 MPa
and at the outer radius is 100.21 MPa, whereas for 350 °C, it is 57.94 MPa at the
inner radius and 100.56 Mpa at the outer radius.

Figure 5c shows the graph for the effective stress, which shows that the effective
stress for operating temperature 350 °C is on lower side at the inner radius and
goes on increasing toward the outer radius. The stress difference (σe − σo) decreases
throughout the entire radius with the decrease in operating temperature as shown in
Fig. 6.

Figure 7a–d shows the effect of temperature variation on strain rate in a cylinder.
It is found that with the decrease in temperature from 450 to 350 °C, the threshold
stress σo increases and creep parameter M decreases due to which the strain rate
decreases to a significant level. Similar results had been found by Pandey et al. [18]
for Al-SiCp for uniaxial test.
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Fig. 6 Effect of temperature variation of stress difference

7(a)

  7(b) 

7(c)

7(d)

Fig. 7 a–d Effect of temperature variation on strain rates



Effect of Particle Content and Temperature on Steady-State … 137

5 Conclusion

1. The radial stress shows negligible variation by varying particle content and
working temperature.

2. The tangential and effective stresses decrease near the inner radius and increase
toward outer radius by increasing particle content and with the decrease the
working temperature. The stress in the tangential direction increases throughout
the radius. However, von Mises effective stress decreases throughout.

3. The radial and tangential strain rates decrease on moving from the internal to
external radius. A significant decrease in strain rate was observed by increasing
particle content and with the decrease the working temperature.

4. The axial strain rate at inner radiuswas tensile in nature and becomes compressive
at outer radius and increases toward outer radius. However, it was observed that
for thick composite cylinder, this change could be reduced to a considerable level
by using more particle content operating at lower temperature.
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K. Praveen Kumar, T. Abhishek, T. Ashish, K. V. V. M. Reddy,
and Greeshma Maddireddy

Abstract In the present study, we use wind tunnel model as a medium to calculate
and analyze the flow velocity of the air passes through any aerodynamic medium
and besides automobile too. An experimental study was carried out on a wind tunnel
to evaluate and optimize the performance and results of the model obtained. Experi-
ments were carried out with four different instruments, i.e., Yaw Sphere, Claw Yaw
Meter, Pressure Sphere (multi-hole probe), Turbulence Sphere to obtain velocity
data. According to the experiments and studies carried out, Pressure Sphere provides
us with exact velocity and pressure value when compared to the other three instru-
ments. Using this new kind of instrument, faults can be minimized when compared
to the previous instruments.

Keywords Wind tunnel ·Measuring methods · Flow velocity · Pressure
measurement

1 Introduction

Wind tunnel is an instrument utilized in aerodynamically testing for studying the
results of air passing over the model to be tested. A wind tunnel consists of a tubular
passage way with the test section where the model is to be tested. Air is moved over
the model by the fan system which is having an electric motor to control speed.
The instrument is associated with suitable sensors to measure forces and pressure.
Different velocity data can be obtained and calculated by examining the wind tunnel
using various types of instruments. Before discussing the experimental use of these
instruments, we should have knowledge about where these instruments are put to
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use and the purpose they serve with regards to the equipment they are placed with.
These instruments are interlinked and accompanied by various wind tunnels.

The wind tunnel is a device which provides air flow continuously under the guid-
ance of the model of interest which is to be tested using an operational view of
point. The wind tunnel is usually classified as low-speed tunnels, high-speed tunnels
and special purpose tunnels. Experimental information toward solving aerodynamic
problems could be obtained in a various number of ways such as flight experiments,
rocket sleds, drop tests, ballistic ranges and wind tunnels are some of the ways by
which aerodynamic data can be obtained.Wind tunnel is further classified 1.Based on
speed andMach number range into five types. Mach number= speed of object/speed
of sound in air.M = V /C where subsonic is having highMach number up toM < 0.8,
transonic is having Mach number between 0.8 <M < 1.2, supersonic is having high
Mach number withM > 1.2, hypersonic is having Mach number with greaterM > 5
and sonic is with Mach numberM = 1 and 2. Based on the test section wind tunnel
is classified as (a) Open wind tunnel, (b) Closed wind tunnel and (c) Semi-enclosed
wind tunnel. Even in today’s world, the utilization of wind tunnels to compute both
complex and normal aerodynamics issues is required.Wind tunnels showcase unique
flow visualization to compute and solve complex problems and to find a solution.
Perfect lift, drag and efficiency can be easily complex problems [1].

2 Circular Cross-Section with Three-Hole Probe (CTHP)
Measurement and Calibrating for the Long Angular Area

It is the new approach for calibrating the three-hole probe measurement. The new
calibrating consideration popular CTHP is the angular distance between the holes
remains sixty degrees. The advantage of using a multi-hole probe is to measure
unstableflows and also turbulence. Thepressure probes represent a classical obtrusive
methodology for measurement of rate fields.

2.1 Pressure Probe Consists of Two Methods

Non-Nulling Mode: A probe is situated at a continuous angle of the test section. The
calibrating system of a probe is found on the location of the order of the probe within
and termed as flow field. The five-hole and three-hole probes give a restricted entire
performance. The pressure in holes is determined only through pressure constant.

Nulling Mode: The probe is arranged in the flow direction, and therefore, the
angle of attack with respect to the essential hole is to be ‘0’.

The reducing factors of CTHP are velocity range is measurable. The frequency
reaction of the probe is the von Karman vortex sheet analysis is used in a fre-
quency response limiting issue. The intention of this inquiry is for measurement
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of an extremely complicated and incompressible flow that is approximately the same
within the radial plane (mid-span) however present in giant nonuniformities within
the circumferential direction [2].

3 Hot-Wire Measurement Technique for Stream Rate
Vector Measurement in 2D Gasoline Streams Created
on Substitute Indifferent Arrangement

The hot-wire amount could be an ordinarily used technique for gas flow rate vector
measurements. To search out the purpose of the rate vector in the 2D flow, a focused
hot-wire probe with valves is often used, and such a probe contains four wires linked
in sets settled in perpendicular planes. A calculation formula used to date is pred-
icated on the material copy that does not take the probe arrangement addicted to
consideration. Throughout testing, the probe is being located within the central point
of the test section, in order that its axis is vertical to the chamber axis.

According to king and Jorgen Sens equation, rate of velocity elements can be
arranged. During this technique, most qualified faults of four hundred for every
elementwere obtained.All these faults unit areaswere because of the utilizedphysical
model. The nonaligned arrangement was formerly utilized for calibrating an alone
hot-wire probe below numerous circumstances for calibrating two two-wire probes.
The network was enforced with the help of MATLAB atmosphere and therefore the
nonaligned arrangement tool case. The production sheet of the arrangement includes
two linear activations performing neurons. Everybody of these neurons is associated
with only rate vector element. The Levenberg–Marquardt variable metric formula
was used.

In resemblance to the one-step technique, the nonaligned arrangement performs
with nearly ten times minimum mistake. The purpose of the rate vector parts at
one measurement points employing a nonaligned arrangement lasted close to 20 ms
whereas spending the one-step technique in the order of 2 ms. Accordingly, the
nonaligned arrangement works close to 10 times slower. The most disadvantage of
the nonaligned arrangement service lies within the proven fact that it is costly [3].

4 Going on the Utilization of the Linear Exclamation
Methodology Within Measuring Process of Seven-Hole
Pressure Probe

The seven-hole probe could be pressure measuring device capable of giving measur-
able data regarding three parts of the velocity, similarly regarding total and dynamic
pressure. A linear exclamation methodology performed larger than the information
calibrating matrices provided. The presentation of this methodology, in conditions
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of measurement faults, is being compared with the standard individual. During cali-
bration, the probe is aligned in such a manner to record the flow parameters. Within
the casing of stream among small angles of occurrence that it does not take place
disconnection at any purpose of probe extremity, a tangent reference is used. Non-
dimensional constant area unit has been considered so far during the calibration
process.

Wind tunnel testing is distributed to check developer apparatus for the given
calibrating technique. A flow field investigation has been conducted on a stationary
wing with free stream velocity of 40 m/s.

The use of linear exclamation technique on seven-hole probe calibrating verified to
associate degree possibilitywhich improves themeasure preciseness. It is predictable
with the intention of outcome will be increased if the next variety calibrating point
is employed. The use of next preciseness mechanism within the angular position of
the probe throughout the calibrating method will increase the standard of outcomes
[4].

5 Method of Recovery of Gas Flow Pressure Based
on the Results of Measurements in Short-Duration Wind
Tunnels

5.1 Gas Flow Pressure

The constant flow (CV) may be a principle that is employed to search out importance
flow below varied circumstances to pick proper importance for flow purpose. The
CVwas planned to use with fluid flows, and it conveys the flow in gallons per minute
of 60 degrees of water with pressure drop with a value of 1 psi.

Quasi-Solution: An organized answer of an exact ill-posed downside that (under
sufficiently organized conditions) satisfies, in distinction to a correct answer, the
condition of being well-posed.

5.2 Piezoelectric Sensor

The device that uses the piezo effect and measures the amendment of pressure,
temperature, strain, acceleration by changing them into electrical charge

The device should be a linear dynamical system so that the calculations will be
easy. During solving and examining the signals if the faults exceed than expected,
then linear Volterra integral equations of the first kind of the convolution type are
utilized to obtain exact solutions. The problems detected raise the antenna resolving
power and detect a weak signal against a background of anisotropic noise and non-
parametric identification of linear stationary systems which reduces to solve linear
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Volterra integral equations of the first kind of convolution type. The problem is solved
by using Lavrent’evmethod of regularization as a combination with themodel exper-
iments to determine the regularization parameters. The Lavrent’ev method with the
combination of least square has more advantage to solve the problems. The problems
noted are normal pressure and derivative is zero at the initial time. The quasi-solution
is to be kept at an initial position on a set of N intervals from [0, T ]. We are assuming
that equations are average at every interval. So at least at one interval, the equation
holds accurate, and faults become average. The number of intervals and the distribu-
tion of their lengths are calculated from the approximate solution and by minimizing
the root mean square method is called quasi-solution.

The normal response is calculated through experiment, we do not require math-
ematical expressions possible for simple cases, and the pressure is used as a linear
dynamic object for loads elastic. Deformation, the temperature of the sensor and
dimensions of the sensor as (diameter (d) = 5 × 10−3 m) and thickness (h) = 0.5
× 103) which is responsible for the weak output signal. Normal Pressure at the
sensor is u(t). So, the input equation is given. As g(t) and output is f (t), then the
linear Volterra integral equation of the first kind is mathematical relations to be filled.
Quasi-solutions are solved using piecewise constant and piecewise linear functions.

Piecewise Constant Function: Even in this, we use linear Volterra integral equa-
tions of the first kind. All the mathematical calculations are done in definite integrals
by trapezoid methods.

6 Recovery of the Load Acting on the Pressure Sensor

For normal pressure, a device is used with the sensor, electromagnet holding a metal
ball with radius r with initial height h along with piezoelectric element and recording
device. Once the electromagnet is turned off, the ball began to fall. The aerodynamic
drag with respect to gravity mg is used for motion of the ball in the air [5].

7 Flow Measurement and Instrumentation

The creation and calibration of a small multi-hole pressure probe for measuring
the 3D stream field have the ability to give static and total pressure distributions
along with all the components of speed. These probes are used in turbomachinery
for study, requiring a quick response to local factor interrupts and in elevation flow
angle. Therefore, the size of the probe should be as low as potential. The minor
size of the probe can prevent the flow and reduce equivalent limited barriers of the
flow field, particularly when blade channels reach a solid boundary. The friction
and calibration of sub-smallness in the five-hole probe are used in difficult internal
flow area in turbomachine study. The five holes as in a corner of a pitot tube probe
assessment tool commonly used to measure 3D flow fields with correct arrangement,
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such probes had been proved to obtain scalar and vectors attributes as total pressure
and static pressure, along with high-tech systems for 3D vector in sustainable flow
field, as hot-wire anemometry, laser Doppler velometric and particle velometric,
and some losses were geometrically complicated configurations. Their geometry,
multi-hole as in a corner of a pitot tube, requires significant skill to build small sizes.

7.1 Manufacture of the Probe

The structure of a five-hole miniature probe was a tough job. Special care should
be taken when assembling this size. The employment of many short article tubes
reduces their response to the construction of such probes, when it stops over time,
takes liquefied to transmission faults through the tubing, especially when assessment
less velocity 3D currents. In addition, the danger of tubing was there when the probe
is formed with a desired structure, and they can replace five tiles with the crosslet
position until the silver is sold. In the appropriate sense, the continuance of the probe
during the grinding processing is used to prevent the probe’s tip. It is attached on a
minor multi-angle vise clamp at the tip of the probe is tangent to the tang cone when
a small surface grinder accommodates the longitudinal axis of the center.

7.2 Pressure Data Acquisition System

For close inspection at the plenummanifold, five types of pressuremechanical energy
are available, for each of the probes related. This is controversial in advance, which
gives a faster reaction by reducing the volume of the thread, and therefore, the
three probes are within the simplest connection tube that connects each probe to the
detectors of pressure.

7.3 Calibrating Rig and Calibrating Method of the Five-Hole
Probe

7.3.1 The Yaw–Probes Traverse Mechanism

It is the non-nulling type, where the process of incorporating the flow into the stream
is known for experimentation and then revolves around yaw and pitch. This pro-
motes probe within the limits of the yaw (ϕ) and the probes (θ ) at each combination
point. This leads to pressure information matrix, from which the amount of pres-
sure and parallel calibrating constant can be calculated. It is implemented through
a computer-driven powered system that can transmit the probe to combination with
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Fig. 1 External dimensions and appearances of the five-hole probe

Fig. 2 Representation of a standard five-hole pressure probe

the correctness (Figs. 1 and 2). The five hole probe is an example of this mechanism
which is shown in Fig. 2 and the external appearance of the five hole probe is shown
in Fig. 1.

8 Determining the Calibrations by a Four-Hole Pressure
Probe

To find out themean velocity compounds among turbulent single phase flows, we uti-
lize multi-hole pressure probes, and when the mean flow direction comes to swirling
flow, therewill be unknown. The calibratingmethod provided to the local fluidmeans
static pressure as the variation of the total and dynamic pressure. Pressure probes
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are being calibrated within steady flows of low turbulence force, besides even to a
particular range of yaw and pitch angles, ratios of the various pressure readings pro-
vided by probe head valves can be built up to determine the angle of velocity vector
which is unknown and also relative with respect to the axis of the probe. Previously,
we followed the Cobra probe geometry that was proposed by shepherd. Shepherd
along with his colleagues had looked and researched and tested both of the hemi-
spherical head pressure probes and also conventional five-hole conical. The results
showcased that Cobra probe provided less Reynolds number sensitivity among the
velocity range between 16 and 110 m/s when compared to five-hole hemispherical
and conical probes. Later, experiment is being carried out utilizing theCobra pressure
probe in a swirled free jet which had been earlier explained, where both the mean
and turbulent flow structure were related to an upper-frequency limit of 1.5 kHz.
However, no relative measurements were taken with respect to Reynolds stresses by
either hot-wire or laser Doppler anemometry was being set up for this flow. This
research showcases results for a modified turbulent pipe flow, which accepts a com-
parison with provided data to be made. The results were provided for this calibrating
flow for two probe sizes. Interrelations among turbulent velocity components inside
pipe flow and static pressure are provided. The final outcomes provided in this paper
and in previous work denote that the high-frequency Cobra probe sustains or needs
a new method for measuring the complex turbulent flows [6].

9 Conclusion

In the analysis, it is noted that the sensitivities of the calibrating instruments are
most once it is either cone or wedge formed. The larger wedge or cone gives more
accurate results but it is impossible to provide larger cone or wedge due to formation
of detached wave.
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Wear and Friction Study of the Coated
Piston Rings Material

Vinayak Goel, Mudit Shukla, and Vipin Kumar Sharma

Abstract Present work discusses the role of metal coatings on the piston rings
material for the enhancement of its wear and friction properties. Coatings of zinc
(Zn) and zinc and chromium (Cr) have been developed on the piston rings material
using the electroplating technique.Wear and friction properties were evaluated using
a linear reciprocating tribometer (LRT) in unlubricated condition. It is observed that
zinc and zinc+ chromium both the coatings have improved the wear resistance of the
piston rings material; however, the improvement by Zinc alone was not that much
significant. There was an improvement of 11% by zinc coating and 59% by zinc
and chromium coating in the wear resistance. The coefficient of friction between
the piston rings material and cylinder linear reduced up to 17% with the zinc and
chromium coating. A finite element model has also been modeled for the prediction
of maximum stress and strain area on the pin and plate surface for all the considered
experimental runs.

Keywords Coating · Cylinder linear · Friction · Piston rings ·Wear

1 Introduction

Usage of advanced materials, design patterns, and surface coatings are the famous
methods which are being used nowadays for enhancing the performance of the recip-
rocating combustion engines. Friction between the sliding pairs in the reciprocating
engine is the main power loss factor. Up to 50% of energy loss occurs due to friction.
In order to reduce the friction, several different technique and methods have been
utilized by researchers.Wopelka et al. [1] coated a series of piston ringswith different
surface coatings of alumina-matrix nano-composite materials. Wear tests were per-
formed, and comparisons were made with standard CKS-36 (a commercial coating
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comprising chromium plating reinforced with alumina particles) coated cast iron pis-
ton rings. Two types of wear mechanism were observed by the authors, micro-scale
cohesive failure and smooth wear. The latter mechanism resulted in lower wear rates.
The predominance of a given wear mechanism was found to depend on the coating
composition and type of grinding operation used to finish the nano-composite coated
piston rings. The testing was performed at 40KNwith load and 40 Hz frequency. The
average sliding speed was 1.2 m/s. The tests were performed at 200 °C temperature
for 6 h of time duration. The high rate of wear was noticed in case of A1203-SiC coat-
ings as compared to available coatings like CSK-36.Wearwasmaximumwhen 5%of
SiC coatings were used and minimum when the 2.5% SiC coatings were used. Wear
was maximum when 5% SiC coatings were used and minimum when the 2.5% SiC
coatings were used. Oladijo et al. [2] used the thermal HVOF spray process to deposit
the coatings of CrC–NiCr on piston rings material. The effects of residual stresses
developed during the process were analyzed for the determination of abrasive wear
resistance of the coating. The nano-HVOF coating with power size less than 10 µm
presented a high wear specific energy, representing that higher energy is necessary
to generate wear. This coating presented lower fuel consumption in engine tests. The
CrN/TiN coating was also selected due to the low wear in the piston ring produced
both in simulated and engine tests. Deepa et al. [3] produced the nickel-doped SnO2

particles with the help of combustion and later used as additive for Zn-composite
coating for steel material. Electroplating technique was used to deposit the coating.
It is reported by authors that the inclusion of Ni-doped SnO2 in Zn coating increased
the corrosion resistance as compared to Zn-deposits. The surface of Zn–Ni-doped
SnO2 coating resulted with low deterioration as compared to Zn-deposited.

Kapsiz et al. [4] valuated the tribological properties of piston ring and cylinder
liner tribopair. Taguchi methodology was used to optimize the minimum weight loss
and friction. Friction force, wear and surface temperature were measured using the
reciprocating test. Dead weights were used to apply load (60 and 80 N) on the pin
under different loads sliding velocity (60, 90,120 and 150) and oil type (15W40
and 10W40). The low load and high sliding speed combinations were reported to
the optimal parameters. Zabala et al. [5] studied the effects of oil, lubrication tech-
nique, surface roughness and coatings on the tribological properties of cylinder linear
with piston ring material. Reciprocating linear motion tribometer was used for the
experimentation with input parameter selected as used in the actual piston ring and
cylinder assembly. The experimental results were used in a specific simulationmodel
which verifies the results within an error of 5%. It is observed that, for the coated
samples,MoS2, DLC andCrN coatingwere deposited using the physical vapor depo-
sition method. DLC coatings capitulate the minimum friction and wear rate. Usage
of 5W30 oil for lubrication leads to the formation of protective tribolayer spon-
taneously on uncoated rings. This layer with anti-wear properties was responsible
for considerable friction undermining. Based on the literature review, it is observed
that coating on the piston rings of the engine assembly has proved to improve the
tribological properties. So, in the present work, two different coatings of zinc (Zn)
and zinc + chromium (Cr) have been developed on the piston rings materials, and
reciprocating sliding tests were conducted for the evaluation of the effect of coatings.
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Based on the literature review, it is observed that the deposition of coatings on the
components of any system helps in enhancing the service life of the component. In
this paper, attempts have been made to improve the tribological properties of the
piston rings material. For this, zinc (Zn) and zinc and chromium (Cr) coating were
applied on the piston rings materials, and tribological behavior was evaluated using
a reciprocating pin disk tribometer. For the comparison of tribological properties,
experiments were performed at room temperature conditions. The results from this
study can be extended to perform in actual engine conditions.

2 Materials and Method

2.1 Coating Deposition

The material used to replicate the piston rings and cylinder liner material is cast iron
[6]. The pin and plate samples were prepared from the raw cast iron and finished
by using various grades of the emery paper and finally by alumina powder. Table 1
presents the chemical composite of the cast ironmaterial used in this study. A surface
roughness tester (Taylor Hobson Talysurf) was used to measure the roughness of the
pin and plate samples. The roughness values were measured at various locations,
and average roughness value achieved for the pin and plate surfaces lies between 0.2
and 0.4 µm. The pin samples were then treated to deposit the zinc (Zn) and Zn-tri
chromium passivation coating. For the coating process, the electroplating method
was used. The Zn is known to be the best ally of steel surfaces to protect the steel
from corrosions.

The Zn coating on the pin samples was obtained by immersing the samples into
a zinc salt bath, and during this, electric current was passed which deposited the Zn
from the salt bath to the pin surfaces. This immersion produces zinc coatings that
prevent oxidation of the pin samples. Hexavalent chromium is remarkably versatile
and exhibits many desirable and essential characteristics. However, there are some
environmental concerns with hexavalent chromium coatings. Trivalent chromium
eliminates those concerns related with the hexavalent chrome plating.

Table 1 Chemical composition of cast iron used to prepare specimens

Element C Cr Mn Si Fe

wt% 3.52 1.05 0.58 2.96 92
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Table 2 Input parameter for
the reciprocating wear test

Input parameters used

Parameter Value

Load 30 N

Temperature Room temperature

Stroke length 2 mm

Frequency 10 Hz

Test duration 12 min

2.2 Reciprocating Sliding Wear Testing

Rotary pin on disc and reciprocating pin on disc are the two famous method for
evaluating the wear and friction [6–8]. Since the piston rings undergo reciprocating
sliding in the actual engine assembly, a reciprocating pin on disc tribometer was
used to evaluate the wear and friction behavior of the coated piston rings material
[9]. This setup consists of a pin and plate assembly. The plate remains stationary, and
pin reciprocates under the effect of some load on the plate sample. The frequency
and applied load can be changed as per the requirements.

The wear from the used pin samples was evaluated by weighing the weight of the
samples before using the pin and after the test runs. A digital weighing balance having
0.0001 g accuracy was used for this purpose. Before starting the experimentation,
each sample was cleaned with acetone properly and dried well in air. Table 2 presents
the experimental conditions and specification of the reciprocating tribometer. The
selection of input parameters was done to compare the tribological behavior of the
applied coating. However, the actual input conditions for the engine and cylinder
assembly would be different.

2.3 Finite Element Analysis

In this work, an ANSYS modeling was also performed to provide the theoretical
background to the reciprocating testing. In this, the areas of maximum stress on the
plate and pin surfaces were evaluated for the reciprocating sliding tests. A finite
element model was developed using ANSYS 19. Models of pin and plate with exact
dimensions and material as used in the experimental tests were used and analyzed
for maximum stress and stains. The ANSYS modeling was done to verify the wear
nature of wear from the pin and plate specimens.

Analysis Steps
The following steps were taken to perform the analysis on the assembly [10–12]:

1. The static structural option is selected from the analysis systems toolbox.
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2. The engineering data option is selected, and the desired material of the model is
chosen. In our case, it was gray cast iron.

3. Next design modeler is opened by clicking geometry option. The model is now
designed. In our case, the model was imported from Solidworks.

4. After the design is completed, themodel option is selected, andAnsysMechanical
window opens.

5. The desired size of the mesh is selected, and meshing is done.
6. The bottom face is fixed, and a load of 30 N is applied on the top face using insert

option on the static structural tab.
7. Displacement is given to the pin in steps of 2mm so that it performs reciprocating

motion just like in linear tribometer.
8. The model is solved using the given boundary conditions. The solution is thus

obtained, and maximum and minimum value of strain and stress are obtained
(Fig. 1).

Fig. 1 Meshing of pin and plate model in ANSYS
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3 Results and Discussion

3.1 Wear and Friction Analysis

For the identification of the wear mechanism, the wear and friction tests were per-
formed in dry and lubricated conditions. Table 3 shows the amount of mass loss from
the pin surface for the three considered cases.

It is seen from Table 2 and Fig. 2c that the pin specimen coated with Zn + Cr
resulted in the least amount of mass loss. The Zn and Cr coated helped in protecting
the pin surface from the heavywearing as compared to the uncoated pin. TheZn alone
also helped in providingwear resistance to thematerial; however, the improvement in
wear resistance is very low. There is an improvement of about 11% inwear resistance
with the Zn coating, which increased to 59% with the addition of Cr in the coating
media. Figure 3 presents the micrographs (50× magnification) for the worn pin
surfaces.

Deep grooves along with heavy wear area have been reported on the uncoated pin
samples (Fig. 3a). These grooves and wear wedges resulted in the maximum amount
of wear. Comparatively, thin wear wedges along with smaller wear grooves were
observed in Zn coated sample (Fig. 3b). The Zn coating on the pin sample helped
in protecting the pin surfaces for some time. The Zn + Cr coated sample resulted in
very few thin wear lines. The worn surface was seen to be smoother as compared to
the other samples. This indicated low wearing on the Zn + Cr coated pin samples
(Fig. 3c).

Table 3 Mass loss from the pin specimens

Initial weight (g) Final weight (g) Cumulative wear loss of pin (g)

Uncoated Pin 9.2951 9.0853 0.2098

Zn coated pins 9.3952 9.2217 0.1753

Zn + Cr coated pin 9.3109 9.2271 0.0838

Fig. 2 Variation of wear for
the pin samples
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Fig. 3 Micrographs for the worn plate samples of a uncoated sample, b Cr coated sample and c Cr
+ Zn coated sample

For analyzing the wear nature, wear from the plate samples was also recorded.
Table 4 presents the mass loss from the plate samples. The heavy wearing for the
uncoated pin samples produced more amount of debris which in result generated
heavy and deeper wear marks on the plate samples. The maximum amount of mass
loss was observed for the uncoated pin and plate tribopair. Figure 4 presents the wear
loss for plate and pin tribopair samples.

Figure 5 presents the variation of the coefficient of friction between the pin and
plate samples. The coefficient of friction was continuously measured for the com-
plete tribological study and plotted against time. The average coefficient of friction
value for uncoated, Zn coated and Zn + Cr coated samples was 0.62, 0.61 and 0.51
respectively. It is seen that Zn coated was not that much effective in reducing the
COF values; however, when the Zn + Cr coated was applied on the pin and tested

Table 4 Mass loss from the plate specimens

Initial weight (g) Final weight (g) Cumulative wear loss of plate (g)

Uncoated pin 101.8818 101.7609 0.1209

Zn coated pins 101.99 101.8882 0.1018

Zn + Cr coated pin 101.0537 101.0037 0.0500

Fig. 4 Wear for the plate
samples
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Fig. 5 Variation of the coefficient of friction with time

against the plate surface, the COF reduces to about 17% as compared to the uncoated
pin. The presence of chromium helped in reducing the COF and wear between the
tribopairs. It is also worthmentioning that the COF value for the Zn+Cr coating was
also lower during the initial sliding than the Zn coating. The debris produced during
the initial sliding further increases the COF for the Zn + Cr coating and stabilizes
after 400 s of sliding.

3.2 Finite Element Analysis

The equivalent stress generated on the pin and plate specimens is presented in Fig. 6a,
b. During the experiments, the maximum amount of stress was generating on the pin
surface. The outer edge of the pin was most influenced by the stress which leads
to maximum wear from that portion of the pin. The wear in the form of strain
developed in the pin and plate is represented in Fig. 7a, b. This simulation is an
accurate representation of the working of a linear tribometer. It is seen that the value
of strain on the pin is greater than that on the plate. It suggests that more deformation
per unit length takes place on the pin than the plate. Similarly, the stress developed
on the pin is also greater than the stress developed on the plate which suggests that to
reduce wear the focus should be on the pin. The maximum value of stress and strain
was developed in the direction in which the reciprocation motion takes place on the
circumference of the cylindrical pin (Table 5).
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Fig. 6 Maximum stress generation a for uncoated pin sample, b for plate sample
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Fig. 7 Maximum strain generation for a for pin sample, b for plate sample

Table 5 ANSYS result summary

Object Maximum strain
(mm/mm)

Minimum strain
(mm/mm)

Maximum stress
(MPa)

Minimum stress
(MPa)

Plate 1.4656e−6 7.1833e−11 0.21272 1.3674e−5

Pin 1.5628e−6 8.0674e−7 0.31254 0.1611
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4 Conclusions

In the present work, Zn and (Zn+Cr) coating were applied on the piston rings mate-
rial. Wear and friction tests were performed. It is concluded that zinc + chromium
coating helped in improving the tribological properties of the piston rings material.
There was an improvement of 59% in the wear resistance and a 17% reduction in
the coefficient of friction value. The zinc alone was not able to reduce the friction
coefficient at the considered experimental conditions. A finite element modeling
was also proposed to represent the working of the linear tribometer. The modeling
also suggested low amounts of stress on the plate specimens during the tribological
testing.
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Thermal Conductivity Analysis
of Graphene Oxide Nanofluid Using
Three-Level Factorial Design

Munish Gupta, Jodh Singh, Harmesh Kumar, and Rajesh Kumar

Abstract Nanofluids improve the performance of thermal systems. Graphene oxide
nanoparticles were characterized to confirm the structure, usingX-ray diffraction and
field-emission scanning electron microscopy. Water-based grapheme oxide nanoflu-
idswere synthesized. Three-level (32) factorial designwas used to examine the effects
changes in temperature and nanoparticle loading on the thermal conductivity of pre-
pared nanofluids. Significance of model used was tested using analysis of variance
at a 95.0% confidence interval. The results revealed that thermal conductivity varies
directly with temperature as well as weight concentration. 30.4% thermal conduc-
tivity enhancement is observed at optimum conditions, i.e. high level of temperature
(60 °C) and medium level of weight concentration (0.1 wt%).

Keywords Graphene oxide · Nanofluids · Heat transfer · Thermal conductivity ·
Factorial design

1 Introduction

The trend of miniaturization and increased heat loads in most of the industries call
for the efficient heat transfer systems. Heat transfer depends mainly on thermal
conductivity of the fluids. The thermal conductivity of generally used fluids, i.e.,
water, vegetable oil, engine oil, etc., can be improved by adding solid nanoparticles.
Such two phase homogeneous mixtures of nanoparticles having size below 100 nm
in conventional base fluids are known as nanofluids. Heat transfer occurs through
conduction as well as convection. This leads to enhance heat transfer rate [1].
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Table 1 Summary of literature on GO/water nanofluid

Nanofluid
parameter

Range of parameters studied Enhancement in
thermal
conductivity

References

Concentration Temperature (°C)

GO/water 0.01–0.5 wt% 25–60 55.2% at 0.5% and
60 °C

[4]

GO/water 0.05–0.25 wt% 10–40 47.5% at 0.25%
and 40 °C

[5]

r-GO/water 0.02–0.08 wt% 20–40 35.7% at 0.1% and
40 °C

[6]

GO/water 0.01–0.07 vol% 20–50 30% at 0.07% and
50 °C

[7]

GO/water 0.05–0.2 vol% 30–50 27% at 0.2 vol%
and 50 °C

[8]

Graphene is consisting of single layer of carbon in two-dimensional lattice. It
shows fascinating thermal properties because of larger surface area. Generally, oxide
(GO) nanoparticles get dispersed in polar base fluids [2]. GO nanoparticles show
higher thermal conductivity and long-term stability when dispersed in water. This is
because of the hydrophilic nature and the presence of functional groups [3]. There-
fore, GO and distilled water were selected for this work. Several studies are available
on the heat transfer application of GO/water. Table 1 shows the summary of some
experimental studies related to water-based GO nanofluids.

Studies witnessed the significant influence of temperature and nanoparticle load-
ing on the thermal conductivity. There is an optimumvalue of particle concentration at
specific temperature which maximizes thermal conductivity with minimum increase
in viscosity [9]. Literature review shows that studies based on GO nanofluids using
factorial design are not often found.

This paper discusses the effects of changes in temperature and nanoparticle
loading on the thermal conductivity of GO/water nanofluids by using 32 factorial
design.

2 Materials and Methods

Distilled water and GO nanoparticles were selected for preparing nanofluid samples.
GO nanopowder was purchased from Nanoshel Company, Willmington, the USA.
Specifications of GO as provided by supplier are given in Table 2. Specification and
properties were further verified by characterizing nanoparticles.
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Table 2 Composition of graphene oxide nanoparticles

Parameter Purity Layers Thickness Lateral
dimensions

Surface
area

Carbon Oxygen Others

Value 99% 1–3 1–4 nm 5–10 µm
(X and Y )

200 m2/g 77% 22% 1%

Fig. 1 a X-Ray diffraction result of GO, b FESEM result of GO

2.1 Characterization of Nanoparticles

XRD analysis of purchased powder was performed. One high-intensity (2900 a.u.)
peak appeared at about 2θ value of 13 corresponding to (002) diffraction plane of
graphite. XRD patterns are shown in Fig. 1a. Results confirmed the properties of GO.
FESEM image in Fig. 1b showed the layers of graphene oxide surface. Size of sheets
was in range of 5–10 µm. Nanosheets were tending to form multilayer clusters.

2.2 Synthesis of Nanofluids

Two-step method is generally used for oxide nanoparticles [10]. Three samples at
0.03, 0.1 and 0.3% weight concentration were prepared through this method by dis-
persing specified amount of GO nanoparticles in distilled water. Values of concen-
tration levels were selected randomly on the basis of literature to examine the effects
of low, medium and high concentration. Hydrophilic nature of GO shows good com-
patibility with water. So, no surfactant was used. Magnetic stirring of the samples
was performed for two hours using the magnetic stirrer followed by ultrasonication
for four hours in bath sonicator equipment. Stability was checked by sedimentation
test. The prepared nanofluids were stable for ten days without any surfactant and
after twelve days settled down completely.
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Table 3 Design of experiment

Factors Levels Base
runs

Replicate Total
runs

Blocks

Low Medium High

Temperature,
A (°C)

30 45 60 9 2 18 2

Concentration,
B (wt%)

0.03 0.1 0.3

2.3 Factorial Design

Factorial design creates all possible experimental combinations for different factors
at all the levels. Two factor three-level factorial (32) design was used in this work.
Temperature and weight concentrations were selected as variable factors and thermal
conductivity as response factor. To get the possible curve in response variable, three
levels of each factor were considered. All the runs were randomly assigned in two
blocks to distribute the error in the whole range of experiments. Table 3 shows the
summary of the design. Total 18 runs at two replicates of nine experimental sets were
performed as shown in Table 4.

2.4 Thermal Conductivity Measurement

KD2Pro thermal analyzer (DecagonDevices, theUSA)which isworkingon transient
hot wire technique was used for the measurement. A water bath was used to get three
different temperatures, i.e., 60, 45 and 60 °C,whichwere selected randomly. Samples
were kept inside the bath after setting the required temperature. After getting the
set temperature, samples were kept remained inside for further 10 min to achieve
equilibrium. Then, each measurement was taken twice and recorded in Table 4.
Measurements for distilled water were also performed at 30, 45 and 60 °C and found
as 0.589, 0.618 and 0.625 W/mK, respectively.

3 Results and Discussion

Main and interaction effects of variable factors, i.e., temperature (A) and weight
concentration (B) on response factor, i.e., thermal conductivity were studied through
analysis of variance (ANOVA) by using MINITAB 19.

The results revealed that maximum value of thermal conductivity (0.95 W/mK)
was found at high level of A and B, whereas minimum value (0.61 W/mK) was
found at low level of A and B as shown in Table 3. Thus, 3.6–52% thermal con-
ductivity enhancement was recorded when compared to distilled water at the same
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Table 4 Factorial design layout

Standard order Run order Blocks Temperature, A
(°C)

Concentration,
B (wt%)

Thermal
conductivity
(W/mK)

3 1 1 30 0.30 0.891

5 2 1 45 0.10 0.781

6 3 1 45 0.30 0.910

8 4 1 60 0.10 0.820

1 5 1 30 0.03 0.610

4 6 1 45 0.03 0.701

7 7 1 60 0.03 0.741

9 8 1 60 0.30 0.950

2 9 1 30 0.10 0.690

13 10 2 45 0.03 0.692

12 11 2 30 0.30 0.870

16 12 2 60 0.03 0.746

15 13 2 45 0.30 0.918

18 14 2 60 0.30 0.946

14 15 2 45 0.10 0.782

17 16 2 60 0.10 0.810

11 17 2 30 0.10 0.700

10 18 2 30 0.03 0.622

conditions. In Pareto chart A, B and A * B extended the reference line which shows
that main effects and interactive effects of the factors are significant for response
factor. Figure 2b shows that response factor varies directly with temperature and
concentration of particles. The interaction effects of A and B are shown in Fig. 2c.
If some points are away from the fitted line, this indicates that effects are real and
important as well [11]. Figure 2d shows that some points are away from fitted line.
This indicates the reality and importance of effects. Points in residuals plots followed
a straight line. Such results indicate the normality of the data and error distribution.

3.1 Analysis of Variance

In this analysis, significance and fitness of the present model were checked. Large
F-value, small P-value and value of R square (R2) near 100% indicates a good fit
model and ensures validity of model [12]. Results are shown in Table 5.

P-value is zero for both factors A and B. This indicates that A and B are significant
for response factor, i.e., thermal conductivity. However, F-value for factor A and B
was 281.04 and 1345.27, respectively. SmallP-values and highF-values indicate that
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Fig. 2 a Pareto chart, b main effects, c interactive effects, d residual plots

present model is a valid model. Values of different R square are shown in Table 5.
High value of R square (99.76%) proves this model being a good fit model. This
indicates that the model is capable of responding to 99.7% variability in response
factor. High value of adjusted R square (99.49%) indicates that the model is most
significant. The least difference between R2 and adjusted R2 indicates the absence of
any insignificant factor [13]. All the values of R2 are close to each other. This proves
that selected factors are very significant.

3.2 Response Optimization and Proposed Equation

The goal is tomaximize thermal conductivitywith lowvalue of 0.61W/mKand target
value of 0.95 W/mK. The fit optimum value for thermal conductivity predicted by
design software, based on the present model, is 0.815 W/mK with 95% confidence
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Table 5 ANOVA table

Source Degree of
freedom

Adjusted
sum of
squares

Adjusted
mean sum
of squares

F-Value P-Value Significance

Model 9 0.198781 0.022087 366.25 0.000 Significant

Blocks 1 0.000004 0.000004 0.06 0.814 Not
significant

Linear 4 0.196151 0.049038 813.15 0.000 Significant

A 2 0.033897 0.016948 281.04 0.000 Significant

B 2 0.162254 0.081127 1345.27 0.000 Significant

Two way
interaction

4 0.002626 0.000657 10.89 0.003 Significant

A * B 4 0.002626 0.000657 10.89 0.003 Significant

Error 8 0.000482 0.000060

Total 17 0.199263

R2 99.76%

Adj. R2 99.49%

Pred. R2 98.77%

interval which is near to actual experimental values, i.e., 0.81 and 0.82. Optimum
thermal conductivity (0.815 W/mK) with 30.4% enhancement was observed at high
level of A (60 °C) and medium level of B (0.1 wt%).

Through thisANOVA-based factorial design, the following equation regarding the
variable factors, i.e., A and B, is proposed for the prediction of thermal conductivity
(k).

k = 0.5118 + 0.003500 ∗ A + 0.8264 ∗ B (1)

The model values show good correspondence between actual and predicted data.
Figure 2d shows the plots for residuals (difference between actual and fitted values)
which show the normal error distribution and no specific pattern of the residuals. This
also confirms the compatibility of actual and predicted values of thermal conductivity.

3.3 Contour and Surface Plots

The contour plots show the relationship between a fitted response, i.e., thermal con-
ductivity and variable factors, i.e., A and B. Surface plots give three-dimensional
view of the surfaces, generated by connecting the points that have same response.
These plots give the information regarding the trend and pattern of effects of differ-
ent factors on the thermal conductivity. Figure 3a, b indicates that both parameters
show significant influence on response factor. With rise in variable factors, thermal
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Fig. 3 a Contour plots, b surface plot for interactive effects of factors

conductivity shows rising trend. Thermal conductivity shows linear relationship with
temperature. Significance of this trend increases toward higher side of weight con-
centration. Trends of these plots were in compliance with values of Table 3. The
highest and the lowest thermal conductivity were obtained, respectively, at high and
low level of A and B. This indicates the linear relationship of thermal conductivity
with temperature (A) as well as weight concentration of particles (B). This linear
trend may be due to increase in the number of particles as well as collisions among
them at high concentration and high temperature.

4 Conclusion

The prepared nanofluids were stable for ten days without any surfactant. The max-
imum thermal conductivity (0.95 W/mK) was found at high level of temperature
(60 °C) and weight concentration of nanoparticles (0.3 wt%), whereas the minimum
value (0.61 W/mK) was found at low level of both factors, i.e., 30 °C and 0.03 wt%.
Thus, total enhancement in thermal conductivity using nanofluid varies from 3.6
to 52%. The study confirms that the addition of nano-sized GO particles in water
enhances its thermal conductivity.

Main effects as well as interactive effect of temperature and weight concentration
were significant in affecting the thermal conductivity. It is confirmed that temperature
and weight concentration show linear relation with thermal conductivity.

Optimum thermal conductivity (0.815 W/mK) was found at high level of
temperature (60 °C) and medium level of weight concentration (0.1 wt%).
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Design Optimization of Go-Kart Chassis
Frame Using Modal Analysis

A. A. Dere, Manpreet Singh, A. Thakan, Rajeev Kumar, and Harpreet Singh

Abstract The chassis of automobile houses crucial mechanical component such as
engine, suspension, steering and transmission system. Therefore, the chassis struc-
ture must be strong enough to absorb the static and dynamic loads generated by these
mechanical components. In this work, the structural strength of go-kart chassis has
been improved against static and dynamic loads through geometrical modifications.
The geometrical modifications in the chassis structures were decided individually
on each structural element where maximum deformation was analyzed in the modal
analysis. This structural element was reanalyzed after making multiple variations in
its geometry in attempt to minimize the deformation. When the minimum deforma-
tion was achieved in the structural element, then structure was finalized for stage 1.
Similarly, other structural elements were also modified in the same continuous itera-
tive process by keeping in consideration the weight constraints. After the termination
of each modification torsion test, impact analysis was also carried out to examine tor-
sional rigidity and crashworthiness. In five successive iterations, the optimum results
for the chassis structure were obtained with little scope of further improvement. In
the final structure, the lowest modal frequencywas found to be shifted from 11.691 to
57.318 Hz to that of the initial structure. A significant reduction of 42% in maximum
deformation along with a reduction in mode shapes was also witnessed in the final
structure. The final structure was also found to be better in the results obtained from
torsional analysis and impact testing.
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Keywords Modal analysis · Chassis structure · Resonance · Dynamic analysis ·
Vibration analysis

1 Introduction

Go-kart is a single-seated land-racing vehicle with or without bodywork and four
nonalignedwheels [1]. This vehicle is prominently used inmotorsport and recreation.
A chassis is the backbone of a go-kart, as it holds various automobile components
and is responsible to withstand dynamic and static loads without undue distortion
[2]. Various studies on automobile chassis have shown that the engine movement
and road profile are mainly responsible for dynamic excitations [3–5]. When the
frequency of excitation from engine or road profile matches with the natural fre-
quency, it may lead to the devastating effect of resonance, which causes loosening
of joints, unwanted noise, failure of parts and driver discomfort [6–11]. A number
of techniques are presently available to determine the dynamic characteristic of the
structure, but among all techniques, modal analysis is one of the most reliable ones
[12]. Modal analysis is the procedure to determine the intrinsic dynamic character-
istic like the mode shapes, natural frequency and damping factor of a tubular space
frame. These characteristics can be employed to formulate a mathematical model
for its dynamic behavior. This mathematical modal can be computationally assessed
by using FEM analysis for the purpose of improving design [13]. In complicated
space frame structure due to a high number of degrees of freedom, a large number of
mathematical models are formulated, it is difficult to access this model analytically
thus, use of computational simulation-based method becomes adequate [14]. Also,
the computational FEA proves to be a handy tool in the design process as it acceler-
ates the design procedure by providing the freedom of making randommodifications
in the automotive structure and also minimizing physical test [15, 16].

In improving the structural characteristics of chassis, mostly, researchers have
changed either material or geometrical structure or both material and geometrical
structure. Antonio et al. [14] used a prototype of sports car modified chassis to carry
out the modal analysis. They have identified that the static and dynamic properties
differ with a change in geometrical structure. Patel and Patel have modified the
structure of truck chassis using ANSYS software. The modified structure was found
to have lighter in weight and with improved strength [16]. Archit and Dheer have
changed the material of chassis structure from steel 52 to epoxy composite. This
has not only witnessed the reduction in weight of the chassis but also improved
the static and dynamic properties [17]. However, change in material can bring good
outcomes in the structure, but it may incur extra cost to the manufacturer. Another
effective way to improve the dynamic characteristics of the structure is a geometrical
modification. Rao and Bhattu have relocated themembers of the truck chassis. Along
with relocation, they have also reduced the overall length and the thickness of certain
members. So, with the geometrical modification, they have not only reduced the
weight but also improved the structural strength of the chassis [6]. Several other
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researchers have worked on the various truck chassis and have observed that by
changing the geometry of the chassis structure the dynamic characteristic can be
improved [18–22]. However, in previous research work, it has been observed that
geometricalmodification improves dynamic properties significantly, but authors have
modified the chassis structure through single modification. In addition to that they
have not considered major constraint such as the weight, maximum deformation in
structural members and numbers of modes.

In this paper, the design and development of go-kart chassis have been carried
out by using ANSYS-based modal analysis. The chassis structure was updated using
the computational methodology, and optimum design has been determined after five
continuous and progressive iterations within the weight constraints. A dynamic and
static characteristic such as deformation in structural elements, crashworthiness and
torsional stiffness has been analyzed for all the updated designs.

2 Chassis Design

The chassis of the go-kart vehicle has been constructed with a tubular space frame
structure by following the rule book of the competition. However, there is always the
provision of structural customization as per the participant’s requirement [23]. Gen-
erally, these customizations are made to improve the structural and fatigue strength
to sustain the dynamic and static loading with low deformation. The other factor
such as dimensional limit, manufacturing restriction, weight and financial constraint
must also be consideredwhile carrying out the customization [24]. The initial go-kart

Fig. 1 Original go-kart
participated in 2018
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Fig. 2 Model of go-kart
chassis drafted in solid edge

and the chassis structure drafted in Solid Edge software are shown in Figs. 1 and 2,
respectively.

3 Finite Element Method

Finite element method (FEM) is a numerical method for solving designing problems
of complex structures [25]. In this, complex structure is firstly discretized into small
elements to form nodes, and then, each element is represented by a separate equation
to form the complete solution of the structure [26, 27]. The prevalent steps of FEM
which are used in the analysis are as follows [25]:

1. Discretize the body and select the type of element.
2. Select the displacement function.
3. Define the stress–strain and strain–displacement relationship.
4. Derive the stiffness matrix for each element.
5. Derive the global stiffness matrix.
6. Solve for unknown degree of freedom.
7. Determine the stress and strain components and interpret the results.

4 Chassis Analysis

The analysis of go-kart chassis was carried out to check the strength and stability
of the structure for static and dynamic loads. Firstly, the existing go-kart chassis
structure was drafted in Solid Edge software, and then, modal analysis was carried
out on the drafted structure using ANSYS software. Initially, input constraints such
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asmaterial properties andmeshing sizewere defined.After the complete introduction
of structure to the software, the modes were determined by fixing all the faces of
four-wheel mountings. The modes and the natural frequency can be determined by
solving the following equation analytically for eigenvalues and eigenvectors [28, 29].

[M] · {Ẍ(t)} + [C] · {Ẋ(t)} + [K ] · {X (t)} = 0 (1)

Here, each eigenvalue is corresponding to one mode shape and respective natural
frequency of the structure. But, for higher numbers of the degrees of freedom, it
becomes cumbersome to find the solution analytically [14].

In software, the solution can be found by transforming Eq. (1) from time to
frequency domain by using the Fourier transform [28].

[A( jω)]{x( jω)} = {0} (2)

where [A( jω)] represents system matrix and is given by [A( jω)] = [M]( jω)2 +
[c]( jω) + [k] and vector of Fourier transformation is represented by {x( jω)}.

The solution of Eq. (2) is a set of unique complex values and eigenvectors;
the eigenvalues are in the complex conjugate pair, where the real part presenting
the modal damping and the imaginary part as modal frequency. The corresponding
eigenvector associated with the eigenvalue represents the mode shape.

So, each mode is defined by a complex conjugate pair of eigenvalues and eigen-
vector (mode shape). The important conceptual conclusions that could be drawn
from the above definition are:

• Modes are unique and inherent to structure.
• Modes are independent of external loads.
• Modes will change only with a change in mass, damping and stiffness property

of the structure.

After finding the natural frequency, the modes of the system the software set the
structure to vibrate at these natural frequencies to encounter the resonance effect. For
each corresponding mode, the maximum deformation in the structural element has
been noted, and the geometrical modifications were deciding there in the structure.
This process was repeated until the maximum deformations for the structural ele-
ments were minimized within the weight constraints defined by the rule book. The
methodology adopted for this work is shown in Fig. 3.

To check the structural strength of the chassis against the static load, torsional
stiffness test was preferred and performed due to its better relevance with the current
structure [14]. In this test, the rear wheel mountings were fixed, and a known twisting
moment is applied at front wheel mounting to check the deformation [30]. The low
value of the deformation accounts for the better structural strength against static
loads.

The torsional stiffness for computational and experimental analysis is shown
below [31].
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Fig. 3 Methodology
adopted for chassis analysis

KT = τ

∅
(3)

Twist angle ∅ is given by the formula,

∅ = sin−1

(
2D

L

)
(4)

After finding no scope for further reduction in maximum deformation, the final
structure for go-kart chassis was recommended. The applied methodology for the
chassis analysis is shown in Fig. 3.
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5 Geometrical Modification

The frame of the chassis is made up of AISI 1020 tubes with 1-in. diameter and 2mm
wall thickness. Themechanical properties of AISI 1020 are presented in Table 1. The
orthographic projections of go-kart chassis along with geometrical specifications are
shown in Fig. 4.

Modal analysis on the go-kart chassis was carried out, and on the basis of exces-
sive deformations, multiple geometrical modifications were tried on the structural
elements, and on the basis of best outcomes, stage 1 structurewas finalized. Similarly,
the modal analysis was carried out successively on the modified structures without
varying diameter and thickness of the tube. With no room for further improvement
in dynamic characteristic after stage 3, the thickness of the tube in certain members
was varied. The dotted line in the top view of Fig. 4 represents the members in which
thickness was varied from 2 to 3 mm. The variation of thickness was done in the
structure by keeping the weight restrictions of the chassis as 28.5 kg. After two more
successive iterations, the optimum structure was finalized after ensuring no further
scope of improvement within the aforementioned weight constraints. The geomet-
rical modifications made on the basis of modal analysis are represented in Table 2
with the required dimensions.

As seen in Fig. 4,

Table 1 Mechanical properties of chassis material

AISI 1020 properties

Young’s modulus [N/m2] 2.00 × 1011

Poisson ratio 0.29

Density [kg/m3] 7850

Yield strength [N/m2] 3.5 × 108

Tensile strength [N/m2] 4.2 × 108

Shear modulus [N/m2] 8.0 × 108

Fig. 4 Orthographic top (a) and side view (b) of go-kart chassis with geometrical specifications
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X11 and X12 Distance of intersection of lower support of the front bumper with
chassis and the bumper from the center,

X2 Distance of upper support of the front bumper from the center,
Y1 and Y3 Distance of lower support1 of the side bumper with chassis from the

center,
Y21 and Y22 Distance of upper support of the side bumper from the center,
Z11 and Z12 Distance of intersection of lower support of the rear bumper with

chassis and the bumper from the center,
Z2 Distance of upper support of the rear bumper from the center,
A1 Distance of intersection of seat support with the chassis from the

center,
A21 Hight of the seat support,
A22 Distance of intermediate seat support from the center.

6 Result and Discussion

6.1 Modal Analysis

The CAD model of the go-kart chassis structure was imported in ANSYS software
for carrying out modal analysis. The material properties referred for AISI 1020 were
defined to the imported structure. To define the structure completely for the purpose
of modal analysis, meshing was generated with having a minimum edge length of
4.2952 × 10−4 m. The structure was then fixed at the wheel mounting faces, and a
frequency of 8000 RPM was applied to the chassis by keeping into consideration all
the possible frequencies. The fixed wheel mounting faces are shown in Fig. 5.

Firstly, the modal analysis was carried on original go-kart chassis structure, and
in this analysis, 25 modes were obtained along with their corresponding natural fre-
quencies. The values of the deformations at different structural elements were then
checked at each of the corresponding natural frequency and are shown in Fig. 7. The
maximum deformation was observed as 1.4082 m at 24th mode shape having a cor-
responding natural frequency as 104.12 Hz. The animated view of total deformation
for 24th mode is shown in Fig. 6.

The CAD model was then geometrically modified by following the methodology
explained earlier for five times in successive iterations. The total number of mode
shapes,maximumdeformationwith its correspondingmode frequency and frequency
of the first mode for all the iterations performed are presented in Table 3. The values
of the deformations for the final structure at different modes and the corresponding
frequency are shown in Fig. 8. The maximum deformation of 0.8172 m in the final
structure was obtained at 8th mode (113.61 Hz).

In the final structure, the total modes have been reduced to 8 from 25 that of in the
initial structure. This signifies that the problem of resonant frequencies has reduced
in the final structure. The final structure’s maximum deformation has also reduced to
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Fig. 5 Isometric view of the chassis which demonstrate the boundary condition applied

Fig. 6 Isometric view of the original chassis representing the maximum deformation at mode 24

0.8172 m from 1.4082 m (initial structure); therefore, the final structure can be said
to have better stability from the past. The first mode frequency in the final structure
has also shifted from 11.691 to 57.318 Hz. This ensures that the final structure will
not be facing the problem of resonance until the moderate speeds.



Design Optimization of Go-Kart Chassis Frame Using Modal Analysis 181

0.83662

0.54807

0.49822

0.48774

0.61581

0.781

1.0346

0.68039

0.39781

1.0215

0.81733

0.94081

1.1297

0.92449

1.1924

0.91643

0.72897
0.57551

0.53424

0.6218
0.60082

0.44992

1.255

1.4082
1.199

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1 
(1

1.
69

1)
2 

(2
5.

15
5)

3 
(3

3.
10

2)
4 

(3
7.

30
3)

5 
(4

6.
14

2)
6 

(4
9.

3)
7 

(5
5.

51
1)

8 
(5

6.
07

1)
9 

(5
6.

87
1)

10
 (6

0.
29

8)
11

 (6
4.

03
8)

12
 (6

5.
70

4)
13

 (6
7.

60
5)

14
 (6

7.
76

9)
15

 (7
0.

72
7)

16
 (7

2.
10

6)
17

 (7
8.

23
8)

18
 (8

3.
12

9)
19

 (8
5.

67
)

20
 (8

7.
98

8)
21

 (9
2.

91
5)

22
 (1

01
.5

2)
23

 (1
03

.3
)

24
 (1

04
.1

2)
25

 (1
24

.9
5)

De
fo

rm
at

io
n 

in
 m

et
er

Mode number with corrosponding frequency

Initial Go-kart chassis structure

Fig. 7 Graph of maximum deformation and corresponding mode number of initial chassis

Table 3 Result of modal analysis after each modification

Step number Total number of
modes

Maximum
deformation (m)

Corresponding
frequency (Hz)
for maximum
deformation
(mode number)

The frequency of
first mode (Hz)

Initial chassis 25 1.4082 104.12 (24) 11.691

1 21 1.3592 94.306 (14) 25.954

2 17 1.2714 85.536 (9) 45.428

3 16 1.1454 91.038 (8) 46.38

4 8 0.9692 118.24 (7) 54.773

5 8 0.8172 113.61 (8) 57.318

6.2 Torsional Analysis

To calculate torsional rigidity of the go-kart chassis, Thompson methodology was
adopted [9]. According to this methodology, the forces of equal magnitude and
opposite directions have to be applied on the front wheel mountings by keeping rear
wheel mountings fixed. The amount of force to be applied for carrying out torsional
analysis can be calculated with reference to the weight of go-kart as defined in the
rule book of the competition. In our analysis, the magnitude of force was calculated
as 3532 N (magnitude 2G) by considering the maximumweight of go-kart as 180 kg.
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The isometric view of the go-kart chassis with applied directional forces and fixed
faces is shown in Fig. 9. After the application of the forces, deflection was calculated
on the frontal wheel mountings to know the static strength of the structure. This has
been done for all the modified structures, and their respective deflections are plotted
and shown in Fig. 10.

The values of deformations calculated are showing a downward trend against
stage modifications in the structure. This indicates that static structural strength has
improved with every geometrical modification.

Fig. 9 Isometric view to demonstrate the boundary condition of the torsional test on the initial
chassis
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6.3 Impact Testing

This test is carried out to determine the crashworthiness of an automobile. The
members of the go-kart chassis which are prone to crash such as front, rear and side
sections are considered for the impact test. In this test, impact loads were applied
on each section, and deformation in the same was calculated by fixing the opposite
side wheel mountings. The simulation carried out for frontal impact test is shown
in Fig. 11. The impact forces considered for frontal and rear impact test were of
magnitude 4G (7064 N), and for side impact test, the magnitude was 2G (3532 N)
as per the rule book guidelines [20]. The deformations calculated for each section in

Fig. 11 Boundary condition of frontal impact
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the initial chassis structure and after the successive geometrical modified structure
are plotted and shown in Fig. 12.

The deformations calculated against impact loads for each section in the structure
are decreasing with every modification made in the structure.

7 Conclusion

In this paper, the modal analysis was carried out on go-kart chassis structure, and
on the basis of excessive deformation, geometrical modifications were made for
five times. The original chassis structure was compared with the final recommended
structure, and on the basis of this comparison, the following conclusions can be
drawn:

• The maximum deformation in the final structure was found to reduce by 41.96%;
this ensures the structural stability against the dynamic loads.

• Theproblemof the number of resonant frequency in thefinal structurewas reduced
significantly as the modes in it were found to be 8 as that of 25 in the initial
structure.

• In the final structure, the first natural frequency was found to be shifted from
11.691 to 57.318 Hz. This ensures that the final structure will not be facing the
problem of resonance till moderate speeds.

• The torsional rigidity was also found to improve by 57.77%. This means that
structural strength of the chassis against static loads has increased in the final
structure.
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• The results of frontal, rear and side impact have also shown an improvement
assuring the increase in crashworthiness of the chassis.
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Effect of Process Parameters on Water
Absorption and Impact Strength
of Hybrid PLA Composites

Guravtar Singh Mann, Lakhwinder Pal Singh, Pramod Kumar,
and Sunpreet Singh

Abstract In the present research work, an effort has been made to study the impact
strength and water absorption ability, also the consequences, of the hybrid poly lac-
tic acid composites prepared by using sisal and jute fibers through compression die
process. The input process parameters such as compaction pressure (CP), molding
temperature (MT), and curing time (CT) have been studied in the response of the
observed outcomes through the application of Taguchi-based design of experimenta-
tion approach. Further, the surface morphology of the samples after impact and water
absorption tests has been studied to understand the mechanism of failure. From the
analysis of variance, it has been found that molding temperature (MT) acted as the
most influential parameter affecting the observed properties at 95% confidence level.

Keywords Poly lactic acid ·Water absorption · Impact strength · Taguchi · Sisal ·
Jute

1 Introduction

Bio-based polymers have recently beenused as sustainable products to replace certain
composites arising from petroleum products because of their environmental friendly
prospects [1]. These types of materials can replace the non-degradable petroleum-
based polymer with degradable biopolymer based on renewable resources, consider-
ably reducing the emissions of hazardous waste and carbon dioxide (CO2) [2]. Not
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only environmental issues but biocomposites can also to some extent solve the issue
of the packaging industry once they are strengthened with distinct grades of poly-
mers to improve their distinct characteristics and can be utilized in the automotive
industry for sustainable construction [3]. Biocomposites when combined with nat-
ural/synthetic fibers/fillers have potential to substitute conventional polyolefin/glass
fiber composites because they deliver diverse benefits such as recyclability, light
weight, and low cost [4]. These composites have fascinating responsiveness in the
sector as well as in academia, as they could allow thorough soil degradation through
composting processes and make any toxic parts noticeable [5]. Moreover, to investi-
gate, these fibers are combinedwith other fiberswhich are also known as hybrid fibers
for improving their mechanical properties. These are the composites where both the
matrix and the functional fibers are extracted from agricultural resources and are
entirely degradable green composites and the other may or may not be biodegrad-
able [6]. These composites have received substantial responsiveness because of their
capability to give engineers new liberty to customize composites, thus achieving
properties that cannot be achieved in binary systems consisting of a single type of
filler/fiber spread in a matrix [7].

It also makes the use of expensive fillers more cost-effective by partly replacing
them with inexpensive fibers. Though it is possible to combine diverse fillers into
the hybrid system, it would be more advantageous to mix only two kinds of fillers.
The performance characteristics of the subsequent composite can be significantly
enhanced by a vigilant assortment of the reinforcing fillers [8]. The characteris-
tics of hybrid composites are based on the single constituent, which balances the
intrinsic advantages and disadvantages more constructively. The weaknesses of the
one filler/fiber could be overlooked by the other filler’s advantages [9]. The suitable
material structure could achieve a hybrid composite with cost and efficiency bal-
ance [10]. Masoodi and Pillai [11] investigated the conduct of moisture and swelling
in bio-based jute-epoxy composites and observed the rate of moisture diffusion in
composites improved with a rise in the proportion of jute fiber to epoxy. Sanjay
and Yogesha [12] studied the impact of hybridization and loading sequences on the
various mechanical characteristics of composites of jute/kenaf/glass and epoxy and
observed the enhancement of these properties. Chaudhari et al. [13] evaluated the var-
ious characteristics of jute, hemp, and flax composites based on epoxy and observed
better mechanical characteristics of hybrid composites.

Attempts have been made in the present investigation to develop hybrid com-
posite using jute and sisal fiber, whereas poly lactic acid (PLA) a highly versatile
biodegradable polymers obtained from 100% renewable materials is used as resin
[14]. The enhancement in mechanical properties like tensile strength and flexural
strength has been examined experimentally using Taguchi method. The fiber matrix
morphology of the interface region was explored using SEM analysis.
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2 Materials and Methods

Poly lactic acid (PLA) was used as matrix material. It was supplied by Nature Works
India. It is biodegradable material extracted from corn starch. The tensile strength of
the smooth PLA was examined with universal testing machine with 1 mm/min cross
velocity and 150 mm gage length. Woven jute and sisal were supplied by Chandra
Parkash & Co. located in Jaipur India. Table 1 shows the mechanical properties of
jute and Sisal.

2.1 Fabrication of Composites

The surface treatment of the fibers is done before the fabrication of the fibers which is
also necessary for improved wettability (adhesion) between the fiber and the matrix
as this process eliminates the hemicellulose layer leading to higher crystallinity in
fibers. Then, the fabrication of composites was carried using compression molding
method. The full setup was fitted with the molding machine for metal die, heating
elements, thermocouples, and compression. The metal die was intended to create
laminate of 4 mm thick. Four layers of jute fibers have to be used to get 4 mm
dense laminate after pilot runs. Treated jute and sisal fibers were cut to the length
of 120 mm and were kept in an oven for preheating at 90 °C temperatures for 3 h
to remove the moisture. Compression molding die was cleaned and heated to the
temperature provided. The Teflon sheet was set once the die temperature exceeded
the appropriate temperature. First, the PLA granules were spread evenly into the
cavity and afterward, the jute fibers were put in the cavity over the PLA granules and
then, the other jute layer was positioned over the sisal fibers. Eventually, remaining
PLA granules were scattered over the jute materials contained in the cavity. Finally,
pressure is applied. The temperature will be maintained according to the requirement
and the load will begin to apply.

Table 1 Properties of sisal
and jute

Properties Sisal Jute

Values Values

Density (g/cm3) 1.4–1.5 1.3–1.5

Length (mm) 1.5–120 900

Failure strain (%) 1.5–1.8 2.0–2.5

Tensile strength (MPa) 393–800 507–855

Stiffness/Young’s modulus (GPa) 10–55 9.4–28

Specific tensile strength (MPa/g cm3) 300–610 362–610

Specific Young’s modulus (GPa/g cm3) 7.1–39 6.7–20
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Fig. 1 Fractured Izod specimens

2.2 Impact Test

The Izod test was carried as per ASTM standard D256. The cutting of the samples
was as per ASTM specifications 63.5 × 12.7 × 4 mm, and for Charpy test, the
specimen samples with 127 lengths × 12.7 width × 4 mm were prepared. Figure 1
shows the fractured Izod specimens.

2.3 Water Absorption

In water absorption test, specimen was prepared 38 mm2 with a 0.5 mm clearance.
The weight of the specimens were measured first in air (WI) and then dipped in
distilled water for a while of 24 ± 1 h. After completion of time, the specimens get
out from the water and measured the weight (W2) within 2 min.

Water absorption (%) = (W2−W1)/W1× 100

W1 is the weight of specimen before dipped in distilled water and W2 is the
weight of specimen after 24 h dipped in water.
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3 Optimization Using Taguchi Methodology

Taguchi method provides information on the full set of possibilities for experiments
that cover various applications. Moreover, this method reveals the outcome of differ-
ent parameters on the mean and variance for process parameters. Moreover, experi-
mental designs by Taguchi method helps to implement orthogonal arrays and orga-
nizes process parameters which affect the process, and helps in a recommendation
of various levels and their variation for achieving the optimized results. Therefore,
the number of experiments can be arranged with minimum means and lesser time
without affecting the quality of the product [15–17]. For the implementation of the
Taguchi method, the objective function is established along with the identification
of process parameters with their levels as shown in Table 2. Secondly, the appropri-
ate orthogonal array (OA) is selected for experimentation as shown in Table 3, and
Table 4 shows the values obtained. At last confirmation, the experiment is done for
the obtained data. The major aim of this technique is to produce high-quality prod-
ucts at minimum cost. Therefore, in the present research is to find the optimal set of
parameters for maximum impact test and water absorption test during the fabrication
of natural hybrid composites. Taguchi methodology organizes control factors and
noise factors which affect the process quality. While noise is the uncontrollable fac-
tor, causes variations in the output, contributed due to the experimental environment
like the ambient temperature, humidity, etc. Control variables are themost significant
variables in determining the characteristics of the product [18]. Therefore, for the

Table 2 Levels of the
variables used in the
experiment

Levels Variables

A:MT B:CP C:CT

1 160 250 30

2 185 300 60

3 210 350 90

Table 3 L9 orthogonal array

Exp. No. MT CP CT S/N

1 1 1 1 S/N1

2 1 2 2 S/N2

3 1 3 3 S/N3

4 2 1 2 S/N4

5 2 2 3 S/N5

6 2 3 1 S/N6

7 3 1 3 S/N7

8 3 2 1 S/N8

9 3 3 2 S/N9
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manufacturing of hybrid composite, the typical control factors include the heating
temperature of the die. Taguchi method utilizes S/N ratio to express scatter around
the target value. There are three possible categories for quality characteristics (1)
smaller is better (2) nominal is better (3) larger is better. The main objective of the
current research is tomaximize the composite’s impact strength andwater adsorption
behavior.

Therefore, larger quality features are chosen which is given as It can be observed
from Fig. 2 that parameter values at levels A1, B2, and C3 are the best choice in terms
of the impact strength and for water absorption values at levels A1, B3, and C2 are
the best in terms of optimum levels. These values are plotted in Fig. 3. Table 5 shows
the mean values and Table 6 shows ANOVA values.
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Table 5 Response table for means

Level Impact strength CT Water absorption CT

MT CP MT CP

1 24.69 22.18 22.08 72.17 69.98 69.69

2 23.61 22.98 23 69.51 69.18 70.38

3 19.73 22.87 22.94 67.1 69.62 68.71

Delta 4.96 0.81 0.92 5.06 0.8 1.67

Rank 1 3 2 1 3 2

S/
N = −10 log

⌊
1/
R

R∑

i=0

1/
y2i

⌋

(1)

μTs = A1 + B2 + C1 − 2IT S (2)

where μTs is mean value impact strength, I IS = 71.67 N/mm2 (Table 6), and A1 + B2

+C1 are average values of tensile strength. Therefore,μTs = 74.36± 10.84 N/mm2.
The confidence interval (CI) for the anticipated result can be calculated as:

C I =
√

Fα

(
1, f e

)
Ve

[
1

nef f
+ 1

R

]
(3)

where Fα (1, f e) F is-ratio at the confidence level of (1− α) against DOF 1 and error
DOF f e, ve = error variance, ïeff is the effective number of repetitions.

neff = 1
1+ {Total DOF in the estimation of mean} (4)

N = Total number of test outcomes (9 * 27) and R is sample size = 3 using the
values, ve = 18.6, Table 4, Total DOF in estimation of mean is = 6 and ïeff = 3.87,
F0.05 (1, 9)= 5.11 (The tabulated value). Therefore, from the above calculations for
the interval at 95% is ±5.31 and the predicted optimum value for impact strength is
67.05 < μTs < 81.67 N/mm2.

Similarly, by using Eqs. 2, 3, and 4, the calculations of the interval at 95% is
±01.84which resulted in thepredictedoptimumvaluewater absorption is 23.32<μTs

< 44.

4 Results and Discussion

It is observed that although all three parameters, i.e., heating, pressure, and curing
play an integral role in the fabrication of hybrid fibers, the adhesion between the
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fibers is influenced mostly by the heating temperature of the die. When the fibers
are fabricated at 160° temperature and 250 kN pressure is applied, minimum impact
strength is observed as it can be seen SEM image 4a from the fiber pull out that
fracture during the impact test is brittle which makes it more weak in case of impact
strength because at this temperature, the PLA does not flow smoothly in all directions
and there is no proper adhesion between the fibers and resin. When the temperature
is increased to 185 °C and pressure of 300 kN is applied with curing at 60°. The flow
of matrix material flows in all directions due to which better bonding takes place
which influences the impact behavior of the material and maximum is obtained
at these parameters but when the temperature is increased to 210 °C and pressure
of 350 kN is applied at 90° curing, the internal fibers get burnt due to which the
minimum values of impact strength are obtained, it can be observed from Fig. 4c
that voids are seen in samples. These pores and voids can lead to early failure of these
composites during loading. Another study which is related to outdoor applications of
the natural fibers is water absorption tests. Figure 5 shows SEM images aftermoisture
absorption tests. Initially, the water absorption does not affect the hydrophobic PLA
matrix as shown in Fig. 5a–d. Before moisture absorption, the SEM images for
hybrid composites display rougher fracture but while SEM images during moisture
absorption show smoother fractured surface as shown in Fig. 5e which shows good
adhesion between the surface as shown in Fig. 5f but when the temperature and
pressure are increased to maximum 210 °C with 350 KN the fibers are burnt due to
which poor fiber/matrix interface bonding. This indicates poor fiber/matrix interface

Fig. 4 SEM images of hybrid fibers after impact failure
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Fig. 5 Hybrid fiber SEM pictures after water absorption experiment

bonding there and therefore poor adhesion is observed as PLA comes out from the die
due to high pressure and temperature and fibers are also detached easily during the
impact loading as shown in SEM image in 5h. Therefore, optimum parameters where
impact strength is maximum are at 185 °C temperature, the pressure of 300 kN, and
curing at 60°.

5 Conclusion

Using the Taguchi technique, the impact strength and water absorption behavior
of manufactured hybrid sisal and jute composites were explored. Three important
parameters, that is the heating temperature, pressure, and curing temperature have
been studied. It is possible to draw the following findings from the inquiry: To obtain
maximum tensile and flexural strength, optimum heating temperature, pressure, and
heating temperature were maintained. The maximum impact strength was observed
at the temperature 185 °C, pressure of 300 kN, and curing at 60 °C.

Confirmation tests have been performed to confirm the optimum circumstances
predicted. Estimate gain and confirmation gain values have been discovered close to
each other. The moisture absorption was maximum when parameters were temper-
ature 185 °C pressure of 300 kN, and curing at 60° when compared to dry samples
because of the plasticization effect of diffused water molecules.
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Comparative Investigation of Different
Types of Cutting Fluid in Minimum
Quantity Lubrication Machining Using
CFD

Payal Chauhan, Anjali Gupta, Amit Kumar Thakur, and Rajesh Kumar

Abstract Minimum quantity lubrication (MQL) is a method where cutting fluid is
supplied to the machining zone in the form of droplets (10–500 ml/h). The perfor-
mance of MQL machining depends on the quality of spray generated by the MQL
system. The spray quality is defined by droplet diameter, velocity and the number
of droplets. In the present work, computer simulations were performed to study the
characteristics of spray generated with internal mixing nozzle using three different
types of cutting fluids, namely vegetable oil (VO), synthetic oil (SO) and mineral
oil (MO). Effects of air pressure and mass flow rate of these cutting fluids on spray
formation were also studied using ANSYS FLUENT. The results showed that with
increase in air pressure and mass flow rate of cutting fluids, diameter of droplets
decreased, whereas velocity and number of droplets increased. It was observed that
not only the spray quality generated using vegetable oil is better than other two cutting
fluids, but also the surface heat transfer coefficient (HTC) improved using vegetable
oil. Surface heat transfer coefficient (HTC) using vegetable oil (VO) increased by
16.28% over synthetic oil (SO) and 32.16% over mineral oil (MO).

Keywords Minimum quantity lubrication · Computational fluid dynamics ·
Internal mix nozzle · Cutting fluids

1 Introduction

Machining is the most common practice carried out in manufacturing industries to
produce component of desired size and shape by removal of material. The plastic
deformation of workpiece and friction at workpiece–tool interface generates large
amount of heat in the cutting region. This stimulates the need for use of cutting fluids
during machining process. Cutting fluids are required for cooling and lubricating the
cutting zone. They not only reduce the temperature of the cutting region by carrying
away the heat generated during machining but also reduce friction at workpiece–tool
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interface [1]. This results in improving the surface quality and dimensional accuracy
of the workpiece and reduction in cutting forces. Along with these benefits, there
are some disadvantages accompanied with the cutting fluids. The disposal of cutting
fluids into environment can cause soil and air pollution. Their use has been reported
to cause serious health problems to the operators such as respiratory problems, lung
cancer, genetic and dermatological diseases [2, 3].Moreover, it has been reported that
use of cutting oils results in an additional 7−17% cost of the total machining cost [4].
Looking at these concerns, efforts are being made to limit their use. Dry cutting (DC)
and minimum quantity lubrication (MQL) machining are the suggested alternatives.
On one hand, where DC exterminates the ill effects of cutting fluids by completely
eliminating the use of cutting fluids, on the other hand, it requires special tooling and
coated tools to overcome its limitations such as overheating of tool, poor dimensional
accuracy and adhering of chips to rake face of tool. The second method is minimum
quantity lubrication (MQL), where cutting fluids are supplied in the form of tiny
droplets which are formed as a result of atomization of the cutting fluid with the help
of pressurized air [5]. The flow rate of the cutting fluids while machining is very low
in MQL (nearly 10−500 ml/h) as compared to wet cutting (WC) where the flow rate
is of the order of 60 l/h [6]. Also, the major part of the cutting fluid that is being used
in MQL is evaporated. Thus, the cost related to disposal and treatment of cutting
fluid after machining, cleaning of workplace and machinery is minimized. Tawakoli
et al. [7] obtained better surface finish with MQL machining in comparison with
WC and DC during grinding. Coefficient of friction, tangential forces and specific
grinding energy were found to be lower withMQL grinding due to better penetration
of lubricant. Recently, many experimental investigations have been carried out to
show the suitability of using eco-friendly vegetable oil (VO) over petroleum-based
mineral oil (MO) in MQL machining. Agrawal et al. [8] performed MQL turning of
steel to compare the performance of mineral oil (MO) and aloe vera (VO) at different
feeds, depth of cut and speed. It was observed that VO reduced surface roughness
(6.7% lower), tool wear (0.14% lower) and environmental pollution as compared
to MO. Wang et al. [9] studied the effect of MQL machining and WC on grinding
performance using different VOs and MOs. MQL grinding with castor oil (VO)
provided better surface finish, low coefficient of friction and low specific grinding
energy than MO. Further, MQL grinding resulted in better performance than WC
due to better lubrication. Singh et al. [10] performed MQL turning using soyabean
oil (VO) and MO. The MQL turning using VO resulted in better surface finish at
high speed and reduced pollution (because of its biodegradability) over MO. It can
be concluded from the literature survey that MQL results in an improved machining
performance over the DC and almost the comparable performance as WC due to
better penetration of tiny droplets of cutting fluid into the cutting region. Also, the
use of VOs as cutting fluid results in an improved performance over MOs in MQL
machining. From the above experimental studies, it can be inferred that VO can be
considered as a good substitute over conventional petroleum-based oils. Apart from
experimental study, computer-based simulation is a good approach to understand
any process well. Simulation saves time as repetitive calculations can be performed
in computer to find the optimum value of critical parameters. Computational fluid
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dynamics (CFD) is one such approachwhich is used to study the true characteristics of
fluid interactions in internal and external flows [11]. CFD can also be used to simulate
the behavior of cutting fluid in MQL machining. The objective of this paper is to
develop a CFD-based model for studying the effect of different factors that affect
the spray quality in MQL machining. The study also carries out the comparative
investigation of the performance of different types of cutting oils by studying their
spray characteristics.

2 Parameters Affecting the MQL Machining Performance

MQL machining performance depends on the quality of spray generated by MQL
system. Spray quality depends on various parameters such as types of cutting fluid,
pressure of inlet air, standoff distance, mass flow rate of cutting fluid, nozzle geom-
etry, nozzle dimensions and nozzle angular position [12, 13]. The spray is character-
ized by droplets diameter, droplets velocity and the number of droplets. Velocity of
droplets should be high enough to diminish the vorticities that may be produced due
to aerodynamic interactions between spray and the surrounding atmosphere. Spray
which is free of vorticities with uniform droplet size (neither too large nor too small)
is considered as more effective in MQL. A small-sized droplet (<4 μm) becomes
airborne when inhaled by workers and can cause acute respiratory disorders [14],
and large-sized droplet may not penetrate effectively inside the cutting zone. Beside
these factors, properties of gaseous medium into which cutting fluid is discharged
also affect the spray quality. Density of air also plays important role in atomization
of cutting fluid in MQL machining. In addition to this, properties of cutting fluids
such as density, viscosity, surface tension, thermal conductivity and specific heat
also affect the spray quality. Purpose of this paper is to study the effects of air pres-
sure, mass flow rate and properties of different types of cutting fluid on the spray
characteristics. Soyabean oil (VO), paraffin oil (MO) and ester oil (SO) are used for
comparative performance. Operating conditions, properties of air and properties of
cutting fluids that are being considered for simulations in present work are given in
Tables 1, 2 and 3, respectively.

Table 1 Operating
conditions

Air pressure (bar) 2, 3 and 4

Mass flow rate of cutting fluid (ml/h) 50, 100, 500

Table 2 Properties of air Air density (kg/m3) 1.1845

Air viscosity (kg/m-s) 1.86 × 10−5

Specific heat (J/kg-k) 1005

Thermal conductivity (W/m-k) 0.02624
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Table 3 Properties of cutting fluid

Cutting fluid Density (kg/m3) Dynamic
viscosity
(kg/m-s)

Specific heat
(cp) (kJ/kg-k)

Surface tension
(N/m)

Soybean oil
(VO)

917 0.0418 1635 0.0309

Ester oil (SO) 964 0.0513 1905 0.0314

Paraffin oil
(MO)

800 0.1181 2130 0.0230

Fig. 1 a Geometry of nozzle with dimensions, b one-fourth model of internal mix nozzle [17]

3 Physical Model of Internal Mix Nozzle

3.1 Creating a 3D Model

ANSYSFLUENT software was used to perform the CFD analysis of spray generated
using internal mix nozzle. Nozzle geometry as shown in Fig. 1a consists of a concen-
tric pipe where inner pipe carries cutting fluid and outer annular region carries air.
Both air and cutting fluid were mixed in mixing chamber, and spray was produced
by disintegration of cutting fluid by pressurized air energy and shearing action of the
surrounding air. The dimensions of the nozzle considered were same as by Verma
et al. [15] so that the model can be validated. Since the geometry is symmetric about
x-axis, so one-fourth model of a nozzle (shown in Fig. 1b) is created to minimize the
computational time.

3.2 Meshing of 3D Model

Accuracy of results depends on the quality of mesh. A good quality mesh is one
with skewness below 0.3 and orthogonality above 0.7. A fine mesh was generated
by taking these points into account.
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3.3 Boundary Conditions, Governing Equations and Model
Validation

Pressure-based solver was used to perform transient calculations by considering the
gravity effect. Energy equation with K-ε realizable model was used to take into
account the effect of turbulence. Surface injection through cutting fluid inlet surface
was created at particular velocity and mass flow rate in discrete phase model (DPM),
and simulation of discrete phase was done in Lagrangian frame of reference by
Fluent. DPM has been chosen in this study as the amount of cutting fluid used in
MQL is very small, and DPM model also requires very small volume fraction (less
than 10%) of discrete phase. In DPM, air is taken as continuous (primary) phase and
discrete (secondary) phase which comprises oil droplets. Pressure inlet and mass
flow rate are given as boundary condition at air inlet surface and cutting fluid inlet
surface, respectively. For simulating heat generation 0.5MW/m2, heat fluxwas given
at wall. Pressure-based solver is used. ANSYS FLUENT uses mass, momentum and
energy equations to solve the flow, and its working is based on three basic laws
of fluid dynamics [16]. These laws are the law of mass conservation (continuity
equation), the law of momentum conservation and the law of energy conservation.
Simulations were first performed to validate the model using research work of Verma
et al. [15]. For validation, water with mass flow rate 500 ml/h and air at 4 bar were
used. Contours of air velocity obtained are shown in Fig. 2a, and value of Sauter
mean diameter obtained is 5.3 μm (Fig. 2b) which are similar to as obtained by [15].
So, the model is validated, and it can be used for further studies.

Fig. 2 a Air velocity contour, b Sauter mean diameter at 4 bar, 500 ml/h for model validation
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4 Results and Discussions

4.1 Characteristics of Spray Formed Using Three Different
Cutting Fluids (VO, SO and MO)

Comparison of droplet diameter
Variation of droplet diameter with pressure of air, mass flow rate of cutting fluid and
type of cutting fluids is shown in Fig. 3a. It can be seen that for VO, SO and MO
droplet diameter decreases with increase in air pressure. This can be attributed to
the fact that with increase in air pressure atomization process increases resulting in
droplets with smaller diameter. This increased atomization leads to an increase in
number of droplets. So diameter decreases and number of droplets increases with
increase in air pressure. Further, diameter of droplets formed using VO was medium
sized (7.5–16.3 μm) which in turn are more effective in providing better cooling and
lubrication during machining operation [17].

Comparison of droplet velocity
Variation of droplet velocity with pressure of air, mass flow rate of cutting fluid and
type of cutting fluids is shown in Fig. 3b. Velocity of droplets increased with increase
in air pressure because of greater momentum transfer to the droplets. The increase in
velocity of cutting fluid droplets helps in droplet penetration into cutting region by
overcoming the peripheral velocity of cutting tool. Highest velocity of droplets was
obtained for VO in comparison with SO and MO, so better performance is expected
from VO.

It can be concluded from the above simulation results that since the droplet diam-
eter is minimum for VO and droplets velocity and number of droplets formed are
maximum for VO, the machining performance will be better using VO as compared
to SO and MO. These results are consistent with the experimental studies performed
by various researchers [7–10].
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4.2 Cooling Performance of Different Cutting Fluids

Comparison of surface HTC and wall temperature
Variation of surface heat transfer coefficient (HTC) and wall temperature at different
air pressures and 500 ml/h flow rate for VO, SO and MO is shown in Fig. 4a, b,
respectively. Surface HTC increased with increase in air pressure. This is because
high air pressure results in high atomization resulting in large number of smaller
diameter droplets that reach the cutting region easily and accelerate cooling by car-
rying away heat. An improvement of about 16.27% over SO and 32.16% over MO
is obtained with VO in surface HTC. This results in better cooling with VO. Cooling
performance of VO turns out to be best due to its low viscosity. The high viscosity
decreases the Brownian movement that limits the heat exchange capacity of oils.
Also, the high viscosity results in lower thermal conductivity. As boiling point and
viscosity index of VO are higher (than SO and MO), so it can remove large amount
of heat effectively. Increase in surface HTC with increase in pressure of air and flow
rate of cutting oils decreased the wall temperature. VO have highest surface HTC and
thus lowest wall temperature. Also, the high flash point and high molecular weight
reduced loss of VO through evaporation and improved heat carrying capability of
VO, therefore leading to lower wall temperature.

5 Conclusion

It is concluded from the above simulation studies thatwith increase in air pressure and
mass flow rate of cutting fluid, droplet diameter decreased, whereas droplet velocity
and number of droplets increased for same. Spray characteristics of VO favor better
machining performance. VO results in medium-sized droplet, high velocity and large
number of droplets in comparison with SO and MO and thus proved to be a better
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cutting fluid. VO provided highest value for surface HTC and lowest value for wall
temperature.
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To Study the Effect of Loading on Defect
Signature by Using Statistical Parameters

Rajeev Kumar, Manpreet Singh, Jaiinder Preet Singh, Piyush Gulati,
and Harpreet Singh

Abstract Loading can make defect to propagate abnormally in the bearing, and
in such circumstances, bearing life estimation can become a difficult task. To deal
with this, it is important to understand the effect of variable loading conditions on
signature characteristics and later further analysis can be made in this field. In this
work, effect of variable loading was studied on vibration signature characteristics
originated from defect by carrying out the statistical analysis. Two different sizes of
axial groove defects present on the outer race of taper roller bearing were used for
the purpose of the study with three different loading conditions in the form of addi-
tional mass on the shaft. The trend of different statistical parameters was plotted and
investigated for different loading conditions. The analysis reveals that only standard
deviation and Shannon entropy (SE) were showing downward trend with an increase
in loading. Torsional damping of the shaft increases with an increase in weight (load)
on the shaft and that may be the cause of trend shown by standard deviation and SE.
To comprehend this relation, statistical analysis was also carried out on theoreti-
cally constructed signals with three different damping characteristics and on single
burst with having different loading conditions. In both the analysis, same trend was
observed for the parameter’s standard deviation and SE, which signifies that loading
and damping are having commensurate relation. Simple sensitivity index (SSI) was
calculated from the responded parameters to find the most sensitive parameter to
the loading and the results revealed that SE supersedes standard deviation in dealing
with loading conditions.
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1 Introduction

The bearing is one of the major causes of failure in rotating machinery, so special
attention is paid by the researchers on bearing in the past two decades [1–3]. Different
types of non-destructive techniques are available to detect the bearing defects such
as ultrasonic testing, wear analysis, thermal analysis, and vibration signal analysis,
which are patronage in designing the maintenance strategies. Vibration signal-based
techniques are having high reactivity to incipient fault and non-invasive nature, that
is why they are developing at a higher pace over other techniques [4]. Abundance of
literature is available based on time–frequency-based signal processing techniques to
extract the information of defects and to measure its size. Bains and Kumar [2] have
extracted the information of missing ball location from the contaminated signal by
using Daubechies-based fourth-order decomposition. He et al. [5] have used math-
ematical morphological filter based on frequency response analysis to remove the
noise from the impulsive features to detect the defect of bearing effectively. Yan et al.
[6] proposed an algorithm based on FFT of wavelet coefficient to detect the infor-
mation of bearing faults. They have also contended the performance of the proposed
technique by comparing it with the enveloping-based technique on CWT [6]. Zhu
et al. [7] have proposed a hybridmethod to detect the bearing faults efficiently. Firstly,
faulty components are extracted from the vibration signal by null space pursuit and
then S-transform is applied to represent magnitude-frequency and time–frequency
contours [7]. Kumar and Singh [3] have proposed Symlet wavelet-based decompo-
sition to measure the axial groove defect size on the outer race of bearing. In this
work, the signal was not refined at the entry point of the roller into the defect, but they
have reduced the ambiguity by the proposed technique. They have also observed that
with an increase in load on the shaft, the accuracy in measurement was better [3].
Singh et al. [8] have successfully measured the axial groove defect size of the inner
race of bearing by using Symlet wavelet-based decomposition. The major challenge
they have faced in their work is because of non-stationary nature of the defect. They
have overcome this problem by selecting the suitable burst on the bases of frequency
matching and amplitude [8]. Sawalhi et al. [9] have proposed autoregressive inverse
filtration combined with autocorrelation function to estimate the spall size in the
bearing. To deal with the weak response of the rolling element entry into the defect
pre-processing algorithm using autoregressive inverse filtration is used. Despite the
high capability of these techniques in identifying and measuring the local defect,
these techniques were not attempted to study the effect variable loading conditions.
The major remonstrance with these techniques is their incapability to deal with the
non-localized characteristics. Some authors have used statistical parameters to study
the effect of non-localized characteristics such as the effectiveness of the equipment
and to present the overall health of the rotating element [9]. Aye [10] investigated the
sensitivity of contact-type accelerometer and non-contact-type laser vibrometer by
the use of statistical parameters. He found that in the case of defect, laser vibrometer
signal has given significantly higher statistical values than the accelerometer sig-
nal, thus making laser vibrometer more suitable to defect faults [10]. Almeida and
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Almeida [11] carried out statistical analysis on two different levels of spread defects
at different speeds. They also found that for the spread defects crest factor and kur-
tosis have not significantly changed because for such defects signal becomes more
random and hence shows less variation with these parameters [11]. Dolenc et al. [12]
carried out statistical analysis of the bearing fault for both simulated and experimen-
tal signals. They concluded that in comparison to other conventional parameters, the
Jensen Renyi divergence shows monotonic behavior once the fault occurs [12].

Loading has a great influence on bearing life [13, 14] and on defect propagation. In
the current work, effect of loading on defect signature was studied by using different
statistical parameters. Complete analysis based on most commonly used statistical
parameters along with Shannon entropy was presented for two different sizes of
defect widths on the outer race of taper roller bearing and for three different loading
conditions. The trend for all the parameters was observed with increase in loading,
and in support of this trend, mathematical model analysis and single burst analysis
were presented with valid arguments.

2 Theoretical Background

2.1 Statistical Parameters

Various statistical parameters such as root mean square “RMS” (measures the power
contents), standard deviation “σ” (measures the dispersion of data from its mean
value) [15], skewness (measure of lack of symmetry), kurtosis (measure of impul-
siveness), and Shannon entropy “SE” were calculated for recorded vibration signal.
All these values are expected to increase in the case of roughness on the surface of
the defect [16].

SE in general measures the randomness by using logarithmic scale, which yields a
higher value for even small irregularity on the surface. This parameter has a vast use in
many fields [17–19] and many more to study defect characteristics. Mathematically
for a random signal X with N outcomes X0, X1, X2,…, XN−1 x0, x1, x2,…, xN−1 and
ri as incident rate can be expressed by Eq. (1) [18]:

S(X) = log2 N − 1

N

N−1∑

i=0

ri log2 ri (1)
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2.2 Fast Fourier Transform (FFT)

Fast Fourier transform (FFT) converts a time-domain signal into frequency compo-
nents by breaking the signal into sinusoidal components [20]. The basic equation of
FFT for a continuous-time signal x(t) is given by Eq. (2):

X ( f ) =
+∞∫

−∞
x(t) · e−i2π f tdt (2)

here, X(f ) is Fourier transform and f represents global frequency and t denotes the
time. The signal can then be analyzed for the strong frequency content present in the
signal, which is not easy to be detected from the raw signal.

3 Experimental Setup

Customized bearing test rig was used to carry out the experimentation. The main
shaft of the bearing was driven by an AC current motor of 0.75 kW capacity. A set
of two taper roller bearings (Make: NBC, Model: 30205) were used to support the
rotating shaft as shown in Fig. 1. One end of the shaft was attached with stepper
pulley which is capable of rotating the shaft at speeds of 2050 rpm approximately
and at the other end of shaft provision of loading is provided.

Fig. 1 Bearing test rig. Inset shows the enlarged view of accelerometer at the bearing casing 2
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Optical tachometer was used to measure the speed of the shaft during each exper-
iment. Provision of replacing healthy and faulty bearing was provided in the bear-
ing casing 2. An uniaxial accelerometer was placed on the top of bearing casing
2 to acquire vertical acceleration. A PC-based data acquisition system was used to
acquire and record vibration data from the bearing casing 2. The recorded signal later
processed in the MATLAB environment.

In the present study, two different sizes of axial groove defects present on the outer
race of taper roller bearing were selected for the purpose of analysis. The defects
were introduced through laser engraving technique and measured for their width as
0.5776 mm (defect 1) and 1.7266 mm (defect 2) through image examination. The
enlarged views of these defects are shown in Figs. 2 and 3.

Fig. 2 Taper roller outer
race defect of width
0.5776 mm

Fig. 3 Taper roller outer
race defect of width
1.7266 mm
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4 Result and Discussion

The analysis was carried out on the vibration signal for the aforementioned defect
widths at 2050 RPM with three different lading conditions (without load, 2 kg load
and 4 kg load). A typical raw signal for defect 1 at 2050 rpm and having 2 kg load
is shown in Fig. 4. FFT for the same signal was drawn and shown in Fig. 5, where
harmonics of 243 Hz frequency indicates the presence of outer race defect for the
following specifications [21].

Fig. 4 Raw vibration signal for outer race defect width of 0.5776 mm at 2050 rpm shaft speed and
2 kg external load

Fig. 5 FFT of raw acoustic signal shown in Fig. 4
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Average pitch circle diameter = 38.30 mm
Average roller diameter = 6.05 mm
Number of rollers = 17
Pressure angle = 00
Inner race speed = 2050 RPM.

In the cases of other defects at different loading conditions, similar trend for the
raw signal and FFT graphs was observed.

The parameters used prominently in the field of condition monitoring such as
RMS, σ , skewness, kurtosis, and SE were used for analyzing the signals of healthy
and defective bearings at different loading conditions. Different plots for RMS, σ ,
skewness, kurtosis, and SE for all the cases are shown in Fig. 6. To maintain the
uniformity among parameters, all the negative skewness valueswere taken as positive
while drawing the plots. This is because only higher numerical value of skewness

Fig. 6 Different statistical parameters plotted for healthy bearing, bearing having defect 1, and
bearing having defect 2 at different loading conditions for raw vibration signal. a RMS, b σ ,
c skewness, d kurtosis and e SE
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is having the significance as the negative value for skewness only indicates that
data is skewed to the left of the normal distribution curve. It can be observed that
all the values responded significantly for the case of defective bearing compared
with the healthy bearing. To check the effectiveness of responded parameters to the
defect, percentage increase in value for the defective case compared healthy case is
calculated and presented in Table 1 along with average percentage increase for all
the loading conditions.

In the case of SE, average % increase is coming out to be maximum as 3634.2
for defect 1 whereas kurtosis has minimum as 119 for defect 2. In overall scenario,
SE shows maximum variation for the signal having impulsive response due to defect
characteristics.

In further extension of the analysis, it can be observed that with an increase in
loading, only σ and SE have shown a downward trend for all the cases. The response
of σ and SE with respect to loading for all the cases is plotted and shown in Fig. 7.

In terms of vibration analysis,with an increase in load of the rotating shaft isolation
to the impulse vibration response increases which in equivalent system can be said as
higher torsional damping to the defect signature [22]. The higher damping may try
to stabilize the impulses generated from local defect in a quick succession that may
have resulted in reducing the randomness of the signal. This may be the reason for
the downward trend shown by σ (deviation from mean value) and SE (randomness)
with increase in loading. To check the authenticity of the above argument, three
different signals were generated in the MATLAB environment for damping factors
0.010, 0.015, and 0.020 with same initial amplitude as 10 units by using Eq. (3):

x(t) = X0√
1 − ξ 2

e−ξωn t sin
(√

1 − ξ 2ωnt + π
/
2
)

(3)

Here, x(t) represents signal, X0 as initial amplitude, ξ as damping factor, and ωn

as natural frequency. These three signals for damping factor 0.010, 0.015, and 0.020
are shown in Fig. 8.

The responded parameters (σ and SE) to the loading were calculated for three
simulated signals having different damping characteristics and shown in Table 2. In
the theoretical signal analysis, σ and SE were showing a similar trend as the value
of both of these parameters increases with an increase in damping as in the case of
experimental signal analysis. In further support to this, statistical parameters were
calculated for a single burst originated from defect for different local defects. These
bursts were originated when rolling element strikes with the defect and these are the
major contributors to the high increment in the statistical parameters.

This analysis was providing the practical insight for the effect of loading on the
signal burst characteristics. To avoid the amplitude ambiguity, almost same range
bursts were selected for a particular defect at different loading conditions. Starting
point of the single burst was selected just before the signature originates from roller
entry into the defect and till the defect signature completely stabilizes. One typical
single burst enlarged from vibration signal for defect width 0.5776 mm and 2 kg
external loading is shown in Fig. 9. In the case of defect width 0.5776 mm, 100 data
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Fig. 7 Response of a σ , b SE to different loading conditions for the cases of healthy bearing,
bearing having defect 1, and bearing having defect 2

points were considered and for defect width 1.7266mm, 150 data points. The criteria
for considering the number of data point were on the basis of burst stabilization.

The different statistical parameters were calculated and presented in Table 3 along
with the range for the single burst at different loading conditions. In the case of single
burst analysis, RMS, σ , and SE have shown the downward trend with an increase in
load.

Finally, simple sensitivity index (SSI) [(valuemax − valuemin)/valuemax)] was
calculated to check the sensitivity level of different parameters that have shown trend
to the variable loading/damping. Parnell has proposed that SSI is equally good in
calculating the sensitivity with the complex methods for a parameter toward the
variation as a higher value of SSI yields better sensitivity [23]. The SSI for different
parameters showing the downward trend with an increase in loading/damping has
been calculated for full-length signal, theoretically constructed signal and single
burst for a particular case and presented in Tables 4, 5, and 6, respectively. It can be
observed from the tables that SE is more sensitive to the variable loading than any
other responded parameters.

5 Conclusion

The statistical analysis holds good promise in the detection of outer race defect in
taper roller bearing and to study the effect of variable loading conditions. In all
the statistical parameters, Shannon entropy has shown maximum variation among
all the statistical parameters measured in terms of percentage increase in value for
both cases of defect in comparison to the healthy case. A downward trend was
observed for standard deviation and Shannon entropy with an increase in loading for
healthy anddefective bearingwhen analysiswas carried outwith vibration signal. The
main reason for this was derived from the mathematical model analysis which gives
clear indication that with an increase in damping/isolation, a similar trend among
parameters was observed as damping/isolation is undeviating related to loading.
Single burst analysis reveals that after characteristics of impulse generated by defect
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Fig. 8 Simulated signal with initial amplitude 10 units and damping factor a ξ = 0.010, b ξ =
0.015, c ξ = 0.020
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Table 2 Responded
parameters (σ and SE)
calculated for theoretically
constructed signals having
different damping factor

Damping factor σ SE

ξ = 0.010 2.5011 −161,300

ξ = 0.015 2.0432 −107,600

ξ = 0.020 1.7702 −80,803

Fig. 9 A typical single burst enlarged from the original vibration signal shown in Fig. 4

Table 3 Statistical parameters measured from the single burst of raw vibration signal for the case
of bearing having defect 1 and bearing having defect 2 at different loading conditions

Defect
type

Loading Range RMS σ Skewness Kurtosis SE

Defect 1 Without
load

15.3672 2.3178 2.3181 1.3110 8.6646 −1764.0

With 2 kg
load

15.6763 1.8770 1.8811 2.3755 15.5057 −1191.7

With 4 kg
load

15.6195 1.5044 1.4882 1.9492 11.5936 −532.9

Defect 2 Without
load

8.031 1.8000 1.8060 0.4224 4.4047 −1087.9

With 2 kg
load

8.3851 1.2896 1.2939 0.2657 6.1705 −451.5

With 4 kg
load

8.6030 1.2377 1.1955 0.4536 6.1169 −374.3

were greatly influenced by an increase in loading as the values of root mean square,
standard deviation, and Shannon entropy have decreased significantly. The simple
sensitivity index was also calculated for parameters that have shown trend with an
increase in loading for full-length signal and single burst, and in both the cases,
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Table 4 Simple sensitivity index (SSI) measured for the different cases, where parameters have
shown trend under variable loading for full-length signal

Case SSI for σ SSI for SE

Healthy bearing 0.2768 0.3115

Defect 1 0.3983 0.8500

Defect 2 0.3245 0.7351

Table 5 Simple sensitivity index (SSI) measured for σ and SE for theoretically constructed signal
under different damping factors

Case SSI for σ SSI for SE

Theoretically constructed signal having different damping factors 0.2922 0.4990

Table 6 Simple sensitivity index (SSI) measured for the different cases, where parameters have
shown trend under variable loading for single burst

Case SSI for RMS SSI for σ SSI for SE

Defect 1 0.3509 0.3580 0.6984

Defect 2 0.3123 0.3380 0.6559

Shannon entropy has been found nearly double sensitive than other parameters for
different cases of defect and hence recommended for dealingwith loading conditions.
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Vibration Analysis of Carbon Fiber
and Glass Fiber Composite Beam

Ajay Kumar Kaviti and Amit Kumar Thakur

Abstract Composite materials are widely considered nowadays for several kinds
of structural applications. In the analysis of the beam, particularly for a composite
using experimental or numerical method, it is quite challenging in comparison with
the regular conventional materials. Hence, in the present work, carbon fiber and glass
fiber beam are considered for vibration analysis of composite beam. In the numerical
modeling, three aspect ratios (i.e., L/H) in the range of 100–150 are considered with
multilevel orientations (i.e., [0/0]3, [45/90]3, [90/0]3 [0/0]4, [45/90]4, [90/0]4). Two
boundary conditions (cantilever, simply supported) are considered for the beams.
From the numerical analysis, it is observed that glass fiber composite beams have a
higher natural frequency in comparison to carbon fiber composite beam.

Keywords Composite material · Carbon fiber · Glass fiber · Aspect ratio

1 Introduction

Mainly, beams are of two kinds taking into consideration of shear deformation, thick-
ness, and length of the beam.Those areEuler–Bernoulli beamandTimoshenko beam.
Both types of beams have been exhaustively used in different load conditions. Osama
and Mahmoud [1] used the energy approach to evaluate the effect of orientation of
fibers in predicting the natural frequency of laminated composite beams. Murat and
Omar [2] used the Euler–Bernoulli beam theory to predict the natural frequency of
laminated beam under free vibration condition. In addition, they have developed the
numerical model to predict natural frequency of composites under various boundary
conditions for different aspect ratios.

Mohammed [3] considered the carbon glass hybrid composite beam for evaluating
the natural frequency under free vibration condition. Avcar [4] considered aluminum
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beams for predicting the natural frequency under free vibration condition through
analytical method. Different boundary conditions were considered to estimate its
effect on natural frequency. These analytical results are further verified with numer-
ical results attained from the commercial finite element analysis software ANSYS.
They find the close agreement of analytical results with numerical results. Wang
et al. [5] analyzed the functional graded materials under different boundary condi-
tions. Power law is considered for variation of material properties along the length
and thickness. Natural frequencies are measured under free vibration condition. Sim-
sek et al. [6] used the functionally graded materials for simply supported beam under
uniformly distributed load. In their work also, power law is considered for variation
of material properties along the thickness. Pradhan and Chakraverty [7] used the
classical beam theory (CBT) to examine the functionally graded material (FGM).
They have considered the different boundary conditions to measure the natural fre-
quency of beam under free vibration condition. They concluded that FSD results are
more accurate in comparison to classical beam theory. Dawe [8] considered a Tim-
oshenko beam for vibration analysis. Quadratic element is considered for analysis
of the beam. Two degrees of freedom (lateral deflection and the cross-sectional rota-
tion) are assigned at each node. Natural frequency of beam under varying boundary
conditions studied using quintic polynomial function.

Huang et al. [9] used inversion vibration technique to solve the cutting tool prob-
lems as amodel of forced vibration. Della and Shu [10] compared the analytical solu-
tion of free vibration and compared with experimental results with various boundary
conditions. Callioglu andAtlihan [11] investigated the effect of ply angles and bound-
ary conditions with the variation of length-to-thickness ratio. Hence, in the present
work, carbon fiber and glass fiber beam are considered for vibration analysis of com-
posite beam. In the numerical modeling, three aspect ratios (i.e., L/H) in the range
of 100–150 are considered with multilevel orientations (i.e., [0/0]3, [45/90]3, [90/0]3
[0/0]4, [45/90]4, [90/0]4). Three boundary conditions (cantilever, simply supported)
are considered for the beams. From the numerical analysis, it is observed that glass
fiber composite beams have a higher natural frequency in comparison to carbon fiber
composite beam.

2 Finite Element Modeling of Composite Beam Materials

A rectangular beam is first modeled in ANSYS part modeler as per the specific ori-
entation and dimension as shown in Fig. 1. Material properties used in the simulation
are shown in Tables 1 and 2. The above properties of the carbon and glass are used as
input for the engineering materials module in ANSYS. The same beam is imported
and opened in ANSYSmodal analysis module where various problem conditions are
set. The beam is meshed using tetrahedron mesh of element of size, not more than
0.1 mm was assigned as shown in Fig. 2. The properties regarding the layers and
orientation are assigned in the same module under layered section option as shown
in Fig. 3.
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Fig. 1 Geometry creation of composite beam

Table 1 Properties of carbon fiber composite laminate

Density 2.1 gm/cc

Young’s modulus Ex = 100 GPa Ey = 10 GPa Ez = 10 GPa

Poisson’s ratio µxy = 0.286 µyz = 0.188 µzx = 0188

Shear modulus Gxy = 4.89 GPa Gyz = 4.3 GPa Gzx = 4.3 GPa

Table 2 Properties of glass fiber composite laminate

Density 2.54 gm/cc

Young’s modulus Ex = 53 GPa Ey = 8 GPa Ez = 8 GPa

Poisson’s ratio µxy = 0.23 µyz = 0.21 µzx = 0.21

Shear modulus Gxy = 4.89 GPa Gyz = 4.3 GPa Gzx = 4.3 GPa

Fig. 2 Meshed composite beam
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Fig. 3 Layer section of composite beam

3 Results and Discussion

3.1 Modal Analysis for Carbon Fiber with Respect
to Length-to-Height Ratio

Figure 4 shows the relation between frequency and length-to-height ratio of the car-
bon fiber composite for various settings. Three orientation settings [0/0]3, [45/90]3,
[90/0]3 [0/0]4, [45/90]4, [90/0]4 for simply supported beam and three orientation set-
tings [0/0]3, [45/90]3, [90/0]3 [0/0]4, [45/90]4, [90/0]4 for cantilever beam are con-
sidered and are shown in the same graph. Here, for simply supported beam settings,
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the frequency seems to decrease as the L/H ratio increases, whereas for cantilever
beam, the frequency is slightly increasing as L/H ratio increases.

3.2 Modal Analysis for Carbon Fiber with Respect
to Length-to-Breadth Ratio

Figure 5 shows the relation between frequency and length-to-breadth ratio of the car-
bon fiber composite for various settings. Three orientation settings [0/0]3, [45/90]3,
[90/0]3 [0/0]4, [45/90]4, [90/0]4 for simply supported beam and three orientation set-
tings [0/0]3, [45/90]3, [90/0]3 [0/0]4, [45/90]4, [90/0]4 for cantilever beam are con-
sidered and are shown in the same graph. Here, for simply supported beam settings,
the frequency seems to decrease as the L/B ratio increases, whereas for cantilever
beam, the frequency is slightly increasing as L/B ratio increases.

3.3 Modal Analysis for Glass Fiber with Respect
to Length-to-Height Ratio

Figure 6 shows the relation between frequency and length-to-height ratio of the
glass fiber composite for various settings. Three orientation settings [0/0]3, [45/90]3,
[90/0]3 [0/0]4, [45/90]4, [90/0]4 for simply supported beam and three orientation
settings [0/0]3, [45/90]3, [90/0]3 [0/0]4, [45/90]4, [90/0]4 for cantilever beam are
considered and are shown in the same graph. Here, for simply supported beam set-
tings, the frequency seems to decrease as the L/H ratio increases. Also, for cantilever
beam, frequency is slightly decreasing as L/H ratio increases.
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3.4 Modal Analysis for Glass Fiber with Respect
to Length-to-Breadth Ratio

Figure 7 shows the relation between frequency and length-to-breadth ratio of the
glass fiber composite for various settings. Three orientation settings [0/0]3, [45/90]3,
[90/0]3 [0/0]4, [45/90]4, [90/0]4 for simply supported beam and three orientation
settings [0/0]3, [45/90]3, [90/0]3 [0/0]4, [45/90]4, [90/0]4 for cantilever beam are
considered and are shown in the same graph. Here, for simply supported beam set-
tings, the frequency seems to decrease as the L/B ratio increases. Also, for cantilever
beam, frequency is slightly decreasing as L/B ratio increases.
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4 Conclusions

Modal analysis of carbon fiber and glass fiber composite beamswith length-to-height
ratio and length-to-breadth ratio is considered in this study under simply supported
and cantilever boundary conditions. The following conclusions are drawn.

From the results, it is clear that aspect ratio (L/H ratio) is inversely proportional to
frequency response of the material, i.e., as the ratio of length increases, the frequency
of the beam decreases. This phenomenon is observed in both carbon fiber and glass
fiber composite beams. Fibers with zero orientation observed with the highest fre-
quency at lower aspect ratios and cross-orientation conditions have less frequency.
In overall, glass fiber has a higher frequency than carbon fiber which indicates that
stiffness material influences the frequency.

Acknowledgements Authors are thankful to VNR VignanaJyothi Institute of Engineering and
Technology for providing the facilities to carry out the research work.
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Analysis of Transient Thermal
Temperature Distribution Over Service
Life of Taper Roller Bearing Using FEA

Rajeev Kumar, Manpreet Singh, Jujhar Singh, and Siddique Khan

Abstract Single row taper roller bearings are basically designed to withstand the
radial load, axial load, and torque which results in generation of contact stresses.
Generation of contact stresses will take place due to high speeds and heavy loads
on bearing that can lead to failure of machine. Bearing life is limited by some of
the common phenomena like wearing, smearing, flaking, etc. Bearing life can be
enhanced by proper lubrication which separates roller with inner and outer rings.
As prediction and validation of contact stresses experimentally is an arduous task,
many researchers calculate theoreticalmethod for approximate distribution of contact
stresses on bearing race. Some of the methods are numerical method, finite element
analysis (FEA) software, traditional method, and Hertz contact stress theory. In this
paper, temperature behavior distribution in the bearing, contact stress, deformation
of bearing rollers, and heat flux is analyzed by FEA tool. Inner race bearing surface
and ball surface contact in bearings can cause an increase in temperature which
may result in evaporation of lubricant due to improper heat dissipation and effect
the service life of the bearing FEA results is compared with results obtained by
Hertz theory to inspect the feasibility of bearing problem and its life. It is found
that temperature distribution is 55 °C (maximum) at the inner ring, von Mises stress
is 220.23 MPa, and heat flux is 0.61399 W/mm2, whereas result obtained by Hertz
theory is 195.2821MPa. Compariosn of FEA and analytical result, the error is found
to be 12.77% analysis of increase in temperature through FEA is a useful tool for
estimating the service life of bearings.

Keywords Contact stresses · Heat flux · FEA
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1 Introduction

A bearing is a machine element to support another moving machine element which
allows a relative motion between the contact surfaces during the operation and pre-
vents wear and heat generation at the contact area or point which can be reduced by
using the proper lubricant.

The rolling contact bearing is the most crucial component in any rotating machin-
ery. They are supported load during rotary motion. According to surveys, bearing
fault is one of the predominant causes for the failure of mechanical drives [1]. There-
fore, detection and prognostic of the bearing are important. Taper roller bearings are
designed to sustain the axial load and radial load. In this bearing, the rings and the
rollers are at an angle (tapered) in the shape of cones to simultaneously support axial
and radial loads. The taper roller bearing has the following component: inner ring,
outer ring, and roller assembly. Lubrication is a process by which the friction and
wear rate between the two moving components or elements can be reduced by using
suitable lubricant which also helps in heat dissipation process [2]. Proper lubrication
can prevent the corrosion and helps for long service life of bearing.

Desirable properties of lubricants used in the rolling element bearings are:

• Maintain a stable viscosity over a wide-ranging temperature.
• It should have high film strength, and it can support loads.
• The melting point of lubrication is high so that it protects two parts at a high

temperature [3].
• It should be non-corrosive.
• It offers a layer against contaminant and moisture.

There are three types of lubrication liquid lubrication, semi-solid lubrication,
and solid lubrication, and widely used two lubrications from the 1990s are oil and
grease. As bearing contacts can get exploited after continues applications of loads
on bearing which results in generation of highly localized pressures and stresses,
it needs a good quality of lubrication to avoid contacts from stress concentration
and results in improved service life of bearings [4]. Stress concentration can be
caused by various reasons like surface roughness, particle denting, etc. and can lead
to crack initiation [5] due to developed lubricant film at the dent or other related
surfaces. Elasto-hydro-dynamic lubrication (EHL) film [6, 7] plays an important for
improving service life of bearings because it is directly connected to lubrication
factor which is further connected to micro-EHL pressures and stresses existing in an
EHL contact produced by surface roughness and quality of lubrication. Wearing is
occurred due to abrasive particles and vibration. It causes due to ineffective seals,
improper lubricant, loose fit, and contamination by the foreign particle. Service life
of bearing can be increased by using the proper amount of lubrication, maintaining
workplace clean, and providing vibration absorb damping base. Smearing means
when two deficiently lubricant surfaces slide against each other under load or by the
contamination of debris between roller and rings, it causes roughening of surface
which can be prevented by improving bearing clearance, sealing, and lubricant film
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 (a)Wearing (b)Smearing

(c) Flaking 

Fig. 1 Typical photograph of (NBC: 30205 ) defects in bearing [8]

ability. Flaking occurred because of shear stress [3] below the load capacity of the
surface. After sometimes, stresses developed cracks which expand gradually up to
the end of the surface. Rollers and balls are passing over these cracks, and material
removed gradually from the surface are called flaking. Causes of flaking are poor
lubrication [7], excessive load, and misalignment in the shaft (Fig. 1).

2 Methodology

Research methodology is the organized, theoretic concept of the approaches applied
to a field of the study. It involves concept like a theoretical model, phases, and qualita-
tive and quantitativemethods.As an alternative, it gives the theoretical concept for the
understanding which method is to be used. The flowchart of research methodology
is shown in Fig. 2.
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Fig. 2 Methodology flowchart

2.1 Geometry Definition

Geometry is the main part of any analysis. In geometry data, main focus is on the
shape, size, and dimension. With a help of this data, we must create a 3D model.
Existing dimensions of single row taper roller bearing 30205 are shown in Fig. 3.

2.2 Material Definition

Bearing model is made from the chromium steel AISI 52100. Meshing is defined as
the process of discretization of whole components into small parts or elements so
that we can uniformly distribute the load or any other loads [9, 10]. Meshing is one
of the most critical features of engineering field. ANSYS provides many options for
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Fig. 3 Dimensions of bearing 30205

mesh generation according to shape and requirements of accuracy. Meshed model
of taper roller bearing is shown in Fig. 4 (Tables 1 and 2).

Fig. 4 Meshed roller bearing
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Table 1 Chromium-steel physical properties of AISI 52100

Physical Properties Metric Imperial

Density 7.81 g/c 0.282 lb/in3

Melting point 1424 °C 2595 °F

Modulus of elasticity 210 GPa 30,500 ksi

Bulk modulus 160 GPa 23,200 ksi

Poisson’s ratio 0.30 0.30

Fracture toughness 15.4–18.7 MPa m½ 14.0–17.0 ksi m½½

Shear modulus 80 GPa 11,600 ksi

Table 2 Chromium-steel
thermal Properties of AISI
52100

Thermal Properties Metric Imperial

Specific heat
capacity

0.475 J/g °C 0.114 BTU/lb °F

Thermal
conductivity

46.6 W/m k 323 BTU in/h ft2 °F

CTE, Liner 11.9 μm/m °C 6.61 μin/in °F

3 Result and Discussion

FEA solution includes the details of analysis setting; i.e., number of steps, initial time
step, and maximum time steps are 20, 20, and 72000 s. After the analysis, results
can be interpreted in many ways, results in temperature distribution, total heat flux,
thermal error, and behavior for selected bearing material. From the Fig. 5, it can be

Fig. 5 Temperature distribution in Bearing
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seen that maximum temperature is developed in the inner ring or raceway and rollers.
Maximum temperature is arising up to 55 °C at an ambient temperature condition
which is 25 °C. Outer ring temperature is approximately 25–30 °C. Total heat flux in
bearing is shown in Fig. 6. Here, for the contact stress, outer ring is fixed. The force
or load is applied radially on the inner ring of bearing, i.e., 300 N. For rotational
speed, rotational velocity 2050 RPM must be applied by using joint load condition.

Equivalent stress 220 MPa is produced on the bearing. The maximum total defor-
mation is 0.8 mm. The changing temperature loads with respect to time is given in
Table 3. After the analysis of bearing, the result obtained from FEA is presented in
Table 4. Von Mises stress obtained by FEA is shown in Fig. 7. To show the tem-
perature distribution on different parts of assembly like on inner ring, as bearing

Fig. 6 Total heat flux in bearings

Table 3 Transient thermal
temperature distribution
results of taper roller bearing
(NBC:30205) after 20 h

S. No. Time (s) Temperature (°C)

1 1 25

2 7200 32

3 14,400 35

4 21,600 37.5

5 28,800 40

6 36,000 42

7 43,200 45

8 50,400 47.502

9 57,600 50.001

10 64,800 52.501

11 72,000 55
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Table 4 Results of transient
thermal analysis of the taper
roller bearing (NBC:30205)

S. No. Parameter Value

1 Total temperature of bearing (°C) 55

2 Temperature of rollers(°C) 48.918

3 Temperature of cone(°C) 33.839

4 Total heat flux (W/mm2) 0.614

Fig. 7 Equivalent (Von Mises) stress

service life is an important parameter to consider, the bearing is tested under work-
ing conditions approximately for 20 h to determine the rate of temperature change
andmaximum temperature. This data can be used for improving heat flux or reducing
contact stress by applying proper lubrication.

Finally, the equivalent stress and total deformation of bearing using FEA are
calculated and demonstrates in Table 5, The effects of transient coupled field analysis
report of the taper roller bearing the stress found from the transient thermal and
structure are beneath of ultimate stress and yield stress (Figs. 8 and 9).

Stresses are induced when a load is applied to two solid bodies. Hertz developed
one theory for calculating the contact stresses between two surfaces and resulting in
the stress and compression developed in the body [11, 12]. This theory was derived
for the non-conforming surface, and mating parts have a point or line contact. This

Table 5 Results of transient
coupled field analysis of taper
roller bearing (NBC:30205)

S. No. Types of Stress Value Obtained

1 Equivalent stress (MPa) 220.23

2 Total deformation (mm) 0.8
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Fig. 8 Transient thermal temperature distribution of Taper roller bearing (NBC:30205)

Fig. 9 Transient thermal temperature distribution results of Taper roller bearing
(NBC:30205) after 20 h

mechanics is only applied when the two bodies are in contact with each other; oth-
erwise, this phenomenon has not been applicable. Tapered roller bearings are used
as mechanical apparatus in most self-moving machines, and they withstand on the
time-varying loads. It is defined the influence of the preload for taper roller bearing
to avoid a different type of failure like pitting and fatigue failure. The aim is to get the
homogeneous flow of contact pressure on the inside and outside of the bearing. The
researchers focused on the Hertzian contact pressure of pure geometries [13–17].
The contact stress is very important to evaluate because there is a different type of
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Table 6 Input data of taper
roller bearing (NBC:30205)
for calculation

Inner ring diameter d1(mm) 25

Outer ring diameter d2 (mm) 7.22

Force F (N) 300

Length of roller L (mm) 10

Poisson’s ratio (ν) 0.30

Modulus of elasticity (MPa) 203,300

failure occur when there are contact friction between two bodies. The main cause of
contact stress is a failure due to pitting, cracks, and flaking on the material surface.

Assumptions for Hertzian contact problems are:

• The strains are small as well as within the elastic limit
• Non-conforming and continuous surfaces
• The object surfaces are in frictionless contact.

Data for the calculation of contact Hertz stress is given in Table 6.

3.1 Calculation of Hertz Contact Stress [18, 19]

For calculation of Hertz contact stress, first we have to find the contact width (B),

Contact width B =
√
2F

π
× d1 × d2

d1 + d2
×

(
1− v2

E1
× 1− v2

E2

)

B = 0.0978686mm

Later, after finding contact width, Hertz contact stress can be determined,

Contact Hertz stress P = 2F

πBL
P = 195.2821MPa

So, finally the contact stress using hertz theory is found out to be 195.2821 MPa.

4 Conclusion

Accurate bearing service life prediction is one of themost critical effective condition-
based maintenance for reducing overall maintenance cost and improving reliability.
In this work, an effort is made to characterize and classify taper roller bearing tem-
perature of different classes depending on their vibration features. In this paper, FEA
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Table 7 Taper roller baring (NBC:30205) Comparison of both results

Load (N) Theoretical value
of contact Stress
(MPa)

FEA Results of
contact stress
(MPa)

Percentage error
(%)

Total deformation
(mm)

300 195.2825388 220.23 12.77 0.8

is used to detect the bearing defect because even one percent of bearing defect may
lead to sudden failure of machine. The main motive behind the present work is to
assess the temperature distribution or behavior in the bearing and to find the fail-
ure rate due to overheating and stresses. In bearings, there is continuous contact of
metals which causes inside temperature to exceed their limit and results in bearing
failure. If there is no proper system for heat dissipation, failure will take place due
to evaporation of lubricant because of excessive increment in temperature due to
friction, and it also degrades the material. An FEAmethod is proposed for achieving
more accurate thermal distribution over different elements of the bearing to estimate
the service life. Condition monitoring is proposed as a best new feature to improve
the results. For the validation purpose, the condition monitoring data collected from
bearings are used. From the experiment, it was concluded that the proposed method
can produce satisfactory estimated life prediction results.

Transient thermal analysis results are obtained from a taper roller bearing; the
temperature varying (25–55 °C) range is obtained with respect to 20 h, whereas
maximum temperature of rollers is 49 °C. FEA results are compared with theoretical
values and found to be approximately same as shown in Table 7; besides, the maxi-
mum value of stress, temperature, total heat flux, and displacement are well within
safe limits.
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Incipient Fault Detection in Roller
Bearing Using Ultrasonic Diagnostic
Technique
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Abstract Rolling element bearings are extensively used in machinery to transmit
rolling/sliding motion. These machine elements are prone to get damaged due to an
increase in friction, which causes the heat generation and gradual wear on rolling
contact surfaces of the bearing. Bearing failure leads to an unexpected shutdown of
machinery. Therefore, many condition monitoring methods have been developed to
predict bearing faults. The ultrasonic flaw detection method is one of the promising
techniques to detect bearing faults. This paper describes the application of ultrasonic
to detect incipient faults developed in the roller bearing subjected to fatigue load
cycles. Results highlighted the suitability of the ultrasonic method to identify the
incipient faults that appeared on the rolling contact surfaces.
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h0 Height of the first peak
R Reflection coefficient
Rx Effective radius
T Signal transmitted through the materials
z1 and z2 Acoustic impedance of the media
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1 Introduction

Rolling bearings are extensively used in high speed, heavily loaded rotating machin-
ery, for example, aircraft engines, gas turbines, rolling mills, etc. Grease is the most
commonly used lubricant, which reduces friction andwears, remove heat, and flushes
wear particles in machine elements viz. gears, cams, ball/roller bearings. The life of
the bearing is affected by various operating conditions such as load, speed and lubri-
cant film thickness, etc. Variations in operating conditions result from a transition in
lubrication regimes, thereby causing wear propagation on rolling contact surfaces of
bearings [1].

Life prediction of a rolling element bearing is essential to prevent unexpected
machinery shutdown. Various condition monitoring techniques have been developed
by the researchers to predict bearing faults, which include vibration, sound, oil/grease
degradation, and ultrasonic analysis methods. Wear is a phenomenon that occurs
when moving surfaces interact with each other and material is released from the
contacting surfaces; this released material is called wear particle. Wear occurs in
a machine, or a component is mainly due to wear mechanisms such as abrasion,
erosion, adhesion, surface fatigue, etc. All these mechanisms result in a gradual
removal of material from the bearing surfaces and often develop in the presence of
a lubricant [2–4].

Ultrasonic technique gaining its importance as a condition monitoring technique
to identify the defects/flaws in the structures and machine elements. Figure 1 depicts
the mechanism of ultrasound waves incident and transmits through the material; a
part of the ultrasound wave is reflected inside the material. To ascertain the reflection
coefficient R, the abundancy of the reflected wave and the underlying wave is looked
at. The reflection coefficient R depends on the interface material’s acoustic befuddle
and determined by condition (1) [4].

R = Z1 − Z2

Z1 + Z2
(1)

Ultrasonic sensor

Bearing Housing

Flaw

Echo
Transmission

Fig. 1 Echo height ratio [4]
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The acoustic impedance of media is Z1 and Z2 respectively. The part of the
incident signal T, which is transmitted through the materials is calculated by using
the following equation

T = 1−R (2)

For the ultrasound to occurr on a multi-layered framework, the sign transmitted
or reflected is the superposition of the outcome of the use of conditions (1) and (2).
The underlying reflected reverberation tallness (h) shifts its trademark, which relies
upon the mounting of the test, the impact of dispersion and the dissipating of the
acoustic wave during engendering. To beat these impacts, the contact condition is
surveyed by the proportion of reverberation stature (h/h0) in which the two surfaces
are consummately isolated.

Detection of damage in the structure is carried out by considering the echo height
ratio, which is given by the following equation:

H = {(1− h/h0)× 100)} (3)

where h and h0 are the height of the second peak and height of the first peak
respectively.

The ultrasonic pulse waves with wave frequency ranging from 0.1–15 MHz are
transmitted into a material to detect flaws. The transducer probe is mounted on
the surface of the test specimen, which in turn is coupled to test objects with the
help of lubricant oil, which acts as a coupling to avoid air gap. The piezoelectric
component in the transducer energized by the very short electrical release transmits
an ultrasonic heartbeat, again it gets the sign, in this way making it waver, again it
receives the signal, thus causing it to oscillate. This leads to the generation of the
short electric pulse, which is used to detect flaws in the specimen. The transducer
used is a transceiver that transmits and receives ultrasonic waves. Caretta et al. [4]
used an ultrasound technique to analyze the roll stress and deformation in the cold
rolling process carried out on a metallic sheet. The outcomes were contrasted and
numerical recreation. Creators have featured the conceivable outcomes of deciding
the mean spiral worry of a roller by figuring an adjustment in the hour of trip of a
reflected ultrasonic wave from the outside of a roller plant.

Kasolang et al. [5] used an ultrasonic flaw detection technique to investigate the
performance of journal bearing operated under hydrodynamic lubrication. Authors
have determined minimum film thickness and defects developed on the bearing con-
tact surfaces. Wan et al. [6] conducted experiments to measure the oil film thick-
ness between rolling surfaces of ball bearing contacts using the ultrasonic reflec-
tion method. The authors observed that there was a relatively low resolution, which
resulted in the perturbations. However, the central film thickness measurement was
well agreed with the established models.

Kai et al. [7] performed experiments to measure oil film thickness by using an
ultrasound sensor in sliding contact bearings. The two reflected echoes from the
substrate–babbitt interface and babbitt-lubricant interface were overlapped, which
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resulted in film thickness values. The Gaussian reverberation and desire boost (EM)
calculation are utilizedby the creators to separate and secluded reverberation reflected
from the oil film thickness layers.

The results provided a true film thickness values from the sliding contact bearings.
Takeuchi [8] used ultrasonic technology to measure the indentation size in the ball
bearing by considering three indexes, such as the fluctuation ratio, the intensity of
impact and the change of gradient in echo height ratio. Authors have highlighted
the possibilities to obtain a reliable estimate of the width of the shallow indentation,
which minimizes the pitting damage on bearing contact surfaces.

In recent years, there are various methods and techniques to detect the faults in the
bearing; they can be broadly classified as by vibration measurements, measuring the
running temperature and wear debris measurement. In this present work, ultrasound
acoustic energy in the form of waves with frequencies higher than 20 kHz is used for
echo height analysis of the roller bearing elements. This data can be used to find the
health condition of the bearing. This is a nondestructive method of online inspection
of the fault developed in the roller bearings elements.

2 Experimental Procedure

Figure 2 shows the square outline of the exploratory arrangement utilized for the
examination. It consists of a 5 HP three-phase induction motor used to drive the
shaft through direct three-jaw coupling. The speed of the ac motor was controlled
by using a variable frequency drive. The shaft was supported by the support bearing
and test bearing, as shown in Fig. 2. A rectangular opening was machined on the
test bearing lodging to mount the ultrasonic sensor. The load-bearing was placed
nearer to the test bearing, and 1 kN load is applied on the load-bearing with the help
of the wire rope mechanism. The reaction force act on the test bearing as shown in
Fig. 2. Einstein TFT II ultrasonic flaw detector was used to acquire the ultrasonic

Fig. 2 Block diagram of the experimental test rig
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Table 1 Bearing dimensions Bearing model NJ307ECP (mm)

Bearing outer raceway 80

Bearing inner raceway 35

Ball diameter 12

signals from the test bearing and stored on the personal computer. The experiment
was conducted 8 h a day. The first 100 h the test rig was allowed in the running wear
period, then test bearing was cleaned and mount again. The wear propagation on the
rolling contact surfaces was studied with the help of a USB microscope with high
resolution. The surface examination of wear and ultrasonic testing were carried out
in every 300 h. The geometry of the bearing SKF NJ307 ECP is given in Table 1.

During the experiment, water is used as coupler so that sound can quickly prop-
agate inside the bearing and loss of sound can be minimized. Every measurement
of ultrasonic eco pulse was repeated three times and the maximum wear area on the
rolling surfaces is presented in the result.

3 Results and Discussions

The fatigue test experiments were carried out for 800 h; the test bearing was dis-
mantled at a regular interval of 300 h to observe the development of surface fatigue
wear on the inner race of the bearing. Figure 3a–d shows the micrograph of the inner
race of roller bearing surface after 300, 600 and 800 h. Figure 3a represents bearing
surface after run-in wear where no significant wear is visible. With an increase in the
fatigue load cycles, micro pitting wear appears on the bearing surface due to cyclic
loading. Figure 3b represents the micrograph of the inner race after 300 h, significant
micro pitting wear and small scratches are visible on the surface of the inner race.
Figure 3c depicts the surface condition on the inner race after 600 h. An increase in
the size of pitting and various micro pitting wear are visible in the micrograph.

As the operating time increases, the lubricant loses its lubrication properties viz
cooling, viscositywhich accelerates the formation of variouswearmechanisms on the
bearing contact surfaces.Wear particles and contamination also affect the lubrication
in the bearing contact surfaces in increased operating time ultimately the lubricant
film between the two contact surfaces get reduced and load is supported directly
by the contact surfaces of the bearing which results in the abrasive wear and severe
scuffing are formed on the rolling contact surfaces. A gradual increase in thewear can
be observed in this condition. With continuous operation of roller bearing, fatigue
wear mechanism defect pitting on the bearing surfaces are converted into spalling.
Figure 3d shows the condition of the bearing after 800 h, sever scuffing and spalling
can be observed on the inner race surfaces, which confirms degradation of the rolling
contact surfaces operating under constant load and speed.
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(a) (b)

(c) (d)

Fig. 3 Wear propagation on the inner rolling surface of roller bearing; a after 100 h, b after 300 h,
c after 600 h, d after 800 h

The ultrasonic transducer is mounted in the lubricant jacket of the test bearing
housing. The ultrasonic signal generator enabled the sensor to transmit and receive the
ultrasonic waves. These signals acquired at a regular interval of 300 h, the diagnostic
feature used to detect the bearing fault is the echo height ratio (H). The signal contains
several peaks out of which the first two peaks highlight the bearing fault-related
information. The first two peaks heights are denoted by h0, and h, respectively, the
values of H after every regular interval are taken into consideration to evaluate the
fault development in roller bearing. The values of echo height ratio obtained within
the range of 0–1, the ultrasonic signals acquired from the bearing housing are shown
in Fig. 4a–c. The x-axis indicates range that covers housing and bearing components
and the Y-axis provides echo height. There is an increase in the amplitudes of the
second peak h, due to a rise in surface fatigue wear and reduction in the film thickness
between the contact surfaces of roller bearing. The value of pulse height after 300 h is
0.22, which increases to 0.4 after 600 h of operation. As the film thickness decreases,
the reflected ultrasound to the receiver of an ultrasound sensor gets increased, which
causes an increase in the reflected sound energy. The value of the second pulse eco
height after 900 h is 0.7, which confirms a further rise in the surface wear, as shown
in Fig. 4.

Figure 5 shows the variationof echoheight ratio versus operating time as a function
of operating time. As discussed in Fig. 4 same trends in the increase in the difference



Incipient Fault Detection in Roller Bearing Using … 249

Fig. 4 Characteristic pulse-echo signals; a 0 and 300 h, b 300 and 600 h, c 600 and 800 h

in echo height ratio can also be observed in Fig. 5. The change of echo height ratio
increases with an increase in the wear propagation on the rolling contact surfaces.

4 Summary and Conclusions

In the presentwork, experimentswere conducted to detect surface fatiguewear devel-
oped on roller bearing contact surfaces. The results from experimental investigations
give the following findings.

1. The amplitude levels of ultrasonic signals showed an increase in the trend, thereby
causing a gradual decrease in the echo height ratio values, which indicated the
fault propagation on the inner race due to fatigue load cycles.

2. The wear images obtained after every 300 h indicate micro pitting and pits
developed on the inner race.
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Fig. 5 Variation of echo height ratio versus operating time

3. Extended load cycles resulted into increase in the size of pits and spalls on bearing
contact surfaces.

The results obtained from experimental studies suggest that ultrasound transducer
can successfully be used for condition monitoring of the rolling element bearing and
provide a good correlation between an increase in echo height ratio and bearing
wear on the rolling contact surfaces. In the future, authors suggest to compare and
combine the ultrasonic method with the other condition monitoring techniques viz.
vibration, sound, wear particle analysis and lubricant degradation analysis to enhance
the robustness on the condition monitoring of roller bearing system.

References

1. Taylor, P., Farhana, N., Yusof, M., & Ripin, Z. M. (2014). Analysis of surface parameters
and vibration of roller bearing analysis of surface parameters and vibration of roller bearing.
Tribology Transactions, 57(4), 37–41.

2. Peng Z., Kirk T. B., Xu Z. L. (2006). The development of three-dimensional imaging techniques
of wear particle analysis. Wear, 203–204, 418–424.

3. Nayak, A., Kankar, P. K., Jain, N., & Jain, P. K. (2018). Force and vibration correlation analysis
in the self-adjusting file during root canalshaping: An in-vitro study. Journal of Dental Sciences,
13, 184–189.

4. Carretta, Y., Hunter, A. K., Boman, J. P., Legrand, N., & Laugier, M. (2017). Ultrasonic roll bite
measurements in cold rolling—Roll stress and deformation. Journal of Materials Processing
Technology, 249, 1–13.



Incipient Fault Detection in Roller Bearing Using … 251

5. Kasolang, S., Ahmed, D. I., Dwyer-Joyce, R. S., & Yousif, B. F. (2013). Performance analysis
of journal bearings using ultrasonic reflection. Tribology International, 64, 78–84.

6. Wan, I. M. K., Gasni, D., & Joyce, D. (2012). Profiling a ball bearing oil film with ultrasonic
reflection. Tribology Transactions, 55(4), 409–421.

7. Kai, Z., Qingfeng, M., Tao, G., & Nan, W. (2015). Ultrasonic measurement of lubricant film
thickness in sliding Bearings with overlapped echoes. Tribology International, 88, 89–94.

8. Takeuchi, A. (2012). An attempt to evaluate insufficient supply of oil in ball bearing with
ultrasonic technique. Materials Transactions, 53(2), 250–255.



Comparative Analysis of Imaging
and Novel Markerless Approach
for Measurement of Postural Parameters
in Dental Seating Tasks

Vibha Bhatia, Jagjit Singh Randhawa, Ashish Jain, and Vishakha Grover

Abstract Postural inaccuracies in persistent dental tasks indicated an upsurge in
the prevalence of musculoskeletal disorders in dentists. The study assessed the angle
parameters related to the bodily movement of upper arm (UA), lower arm (LA), wrist
(W), neck (N), and trunk (T) using self-developed markerless Kinect V2 system and
conventional imaging technique. Ten dentists were monitored with both techniques
while performing real-time dental procedure. The agreement between the techniques
was assessed using Bland–Altman at 95% bias, Pearson and concordance correla-
tion coefficients (r1 and r2), mean difference, and percentage error. For conclusive
agreement analysis, contingency coefficient (C), proportion agreement index (Po),
Cohen’s kappa (k), and Mann–Whitney at 95% confidence interval were evaluated.
Data from both techniques possessed strong correlations (r1 and r2 > 0.90). Cohen’s
kappa (0.67) at standard Landis and Koch scale showed good agreement in RULA
data. Postural analysis of slow-motion tasks like dentistry using Kinect V2 system
proved as unobtrusive and efficient. This may be used by dentists to have periodic
postural check.
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1 Introduction

Despite all measures taken worldwide for improvement of work environments, lead-
ing economies are facing consequences of occupational hazards. According toAmer-
ican Working Conditions Survey [1] and European Working Conditions Survey [2],
40.5% and 44% of workers were exposed to tiring postures, respectively, whereas
75% and 62% of workers were susceptible to repetitive arm and hand motions. All
MSDs instigated or induced by work performances are concluded as WMSDs [3].
WMSDs are a serious global concern and prevalent among both developing and
developed nations. In developing nations, compromising work environments have
led to an alarming rise in WMSDs [4, 5].

Various studies documented in the literature worldwide have reported a high
incidence of MSDs among the dental practitioners [6–14]. The dental profession
demands precision, good visual acuity, psychomotor skills, depth perception, manual
dexterity, and concentration accompanied with narrow work area (oral cavity of the
patient), resulting in inflexible awkward postures for a longer duration during dental
task [14, 15]. Even adoption of an optimal sitting posture, due to the little movement
of joints static contraction, is there in more than 50% of body muscles. Static posture
behavior makes dentists prone to MSDs like tendinitis, tenosynovitis, synovitis, and
bursitis [15, 16]. Lower back problems are prevalent among dentists worldwide
accompanied by problems in neck, shoulders, hand, and wrist; more than one-third
required medical treatment for MSDs [17–19].

Movement- and posture-related data of worker is prerequisite to evaluate the vul-
nerability to risk factors forMSDswith the subsequent aimof ergonomic intervention
[20]. Subjected to variation in themensurationmethod, varieties of tools are available
and are categorized as (1) self reporting, (2) direct measurements, and (3) observa-
tional [21, 22]. Mostly self-administered questionnaires, checklists, interviews, and
rating scales were used in various studies investigating the prevalence of WMSDs in
dentists [10, 12, 13, 23–30] and usually lead to biased results [31, 32]. Delfa et al.
and Blanc et al. have used direct methods to analyze postural and biomechanical
data in dentistry by making use of wearable sensors like goniometers, EMG elec-
trodes, or markers for motion capturing in simulated dental environments [33, 34]. In
actual dental work, direct methods may be difficult to implement as wearable devices
usually cause discomfort and affect postural activity. The mass adoption of direct
methods becomes inappropriate due to intrusive, expensive, and time-consuming
nature of sensors involved [35, 36]. Also, the high contrast stickers used in marker
technology may fall off during actual work [37, 38]. In dental ergonomics area, stud-
ies have been done using ergonomic evaluation by observational methods like RULA
and REBA. These methods involve the judgment of bodily angles using images and
video frames and thus require expert opinion for correct estimation of angles [39].

To rule out the drawbacks of above methods, elbow, shoulder, and wrist joint data
from a field survey of videos during shoulder abduction in 2D was automatically
picked up by using a graphic algorithm which controlled error within 12° [40]. How-
ever, to obtain body joint data in 3D, in 2013, skeletal tracking system using Kinect
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V1 was integrated into the RULA method for 3D motion analysis [41], DHM Jack
tool, and Task Analysis toolkit module [42]. Choppin et al., discussed the accuracy of
Kinect, the maximum error, proportional error, median RMSE, and systematic bias
were reported as 58.2°, 1.15°, 12.6°, and 4.38°, respectively, using IPIsoft algorithm
and 63.1°, 1.19°, 13.8°, and 3.16°, respectively, using NITE algorithm [43]. Kinect
sensors being fully automatic, cheap, portable, non-intrusive, markerless and high
frame rate technology justifies its robust applications and studies, covering health
care, robotics, physical therapy, performing arts, natural user interface, virtual real-
ity, fall detection, and 3D reconstruction [44]. K2RULA a semi-automatic software
was developed which is capable of detecting awkward postures in real time using
Kinect V2 [45]. Kinect V2 according to its specifications and studies conducted out-
performed Kinect V1 being able to detect 25 body joints, robust to both natural or
unnatural light sources andmore accurate to human body skeletal tracking [46, 47]. A
marker-based study using Kinect V2 as a computational tool was conducted byWei-
demann et al.; upper body joint angle inclinations were highly accurate(deviation
less than 7.2°) with lower accuracy in neck angle (−31° ± 9.1°) and upper body
rotation across a longitudinal axis (24.0° ± 3.5°) [48]. The real-time feedback was
developed by Chika Edith Mgbemena et al. which can inform the workers to change
the instantaneous awkward sitting posture [49]. Yusuf et al. had captured static (lat-
eral hand lift) and dynamic (lower arm) movement using Kinect V2 sensor, with the
respective error rate of 2% and 5% [50]. The above studies establish the possibility
of Kinect V2’s use in real-time application tasks and a promising tool for postural
analysis.

Dental practitioners all over the world being susceptible toWMSDs need to assess
their postures while working. During long-duration dental tasks, it becomes diffi-
cult to analyze the posture of the dentist and the presence of ergonomist cannot be
avoided. The real-time postural evaluation of dentists, which may eliminate the need
of ergonomists is a serious challenge till date. Also, ISO standard 1128-3:2007(E)
can be considered as the basis to establish the workplace environment. The steady
system for any workstation can be developed using depth sensors which can monitor
body joint angles of a worker for an early check of exposure toWMSDs. The current
study aims at examining the use of Microsoft Kinect V2 sensor in capturing the
real-time postural data in dental practitioners during their practice hours. The study
focuses on (1) examining the body joint angle data of dentist acquired by Kinect
V2 while doing the actual dental task and its comparison with the data collected
through conventional imaging technique. (2) Calculation and comparison of final
RULA score from body joint data collected from both Kinect V2 sensor and imaging
techniques.

Dental practitioners all over the world being susceptible toWMSDs need to assess
their postures while working. During long-duration dental tasks, it becomes diffi-
cult to analyze the posture of the dentist and the presence of ergonomist cannot be
avoided. The real-time postural evaluation of dentists, which may eliminate the need
of ergonomists is a serious challenge till date. Also, ISO standard 1128-3:2007(E)
can be considered as the basis to establish the workplace environment. The steady
system for any workstation can be developed using depth sensors which can monitor
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body joint angles of a worker for an early check of exposure toWMSDs. The current
study aims at examining the use of Microsoft Kinect V2 sensor in capturing the
real-time postural data in dental practitioners during their practice hours. The study
focuses on (1) examining the body joint angle data of dentist acquired by Kinect
V2 while doing the actual dental task and its comparison with the data collected
through conventional imaging technique. (2) Calculation and comparison of final
RULA score from body joint data collected from both Kinect V2 sensor and imaging
techniques.

2 Methods

2.1 Subjects

Dental practitioners and hygienists were enlisted from the regional dental institute.
Subjects having any prior history of WMSDs, injuries in hands, wrists, arms, neck,
back, and shoulder were excluded from the study. Ethical permission for the study
was taken fromPanjabUniversity’s Ethics Committee. Ten professional dental work-
ers (6 males and 4 females) and their patients voluntarily signed the written informed
consent form for participation in study, with the disclosure for needful use of pro-
cedural photographs concealing their facial identity. To maintain the consistency of
data, all the participants were checked for their dominant hand as the right hand and
dental scaling with manual tools as the performing job. Participants were explained
the study protocol and purpose in advance. The subjects had mean age, height, and
weight of 29 ± 4 years, 162 cm, and 67 ± 9 kgs, respectively. All the dentists
performed the sitting dental job for more than 15 h a week.

2.2 System Overview

The automatic data capturing software was developed usingMicrosoft Kinect V2 for
windows, PC with windows 8.1,64 bit,8 gbRAM, Intel core i5 processor @2.2GHz.
The C# (.NET framework) and Microsoft Kinect for windows SDK2.0 were used as
the programming platform to capture 3D depth image and skeletal joint coordinate
data. High-quality videography still camera (SONY, HDR-XR550) was used to cap-
ture image streams simultaneously while capturing depth image data. The sampling
frequency of both Kinect V2 and still camera was 30 fps.
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2.3 Experimental Design

2.3.1 Data Collection

The postural data was collected from a typical dental workstation which included
modern Pelton and Crane chair arrangement. The current study involved manual
dental scaling task, and for achieving the current objective of capturing better body
joint data (with least occlusion), the adjustment with hanging ultrasound cleaning
appliance and nozzles were kept at a distant position from Kinect’s proximity. No
other modification was made for the current study in dental hospital’s workstation.
Dentists performed the dental cleaning task in both standing and sitting postures as
per their preference. The dentists who performed the job while sitting used dental
stool with backrest. The Kinect sensor was placed radially in between standard 8–
9’o clock position of dental chair setup at a distance of 3.5 m from chair center
and at a 1.2 m height from the ground using a tripod. The tilt angle of Kinect was
kept zero as the optical axis of the sensor was parallel to the ground. The high-
quality videography camera was placed at the nearest possible proximity of Kinect
sensor at approximately the same position and direction. The digital clock was kept
within the camera frame in a fashion that it does not disturb the dentist. To avoid the
inessential body skeleton tracking of a patient’s body, the patient was asked to lie
on the dental chair before the Kinect is switched on because Kinect sensor considers
patient and dental chair as merged bodies or unity is unable to generate automated
patient’s virtual skeleton. Dentists were instructed to stand still for once in front of
Kinect for 3–4 s just before initiating the scaling task to allowKinect to detect human
body joint coordinates. The data was collected continuously for 5 min, while each
dentist performed real-time dental scaling task, sitting between standard 9–11’o clock
dental chair position as illustrated in Fig. 1. Both Kinect and videography camera
were simultaneously initiated, and more accurate data synchronization was obtained
by using digital and stop watches. The flowchart shows the procedure followed in
the present study in Fig. 2. The typical RGB image perspective while recording data
for the study from the Kinect and videography camera orientation is shown in Fig. 3.

2.3.2 Data Processing and Analysis

The body skeletal information is transformed into a large set of features which were
fed into a software program created in Visual Studio. The recorded coordinate joint
data was used to create vectors, and subsequent computation was done to calculate
final angle values. C# program computed the five prime body angles(dependent
variables) present at the right shoulder, right elbow, right wrist, neck, and trunk
joints and were represented as angles related to UA, LA, W, N, and T (shown in
Fig. 1) (Table 1).

The angle values corresponding to thirty relevant image frames from each cycle of
dental scaling work were extracted. RULA method was applied for all the right side
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Fig. 1 Kinect positioning and sitting orientation of dental practitioner based on standard dental
clock positions

Fig. 2 Data acquisition and calculation of postural parameters

physiological features for bothKinect and image readings. Relevant values from both
Kinect and conventional readings were considered after removing outlier values.

Following hypothesis were selected to assess the agreement between the results
of Kinect and conventional imaging technique. Hypothesis 1: Kinect V2 data values
are in agreement with data collected with the conventional method. Hypothesis 2:
Final RULA score calculated using Kinect V2 data is in agreement with the RULA
score calculated using conventional techniques.

To evaluate agreement amongKinect and conventional imaging technique,Bland–
Altman mean difference (bias) and 95% limit of agreement(LoA) defined as bias
±1.96SD were plotted. Mean, mean difference, and standard deviation(SD) of mean
difference values from both techniques related to each body angle parameter were
recorded. To assess the strength of association among angle parameters recorded
using both Kinect and conventional imaging techniques, Pearson correlation coef-
ficient (r1) was evaluated and corresponding p-values were assessed to know the
probability of occurrence of results. Also, to evaluate the level of agreement or
disagreement among angle parameters recorded using both techniques, concordance
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Fig. 3 RGB image frame while data recording

correlation coefficients (r2) were evaluated. Percentage errors (PE) were evaluated to
assess the percentage of differences between angle values for all body joints derived
from both techniques.

For more concrete and conclusive agreement analysis between two sets of cal-
culated RULA values(Kinect and imaging), nonparametric statistical tests were per-
formed. Differences in medians of RULA scores between two techniques were
assessed using Mann–Whitney U test at 95% confidence interval to test the null
hypothesis: No significant difference exists in the RULA values between Kinect
and imaging technique. To assess the strength of association among both systems
based on final RULA scores, contingency coefficient (C) was evaluated using two-
dimensional contingency tables. Proportion agreement index (PO) was calculated to
check the proportion of cases for which RULA scores for both techniques agree.
For the sample to sample inter-rater agreement, Cohen’s kappa coefficient (k) [51]
was calculated as a quality index, using ordinal RULA scores for both recording
techniques.
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Table 1 Anatomical movements and corresponding joint angles. Angle at—upper arm (UA)
corresponding to right shoulder flexion/extension, lower arm (LA) corresponding to right elbow
flexion/extension, right wrist (W) flexion/extension, neck and trunk (TA) flexion/extension

Joint Movement type Image Angle
details

Right
shoulder

(UA)flexion/extension Between
plane
formed
by joints
4, 5, 16
and
vector
formed
by joints
5, 7

Right
elbow

(LA)flexion/extension Between
vector
formed
by 5, 7
and
vector
formed
by 7, 9

Right
wrist

(W)flexion/extension Between
vector
formed
by 7, 9
and 9,
13

Neck Neck(N)
Flexion/extension

Between
vector
formed
by 2, 3
and
vector
formed
by 1, 2

Trunk (T)Flexion/extension Between
plane
formed
by 17,
18, 19
and
plane
formed
by 3, 18,
19

3 Results

Table 2 summarizes the values of mean (±SD), Bland–Altman mean difference
with 95% limits of agreement, percentage errors, Pearson correlation coefficient,
and concordance correlation coefficient from body joint angle data using Kinect and
imaging techniques.
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Table 2 Mean (±SD) values corresponding to Kinect and imaging, mean difference (°), percentage
error (PE), Pearson correlation coefficient (r1), concordance correlation coefficient (r2), and 95%
limits of agreement for body joint angle data from Bland–Altman plot

Body
joints

Kinect
(°) Mean
(±SD)

Image
(°) Mean
(±SD)

r1
(298)

p-value r2 (298) at 95%
CI

Mean
diff (°)

95%
LOA

aPE
(%)

UA 28.68
(±19.38)

28.98
(±18.86)

0.991 <0.001 0.9903
(0.9879–0.9922)

−0.2992 −0.5998
to
0.0015

10.17

LA 85.74
(±32.41)

85.97
(±31.05)

0.997 <0.001 0.9957
(0.9947–0.9965)

−0.2259 −0.5580
to
0.1061

3.00

W 150.26
(±20.84)

153.10
(±7.18)

0.939 <0.001 0.9111
(0.8927–0.9266)

−2.8401 −3.7013
to −
1.9788

3.53

N 17.64
(±7.53)

18.19
(±7.59)

0.951 <0.001 0.9484
(0.9357–0.9856)

0.5493 −0.8186
to −
0.2800

11.85

T 76.12
(±5.92)

76.77
(±5.65)

0.914 <0.001 0.9075
(0.8856–0.9254)

−0.6477 0.9218
to −
0.3736

2.45

aThe formula used for calculating percentage error = {100 * [
∑

|(Mean Kinect Values-Mean Imaging
Values)/Mean Kinect Values|])/Total number of image frames evaluated

The graphs in Fig. 4a–e illustrates the scatter plots of each respective body joint
angles data using Kinect–conventional methods (the differences along the vertical
axis against the mean values along the horizontal axis). Mean difference or bias and
95% LoA values are represented as horizontal lines on each graph. Bland–Altman
test indicated that the data points were evenly and closely distributed across the
horizontal bias line. In most of the body angles, more than 95% of the method differ-
ence values were spotted within the defined LoA range except in W, which showed
the less agreement between the methods in calculating W data. Also, comparatively
higher bias value (systematic error = −2.84) recorded in the case of W indicated the
systematic difference in results produced by the two methods. Wide LoA in W plot
suggested the possible inaccuracy of results with one of the technique. Overestima-
tion of joint angle values was recorded with Kinect in the case of W; observation of
the graph suggested the higher existence of data points above the bias line. In case of
LA proportional bias was observed, as Kinect underestimated the LA angle values
when mean angle values were low and vice versa.

Body angle data (for LA, UA, W, N and T) from Kinect and imaging techniques
resulted in optimally highPearson’s (r1(298) ≥0.90,p<0.001) and concordance cor-
relation coefficients (r2(298) ≥ 0.90), indicating the significant positive correlation
between both techniques.



262 V. Bhatia et al.

Fig. 4 Bland–Altman plot with limits of agreement for postural parameters (The difference of
angle reading between two techniques (Kinect–conventional imaging) is plotted on the y-axis and
the mean value using both techniques on the x-axis
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Table 3 Z value(Mann–Whitney test at 95% confidence interval), Contingency coefficient (C),
proportion agreement index (P0), Cohen’s kappa coefficient (k) for the sample to sample inter-rater
agreement and agreement level at Landis and Koch scale for RULA scores evaluated from angle
data of both techniques (Kinect-Imaging)

Z value
(Mann–Whitney
Test)

p value C P0 Cohen’s kappa (k) Landis and Koch
scale agreement

−1.893 0.058 0.757 0.74 0.67 Good agreement

For LA, correlation coefficients had highest values (r1(298) = 0.997, p < 0.001)
and (r2(298) = 0.995) with lowest PE (3%) and mean difference (0.225°) val-
ues, inferring more association and lower differences among Kinect and imaging
technique, therefore indicating the closeness in values obtained fromboth techniques.

For UA and N, correlation coefficient values were optimally higher (r1(298) =
0.991, p < 0.001), (r2(298) = 0.0.990) and (r1(298) = 0.951, p < 0.001), (r2(298)
= 0.948) with relatively higher PE values (10.75% and 11.85%), showing Kinect
data values have a good association with conventional values but with more error
differences in the values.

The concrete agreement analysis between two sets of calculated RULA values
(Kinect and imaging) is summarized in Table 3. The results of the Mann–Whit-
ney test conducted came out to be statistically non-significant (z = −1.893, p >
0.05). Therefore, Mann–Whitney U test results directed to accept the null hypoth-
esis, inferring the similarity in the RULA scores from both techniques. The value
of contingency coefficient (C = 0.757) shows the existence of fairly high associa-
tion among the two RULA score groups. Proportion agreement index (Po = 0.74)
indicated that 74% of the total RULA values from both techniques had an agree-
ment. Consistency among RULA values from both Kinect and imaging technique
was assessed by calculating Cohen’s kappa index, k = 0.67 (p < 0.0.001), 95% CI
(0.504, 0.848). The value of the kappa index was evaluated on Landis and Koch’s
scale resulting in “good” agreement among both the techniques. The above results
concluded the validity of Hypothesis 2: Final RULA score calculated using Kinect
V2 is in agreement with the RULA score calculated using conventional techniques.

The cross-validation of results obtained from Kinect V2 and conventional tech-
nique pointed out that the values derived from Kinect V2 were close to those derived
using conventional techniques.

4 Discussion

In this section, the results reported in the current study are discussed and bring light
to some limitations.
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4.1 Main Contributions

The present study aimed at better understanding the body kinematics of dentist while
doing the dental procedure and examining the feasibility of Kinect V2 in real-time
postural analysis for slow-motion tasks. To the author’s knowledge, this investigation
was the first effort to use Kinect as a markerless technique to assess the dental
practice ergonomically. In the current study, considerable validity of recorded spatial
parameters was observed between the values of joint angle data frommarkerless and
imaging technique.

There lies an anomaly in accuracy of data collection using imaging method while
capturing orientations which require depth information (like in W) in 2D. Also, the
overestimation of W angle joint data in Bland–Altman plots suggested the possible
problem in the accuracy of one of the techniques. The presence of occlusions while
capturing the wrist data in certain postures usingKinect might also be the responsible
factor for inaccuracies. During the dental procedure, it was observed that 90% of the
time hand palm was dorsiflexed which made it cumbersome to capture joint data
associated with W accurately. In general, considering joint angle data except for W,
no over- or underestimation of data points was observed. This may be supported by
the fact that the optical axis of the Kinect sensor was kept parallel to the ground. This
is in contrast with the study where overestimated body angle data was obtained [52],
whichmay be due to the adjustment of the Kinect’s tilt angle to capture the body joint
skeleton.Non-homogeneity ofKinect data inmeasurement errorwithinmeasurement
volume was reported in a separate study backing up the fact that measurement errors
along with all the three coordinate axis of the Kinect may be responsible for the
results with proportional error [53].

As noticed, the values of correlation coefficients for body joint angle data from
Kinect and imaging technique ranged on the higher side (near to value 1) unlike the
study by other authors where values of correlation coefficients ranged from 0.04 to
0.77 (Pfister et al. [54]). This may be due to the less dynamic nature of dental work
procedure if compared with the highly dynamic tasks which involve walking and
jogging.

In the present study, the PE values for N and UA ranged on the higher side (10.75–
11.85%). Apart from recorded flexion and extension movements in N and UA, the
co-existence of other anatomical movements (lateral flexion or torsion in neck and
abduction or adduction in the upper arm) in certain postures may be responsible for
large deviation of Kinect values from the imaging values.

The Kinect method has proved its potential for the precise spatial data record-
ing of non-static tasks. In the current study, spatial joint angle parameters involving
slow-motion dynamic dental task had an overall PE (2.45–11.85%) comparable with
an overall PE (4.02–7.73%) from spatial gait parameters in another study [55], which
involved thewalking trials by backpack carrying school children.Conventional imag-
ing technique was considered as the gold standard for both the current study and the
study involving walking trials.
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The value of the contingency coefficient (C) in the current study is lesser than
the value obtained in an investigation by other authors (Manghisi et al. [45]); the
plausible influential factor may be the real-time data collection in the present case
study. The authors of the current study suspected the presence of occluded data while
doing real-time ergonomic assessment as the deterministic aspect for resulted good
agreement level (and not excellent agreement) value of Cohen’s kappa at standard
Landis and Koch scale.

It appeared from the results of the current study that Kinect V2may be considered
for its use in detecting optimally correct body angles at least in less dynamically
active but dexterity demanding dental procedure tasks. Further, the body angles may
provide information about awkward postures in real time, and in the long run, it
may be useful to prevent MSDs in dentists. The current study illuminates the idea of
developing real-time posture correction feedback system, is operationally compliant
with the dentists use, and may reduce the need of ergonomics expert in the routine

postural assessment. In dental studies, ergonomic aspects related to dentistry are
taught theoretically in coursework, but currently there is no assessment tool to exam-
ine the postural correctness in amateur dentists like students and interns. Therefore, a
warning-cum-posture assessment systemmay be developed to be served as a teaching
aid in dental colleges,with the aimof forgingyoungdentists habitual to recommended
working postures.

4.2 Limitations

Due to methodological standardization and some acceptable shortcomings of Kinect
device, results in the current study were constrained. The study was conducted in
the controlled lightening environment where no other human or any extra object
interventionwas allowed in between theKinect and the dentist him/herselfwhichmay
have avoided further occlusions in the data. Further dentists and patientsweremade to
follow the protocol of the study so as to be able to capture the data in a standardized
format which may be difficult to follow while routine dental procedures. Without
disturbing the code of conduct of dentists, the readingswere takenwhile dentistswere
in their normal dailywear and laboratory coats, whichmay have recorded some errors
in angle calculation asKinect scanswhole body surface for joint positioning. The role
of working positions and isometric spinal loads in determining spine kinematics was
not taken into consideration. The data recorded in the current study did not contain
any overhead or extremely awkward dentist’s postures, so appropriate prevalidation
of Kinect is necessary for such data collection.
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5 Conclusion

In this paper, the study related to the use of Kinect V2 sensor in detecting postural
data in the actual dental procedure and the variation in its results from conventional
imaging methods were discussed. Considering dental work postural variation as
non-frequent and non-quick, the proposed system seemed to be an effective option
in the case of slow-motion real-time task assessment. Kinect data collection and
assessment appeared to be quick and easier than conventional methods. Despite
the reported limitations, the results of the present study are promising enough to
validate the Kinect method as a viable option for ergonomic evaluation of dental
workstations. Hence, keeping a check on the postural inaccuracies in dentists during
work using the user-friendly and contemporary Kinect device, the long-term effect
on the biomechanical aspects can be restrained.
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