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Foreword

I am greatly honored to write this foreword for the proceedings of the International
Conference on Advances in Materials Processing and Manufacturing Applications
2020 (iCADMA-2020) held at MNIT Jaipur, Rajasthan, during November 5–6,
2020. The advanced materials and manufacturing processes are revolutionizing all
the specialized areas in different fields such as electrical, electronics, mechanical,
and civil. A high degree of novelty is needed in both structural and functional
materials for achieving the goal of sustainability.

The conference has provided an excellent opportunity for academicians,
researchers, technocrats, and students to present their research work in the emerging
field of advanced material and manufacturing processes. The theme of the con-
ference is immensely suitable for all the researchers exploring advanced material
and manufacturing processes. The published chapter will certainly provide a future
direction to the researchers working in the field of advanced materials and
manufacturing.

The research articles published in the proceedings of iCADMA-2020 titled
Advances in Materials Processing and Manufacturing Applications cover a wide
range of very interesting topics. I appreciate the authors for their technical input and
fruitful discussions and scientific interaction during the conference.
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I would like to acknowledge the organizers from MNIT Jaipur and NIT
Uttarakhand for organizing such an appropriate international conference.

I wish the authors good luck for their future endeavors.

Prof. Alok Satapathy
alok@nitrkl.ac.in

Professor
Department of Mechanical Engineering

National Institute of Technology
Rourkela, India
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Preface

It is with great pleasure to introduce the proceedings of the International
Conference on Advances in Materials Processing and Manufacturing Applications
(iCADMA-2020) which was held online at Malaviya National Institute of
Technology Jaipur, India, during November 5–6, 2020.

This book comprises selected papers from the presentations conducted during
iCADMA-2020 endorsed by the Scheme for Promotion of Academic and Research
Collaboration (SPARC). The conference was sponsored by SPARC and TEQIP-III
National Institute of Technology, Uttarakhand. The conference drew the attention
of various distinguished researchers and delegates from all over the world including
Montenegro, Australia, Bangladesh, USA, Ecuador, Oman, Belgium, Estonia, and
India. The conference consisted of eight keynote lectures and 23 technical sessions
given by renowned researchers and scholars working in the areas of materials,
manufacturing, optimization, industrial engineering, and tribological studies from
all over the world. To grace the quality of the program, some peer-reviewed papers
were invited for the presentation. Distinguished researchers from India, Austria,
New Guinea, and Hungary were invited to deliver eight keynote lectures sharing the
latest research discoveries in their respective areas of expertise. In the technical
sessions, authors made oral presentations, and each presentation was confined to 10
minutes, followed by question and answer. One excellent presenter from each
technical session was chosen for the best paper award depending on the technical
merit, presentation, and application.

iCADMA-2020 focused on all broader aspects concerning advanced materials,
materials manufacturing and processing, engineering optimization and sustainable
development, and tribology for industrial application. iCADMA-2020 brought
together scientists, engineers, researchers, and scientists from an engineering
background as well as research scholars and faculties from IITs, NITs, IIITs, and
other academic institutions. The conference was organized through Zoom. Authors
shared the screen, and attendees could discuss their work via online platform.
Overall, the conference was held successfully through the platform. The conference
committee was dedicated to the success of the conference.
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Foreign institute presenters were from University of Donja Gorica, Military
Institute of Science and Technology, University of Technology Sydney, Chittagong
University of Engineering and Technology, University of California Los Angeles,
Tallinn University of Technology, Campus De Nayer, Sint-Katelijne Waver, and
Technical University of Ambato, Huachi Campus. Presenting authors from gov-
ernment research institutes were from Metallurgy Corp. R&D BHEL, CSIR-Central
Mechanical Engineering Research Institute, CSIR-Institute of Minerals and
Materials Technology, Bhubaneswar, Odisha, India. Industrialists were from IEA
Consultants, Bangalore, and Belimo Actuators India Pvt. Ltd., Mumbai.

All accepted papers were subject to peer review by the conference committee
and invited international reviewers. The papers were selected based on their quality
and their relevance to the conference.

I would like to express special gratitude to the members of the conference
committee and organizers of the conference. I would also like to thank the
reviewers for their valuable time and advice which helped in improving the quality
of the papers selected for presentation at the conference and for publication in the
proceedings. Finally, I want to thank the authors, the chairpersons, sponsors, and all
the participants for their support for iCADMA-2020.

Jaipur, India Dr. Amar Patnaik
Convener and Organizing Secretary

iCADMA-2020
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Optimization of Wire EDM Process
Parameters for Machining
of INVAR 36 Alloy

Ankita Mohanty, Rupam Mohapatra, and Supriya Priyadarshini Das

Abstract Wire EDM is an eco-friendly, non-traditional machining process with no
contact between the workpiece and the wire electrode and has a widespread usage
in the field of medical industry, automobile industry, etc. The purpose of this
present work is to optimize various wire EDM input parameters for machining of
INVAR 36. The Taguchi technique was used to carry out the optimization. The
control parameters like pulse-on-time (Ton), pulse-off-time (Toff), servo voltage
(SV) and wire feed rate (Wf) were chosen to analyse the effect of various param-
eters on material removal rate (MRR) and surface roughness (SR) of INVAR 36
alloy. To optimize the material removal rate (MRR) and surface roughness (SR), a
total of 9 (L9 orthogonal array) experiments were performed. The Taguchi method
was applied by using MINITAB 17 software to maximize MRR and minimize SR.
The optimum level of process parameters for MRR was found to be 25 µs
pulse-on-time, 46 µs pulse-off-time, 5 mm/min wire feed rate, 30 V servo voltage
and for surface roughness (SR) 25 µs pulse-on-time, 19 µs pulse-off-time,
3 mm/min wire feed rate, 20 V servo voltage.

Keywords Wire EDM � INVAR 36 � Taguchi technique � Surface roughness �
Material removal rate

1 Introduction

Invar 36, Fe-(64–36 wt%) Ni is the most common iron–nickel alloy found in 1896
and is basically used in opto-mechanical engineering. Invar 36 alloy is ferromag-
netic and is characterized by low coefficient of thermal expansion (CTE) below its
Curie temperature (279 °C) and has excellent mechanical properties. Invar alloy is
widely used where high-dimensional stability is the main requirement. Its modulus
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of elasticity remains almost constant for wider range of temperature. Owing to the
high work hardening and high ductility, it is difficult to cut. Besides, in the cutting
process of Invar 36, high ductile chips are easily generated and seriously affect the
life of cutting tools and production efficiency [1–6]. Wire cut electric discharge
machining (WEDM) is the best available option to overcome these problems. Wire
cut EDM is an advanced thermal-assisted, non-conventional machining process
which is widely used in the manufacturing, automotive and aerospace industry. The
most prominent characteristic of this process is that the cutting tool never comes in
contact with the workpiece. Also there is no force, mechanical stresses, and
vibration during the machining process. The travelling wire has a very small
diameter (0.02–0.3 mm), and this helps the machine to make small cuts. The wire
acts as the electrode and the material wear out due to the high amount of heat that
tends to melt material [7]. The material is flushed out with the dielectric medium
(distilled water, kerosene, ethylene glycol, etc.). The dielectric medium works as
spark conductor and for cooling the tool, workpiece and the spark area. Wire EDM
is considered to be a significant development in the field of non-traditional
machining. It has high accuracy rate which can produce intricate shapes, cuts, etc
[8]. In spite of this, proper selection of process parameter remains a challenging job.

Debta et al. [9] found that in WEDM process, with the increase of pulse-on-time
(Ton), the cutting velocity increases; whereas, the kerf width and taperness of the
machined profile reduce after an optimal value. However, wire tension has no
significant effect on the machining performances. Sharma et al. [10] studied the
effect of various input process parameters (Ton, Toff, Ip, Tw) on the response
characteristics (MRR, Ig, MT) by using Taguchi L9 orthogonal array of AISI D2
die steel (13 mm diameter) using a 0.25 mm dia wire electrode and found Toff has
been the leading significant factor for MRR. Maurya et al. [11] performed wire
electric discharge machining on Nicrofer 5716. Experiments were performed uti-
lizing Taguchi’s L9 orthogonal array. Further, the responses are modelled with the
response surface methodology approach for eliminating the residuals from the input
as well as responses to create quadratic relationship among input and response
variables with high adequacy and precision. Singh et al. [12] studied the dimen-
sional deviation in wire EDM of M42 HSS using cryogenically treated brass wire
and used ANOVA for significance and found variation of around 3.15% from the
predicted value. Divya et al. [13] used Taguchi method for single objective opti-
mization and grey relational analysis for multi-objective analysis to optimize the
input process parameters: (Ton), pulse-off-time (Toff), peak current (Ip), servo
voltage, wire feed rate and wire tension of Inconel 825. Sivaprakasam et al. [14]
enumerated the effect of graphite nanopowder suspended in dielectric medium of
micro-wire EDM process of Inconel alloy. Kumar [15] developed a fuzzy model in
MATLAB to predict fuzzy response parameters in WEDM process on stainless
steel material (AISI 630) and compared the experimental result with the fuzzy
predicted result and found that the system gives an overall 90% accuracy from the
fuzzy model.

2 A. Mohanty et al.



2 Experimental Procedure

The experiment was performed using ELECTRONICA ECOCUT four axes
CNC WEDM (Fig. 1 and Table 1). The brass wire used can be reused. The gap
between brass wire and work piece is 0.02 mm, and the gap is maintained by a
computer-controlled positioning system. The wire having a diameter of 0.25 mm
was used as electrode. Deionized water was used as dielectric, and the base material
was 5 mm. Four machining parameters were chosen. They were pulse-on-time
(Ton), pulse-off-time (Toff), wire feed rate (Wf) and servo voltage (SV). The
experiments were performed using Taguchi L9 orthogonal array. The chosen input
parameters and their levels are shown in Table 2.

3 Calculation for Material Removal Rate and Surface
Roughness

Material removal rate (MRR) is the measurement of how much amount material is
removed from a part in a given period of time. The mechanism behind material
removal rate of wire EDM process is based on the transfer of electrical energy to
thermal energy that classifies it as electrothermal process [16]. At a given instant of
time, when suitable voltage is developed, electrostatic field is produced which
causes the cathode to generate electrons. These electrons get attracted towards the
anode and start moving towards them at a high velocity. Upon collision with the
dielectric medium molecules, these are broken into negative and positive ions.

Fig. 1 WEDM machine
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Because of this spark is generated with high temperature and causes melting and
vapourization of material from the workpiece [17]. The MRR is calculated using the
following formula:

MRR
mm3

min

� �
¼ Weight loss of the specimen gmð Þ

q� t
ð1Þ

where t = machining time (min), q = density of the work piece (g/mm3), calculated
using water displacement test.

All the nine workpieces were machined according to the factors listed in
Table 5. Each workpiece size was 10 � 10 mm. For each machining, the time was
noted down and the weight was weighed after machining. Figure 2 shows the
workpieces after machining.

Table 1 WEDM machine
specification

Maximum table size 590 � 370 mm

Maximum workpiece height 200 mm

Maximum workpiece weight 600 kg

Main table traverse (X, Y) 450, 350 mm

Auxiliary table traverse (u, v) 15, 15 mm

Maximum wire spool capacity 6 kg

Wire diameter 0.25 mm

Table 2 Various level of
process parameters

Process parameters Level 1 Level 2 Level 3

Pulse-on-time 10 25 35

Pulse-off-time 46 25 19

Wire feed rate 3 5 7

Servo voltage 25 20 30

Fig. 2 Workpieces after
machining
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Surface roughness is a measure of closely spaced micro-irregularities present on
the surface texture [18]. The surface roughness was measured using a Mitutoyo (SJ
410) Talysurf (Fig. 3). Surface roughness was measured along the longitudinal axis
of work piece, two measurements were made and average surface roughness Ra,
and Rz was taken into account.

4 Optimization Using L9 Orthogonal Array

Orthogonal array (OA) design is a fractional factorial design. These designs are not
only applicable to two-level factorial experiments but also can investigate main
effects when factors have more than two levels [18]. Since, total four input
parameters are taken and nine experiments are performed hence, L9 orthogonal
array is selected. Layout of the L9 orthogonal array is shown in Table 3.

Fig. 3 Mitutoyo (SJ 410)
Talysurf

Table 3 Layout of the L9
orthogonal array

Experiment No. A B C D

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

Optimization of Wire EDM Process Parameters … 5



5 Results

Table 4 shows various input parameters and their levels and experimental results.
The graphs and the response tables obtained from MINITAB 17 show the influence
of various input parameters (Ton, Toff, Wf and SV) on the MRR and SR.
Signal-to-noise (S/N) ratio for MRR was calculated by larger is better, and the
ranking was given by Minitab 17. The ranks were Wf 1, Ton 2, Toff time 3 and
SV 4. The response table for MRR is shown in Table 5. From the S/N ratio
response table for SR, calculated by smaller is better, the rankings were given as
Wf 1, Toff 2, SV 3 and Ton 4. The response table for SR is shown in Table 6.

Figure 4 shows the effect of control parameters on MRR (means), and Fig. 5
shows the effect of control parameters on MRR (S/N ratio). Figure 6 shows the
effect of control parameters on SR (means), and Fig. 7 shows the effect of control
parameters on SR (S/N ratio).

6 Analysis of Variance (ANOVA)

6.1 Material Removal Rate (MRR)

Table 7 constructed from experimental data using MINITAB 17 shows the
ANOVA table for MRR. In this study of analysis of variance, pooling method was
adopted; this is because pooling is a process of disregarding an individual’s
parameter’s contribution and thereafter adjusting the contributions of other process
parameters. Pooling is employed when there is indeterminate situation and the
effect of parameter in a process is insignificant. Pooling process results in nonzero
estimates of sum of square and DOF of variance [19]. In this, the pooling effect is
on pulse-off-time, having the least influence on the MRR process. Wire feed rate
has the highest influence on MRR which contributes 46.99%. Pulse-on-time and

Table 4 Input parameters for MRR and SR experimental results

Exp No. Ton (µs) Toff (µs) Wf (m/min) SV (volts) MRR (mm3/min) Ra (mm)

1 10 46 3 25 1.7841 1.500

2 10 25 5 20 2.8108 1.250

3 10 19 7 30 2.6612 1.431

4 25 46 5 30 15.2207 1.306

5 25 25 7 25 3.5078 1.708

6 25 19 3 20 2.0226 0.582

7 35 46 7 20 2.0249 1.662

8 35 25 3 30 1.2157 1.224

9 35 19 5 25 6.5204 1.257
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servo voltage have a contribution of 22.04% and 16.22%, respectively, with an
error of 14.75%.

Regression Equation for MRR:

MRR ¼ 4:20� 1:78 Ton 10þ 2:72 Ton 25� 0:94 Ton 35

� 2:52 Wf 3þ 3:99 Wf 5� 1:47 Wf 7� 1:91 SV 20

� 0:26 SV 25þ 2:17 SV 30

ð2Þ

Table 5 Response table for
S/N ratios (MRR)

Level Ton Toff Wf SV

1 7.502 10.302 4.281 7.074

2 13.556 7.191 16.304 10.738

3 8.037 11.602 8.510 11.282

Delta 6.054 4.410 12.023 4.208

Rank 2 3 1 4

Table 6 Response table for
S/N ratios (SR)

Level Ton Toff Wf SV

1 −2.8576 −0.1327 −0.1920 −0.5498

2 −0.7557 −2.7812 −2.0813 −3.3861

3 −2.7183 −3.4178 −4.0584 −2.3958

Delta 2.1019 3.2851 3.8664 2.8363

Rank 4 2 1 3

Fig. 4 Effect of control parameters on MRR (means)
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Fig. 5 Effect of control parameters on MRR (S/N ratio)

Fig. 6 Response table for S/N ratios (MRR)
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6.2 Surface Roughness (SR)

Regression equation for SR:

SR ¼ 1:3244� 0:2224 Wf 3� 0:0534 Wf 5þ 0:2759 Wf 79

� 0:1598 SV 20þ 0:163 SV 25� 0:0041 SV 30

� 0:2344 Toff 19þ 0:0696 Toff 25þ 0:1649 Toff 46

ð3Þ

Table 8 shows the ANOVA for SR. In this, the pooling effect is on
pulse-on-time, having the least effect on the SR process. In this, the wire feed rate
has also the highest influence which contributes 44.04%, and for pulse-off-time it is
29.83%. Servo voltage contributes 17.97% with an error of 8.16%.

Table 7 ANOVA table for MRR

Source DF Seq SS Contribution in % Adj
SS

Adj
MS

F value P value

Ton 2 34.35 22.04 34.35 17.18 1.49 0.401

Wf 2 73.23 46.99 73.23 36.61 3.19 0.239

SV 2 25.27 16.22 25.27 12.63 1.10 0.476

Toff Pooled

Error 2 22.98 14.75 22.98 11.49

Total 8 155.83 100.00

Fig. 7 Effect of control parameters on SR (S/N ratio)
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7 Conclusion

Based on the results, the following conclusions were drawn from this experiment:

1. MRR increases with the increase in wire feed rate and pulse-on-time. Servo
voltage has least effect on the material removal rate with a contribution of
16.22%.

2. The optimum level of process parameters for MRR is 25 µs pulse-on-time,
46 µs pulse-off-time, 5 mm/min wire feed rate and 30 V servo voltage.

3. Surface roughness increases with increase in wire feed rate and pulse-off-time.
Servo voltage has least effect on the SR with a contribution of 17.97%.

4. The optimum level of process parameters for SR is 25 µs pulse-on-time, 19 µs
pulse-off-time, 3 mm/min wire feed rate and 20 V servo voltage.

5. Wire feed rate is the highest influenced parameter on both MRR and SR and
servo voltage being the least effective parameter.

It is important to note that the values of P in the ANOVA table are greater than
the significance level (0.05). This states a conclusion that the parameters are less
significant during the process. Proper selection of process parameters is very crucial
in this context. The parameters vary from materials to materials. It is very necessary
to select proper input parameter for determining their significance during the pro-
cess. Therefore, this experiment presents an attempt to optimize the set of selected
input parameters. However, more careful selection of parameters will yield better
results and significance level.
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Engineering Comportment of Clays
Motleyed with Rice Pericarp Slag (RPS)

Shravankumar Shivappa Masalvad , Anamika Yadav ,
Suresh Hubballi , and Praveen Kumar Sakare

Abstract The waste generated today is no more a waste according to many sci-
entific community, and this waste has been put into many different of engineering
application use. For example, the construction industry has plethora of such
material which have been generated as waste, and further the progress and use of
manufacturing and pastoral wastes, such as fly ash, blast furnace slag, metakaolin,
rice pericarp slag (RPS), and bagasse ash (BA), are rapidly receiving attention as
reviewed in many literatures [1–3]. The custom of ashes by the grinding process in
cement concrete generally mends the properties of concrete, and the concretes
encompassing ground fly ash or RPS are of good quality with condensed porosity
and improved immunity to sulphate attack and chloride infiltration [4, 5] as well as
great power [6–8]. Comparing to the fly ash which is the most common pozzolan
being used worldwide in soil stabilization [9], the utilization of rice pericarp slag as
pozzolanic material is still comparatively low. This tabloid benevolences the upshot
of RPS on index and engineering properties of expansive clay. Liquid limit (LL),
plastic limit (PL), plasticity index (PI) and free swell index (FSI) and unconfined
compressive strength remained determined at capricious quantities of RPS.
Unconfined compressive strength of the RPS clay amalgams was determined at
their respective OMC and MDD, by piloting standard proctor compaction tests. LL,
PI and FSI decreased significantly with increasing RPS content.
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1 Introduction

Expansive soils are susceptible to volumetric changes corresponding to changes in
moisture content [5]. Heave and shrinkage occur in them alternatively in rainy and
summer seasons [2]. Hence, civil engineering structures built on expansive clays
experience detrimental cracking. Various innovative foundation practices have been
devised for counteracting these problems. Some of these techniques include
physical alteration and cushion techniques [10], drilled and belled piers [2], gran-
ular pile anchors and fly ash columns [8, 9].

Chemical stabilization is also quite effective in controlling swelling and
shrinkage. In chemical stabilization, lime, cement, CaCl2 or fly ash is added to
expansive clays to reduce swelling [1, 4, 7, 11]. Of the above chemicals, lime is
considered the most efficacious in controlling heave. Plasticity, swelling and
shrinkage decrease upon addition of lime to expansive soils. Strength of expansive
clays treated with lime increased when compacted dry of optimum [12]. Rice
pericarp slag (RPS), which can also be used as a pozzolanic additive to expansive
soils, is obtained from the burning of rice husk. RPS contains SiO2 in amorphous
form [3], which makes it pozzolanic. RPS can be used in lime–pozzolana mixes and
Portland cement replacement [6].

This paper presents an experimental study on the effect of RPS on index and
engineering properties of expansive soils. Liquid limit (LL), plastic limit (PL),
plasticity index (PI) and free swell index (FSI) were the index properties studied at
varying RPS content. And among the engineering properties, compaction charac-
teristics and unconfined compressive strength (kPa) were determined at varying
RPS content.

2 Experimental Investigation

2.1 Test Materials

The materials used in this investigation were expansive soil and rice pericarp slag,
which were collected from Davangere, Karnataka, India. Geotechnical physiog-
nomies of the capacious soil and the rice pericarp slag are shown in Table 1.

Table 2 shows the chemical analysis data of the soil and the RPS.
The expansive soil has a FSI of 122%. Based on the index properties and the

grain size distribution, the soil is classified as CH (ASTM D2487). RPS particles
exhibited a high angle of shearing resistance of ɸ = 34.3°.
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2.2 Tests Performed

1. Index properties

Index properties such as liquid limit (LL) and plastic limit (PL) were performed for
the clay and clay–RPS blends.

2. Free swell index (FSI)

Free swell index (FSI) was also determined for the clay and clay–RPS blends. FSI
is expressed [13] as

Table 1 Index and engineering properties of soil and rice pericarp slag (RPS)

Property Soil Rice pericarp slag

Gravel size (%) 0 0

Sand size (%) 11 84

Silt size (%) 27 16

Clay size (%) 56 0

Liquid limit, LL (%) 86 NP

Plastic limit, PL (%) 31 NP

Plasticity index, PI (%) 58 –

Free swell index, FSI (%) 123 Non-swelling

USCS classification CH Non-plastic

Optimum moisture content, OMC (%) 23 39

Maximum dry density, MDD (kN/m3) 13.5 8

California bearing ratio, CBR (%) 1 7

Table 2 Chemical composition of soil and rice pericarp slag

Component Quantity (%)

Soil Rice pericarp slag (RPS)

Silica (SiO2) 51 96.53

Alumina (Al2O3) 17 0

Ferric oxide (Fe2O3) 7.5 0.21

Calcium (CaO) 3.38 0.25

Magnesium (MgO) 2.93 0

Sodium (Na2O) 5.8 0.40

Titanium (TiO2) 0.3 0

(V2O5) 0 0

(ZnO) 0 0

Loss of ignition 11.4 _
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FSI% ¼ Vw � Vk

Vk
� 100 ð1Þ

where Vw and Vk are the volumes of the soil in water and kerosene, respectively.
It may be mentioned here that, for expansive clays, FSI is also an index property.

3. Compaction characteristics and unconfined compression strength

Compaction characteristics were also performed for clay, RPS and clay–RPS
blends in the standard proctor test. Undrained shear strength (ASTM 2000, D2166)
of the unblended soil and the soil blended with fly ash and RPS based on their
dosages was determined at their respective OMC and MDD using cylindrical
samples (38 mm in diameter and 76 mm in length) by conducting unconfined
compression tests. The effect of curing period was also studied by curing the
samples for 0 days, 7 days and 28 days.

4. Test variables

RPS was added in various percentages such as 6, 12, 18% and so on up to 30% to
the dry clay for performing the tests.

3 Results and Discussion

Table 3 shows the entire test data obtained.

3.1 Index Properties

Figure 1 depicts the disparity of LL, PL and PI with RPS content. LL decreased
from 84 to 28% when RPS content increased from 0 to 30%, indicating a reduction

Table 3 Effect of rice pericarp slag (RPS) on index properties and engineering properties

Rice
pericarp slag
content (%)

Liquid
limit,
LL (%)

Plastic
limit,
PL (%)

Plasticity
index, PI
(%)

FSI
(%)

OMC
(%)

MDD
(kN/
m3)

Unconfined
compressive strength
(kPa) for curing
periods of

0 days 7
days

28
days

0 84 29 55 125 25 15.5 120 200 200

6 80 30 50 108 25.6 15.1 117 215 235

12 73 31 42 92 26.2 14.7 114 230 270

18 66 32 34 75 27 14.35 111 240 285

24 52 34 18 60 27.8 14 108 250 300

30 28 NP NP 20 29.4 13.2 102 280 340
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of 64%. The decrease in LL by a huge amount can be attributed more to the
auxiliary of expansive clay by a enormous extent of RPS particles than to RPS
causing flocculation though it is pozzolanic. As RPS is of a very low specific
gravity (G = 0.7), a high number of RPS particles swap the original expansive soil
for a given quantity. For the same purpose, at 30% preservative content, LL
decreased more in the case of RPS than FA. Flocculation instigated by RPS
increased PL by 21% when RPS increased from 0 to 30%. PI decreased from 55%
to an extent that it was non-plastic (NP).

Free swell index (FSI) is an important parameter in the case of expansive soils.
Figure 2 shows the variation of FSI with RPS content. FSI decreased from 125 to
20% when RPS content increased from 0 to 30% indicating a % reduction of 84%.
The reduction in FSI with increase in RPS content can be attributed to both
replacement of expansive clay particles by RPS and also to flocculation they
caused.
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3.2 Unconfined Compressive Strength

Figure 3 shows the distinction of UCS with RPS content for the curing periods of 0
days, 7 days and 28 days. At 0 days curing, UCS diminished slightly with
increasing RPS content. This can be ascribed to the lessening in MDD with
accumulative RPS content. However, UCS increased with increase in RPS content
when the curing period increased to 7 days and 28 days. Further, for a given
additive content, the UCS for 28 days was higher than that for 7 days. This can be
attributed to increased pozzolanic reaction with increasing additive content and
curing period.

4 Conclusion

LL and PI decreased significantly with increasing RPS content. At 30% RPS, the
blend became non-plastic. FSI also decreased significantly with increasing RPS
content. The FSI of the blends decreased by 81% at an RPS content of 32%.
Unconfined compressive strength (kPa) of the RPS–clay blends decreased with
increasing additive content when determined without curing. However, the
unconfined strength of the RPS–clay blends increased with increase in additive
content when the samples were cured for 7 days and 28 days. The experimental
results indicate that the blends of expansive clays with 28% RPS, which have
become non-plastic, non-swelling and compression-resistant at higher curing
periods as the UCS results suggested that it could be used as cushion material for
shallow footings or embankment material.
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Mathematical Modeling of Thin-Layer
Drying of Hygroscopic Material
(Solanum tuberosum) in Fabricated
Tunnel

Dinesh Kumar, L. P. Singh, and Anil Kumar Singh

Abstract To investigate the characteristics of fresh potato in tunnel drying, an
experimental setup of tunnel dryer was fabricated and installed in the laboratory.
The samples of the potato for the drying were prepared in cubic shape of
10 � 10� 10 mm3. For the modeling of drying kinetics, drying data were observed
at temperature of 50, 55, 60, 65, 70 and 75 °C, and data were fitted to different
drying models. The selected models were tested based on model energy efficiency
(EF), reduced chi square and root mean square error (RMES) to select best fit of
drying model. Results of the model nearly equal to modified page model with lower
RMSE and reduced chi square value compared to page model. The observed data
were fitted on Newton model, page model and modified page model. On the basis
of experimental constant, modified page model was selected. In validation process,
the model gave the maximum energy efficiency value 0.9823, reduced value of chi
square 0.0015 and minimum RMSE value 0.0323 at larger range of drying air
temperature 45–60 °C.

Keywords Drying � Drying model � Air velocity � Moisture ratio tunnel dryer

1 Introduction

Potato is the fourth largest food crops in the world. Potato is member of Solanaceae
family of the many plant stem solarium species, in which it is most widely culti-
vated. In 2014, worldwide production of potato (S. tuberosum) was more than 388
million tones which was consumed as food by people and used as animal feed and
as potato starch in medicament industries [1]. The leading potato producers of the
world are China, European Union, India, Russia, Ukraine, USA, Germany and
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Bangladesh, etc. India’s potato production was estimated around 47 million tones in
year 2014. In industry, the drying machinery has been widely used for processing of
food products. During the drying of food materials, the food goes with undesirable
changes that have negative effect on the food products.

Food drying is one of the oldest methods of processing and preserving food for
later use. Food can be dried in the sun, in an oven or in a food dehydrator by using
the right combination of warm temperature, low humidity and air current [2]. The
common drying method is sun drying which has so many disadvantages. The
traditional sun drying methods often yield poor quality, since the product is not
protected against dust, rain, wind or even against birds, insects, rodents and
domestic animals while drying. Soiling, contamination with microorganisms, for-
mation of mycotoxins and infection with disease causing germs are the result [3].

Drying is one of the necessary processes for the preservation of agricultural
products such as fruits and vegetables. This process enhances the life of agricultural
products and their storage life and minimizes losses during storage life. Drying
process reduces the shipping and transportation costs [4]. The thermal kinetics
during drying the relationship between moisture ratios and drying instants was
determined [5]. Based on the Lewis proposal, Newton’s Law of Cooling

dM
dt

¼ �k M �M0ð Þ ð1Þ

Thus, the main objective of this research is to develop an experimental drying
setup cubical shape potatoes samples and to validate with existing drying models
[6].

2 Materials and Methods

2.1 Materials

The fresh potatoes were collected from the near market in May–June. The full-size
average dimension of potatoes was found 50–60 mm in length and 20–30 mm in
width. The potatoes which were selected for the study were completely washed and
peeled sliced into 10 � 10 � 10 mm3 using sharp knife [7].

2.2 Method

The experimental setup for carrying out the thin-layer drying is shown in Fig. 1. It
consists of three main units: humidifier unit, air heating unit and drying unit.
Humidifier is constructed by GI sheet in two cylindrical parts and is joined together
by means of an air-tight flange joint. The lower part of the humidifier is of 0.3 m
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diameter and 1 m height. A float valve is used in order to maintain a desired level of
water in the lower portion of the humidifier. An overhead water tank is used to
supply water to the humidifier unit. The air suction tunnel, 3 m long and 106 mm in
diameter, is connected to the humidifier through an orifice meter just above the
water level to measure the flow rate of drying air. The lower part of the humidifier is
also provided with a water level indicator, a drain valve, two electric immersion
heaters each of 2 kW capacity and a water pump and a 12 mm diameter perforated
spray tube. It was intended that the atmospheric air be given a water bath by means
of a fine spray produced in the humidification chamber using the perforated tube
and the water pump to humidification to a desired dew point. At the top of the
humidifier, two sets of louvers are provided to trap the water droplets from the
moist air as shown in Fig. 1.

Humidifier unit is attached to the suction side of the blower. The drying air
preparation unit was installed in three parts. The mid portion is a 1-m-long cylin-
drical shape with two diffusers at each end. Two heaters of 2-kW capacity each and
three heaters of 1 kW capacity each are fitted into the cylindrical portion to raise the
temperature of the air, coming out from the humidifier, to a desired value.

Thin-layer drying section consists of three sections: an air chamber, a base plate
with five openings and an exposure chamber. The cylindrical air chamber is a fitted
with a 300 diffuser at 0.5 m height. The material drying unit is connected to the air
preparation unit with the help of a 900, 150 mm pipe bend to the diffuser.
A 3-mm-thick mild steel base plate having five equi-spaced holes, each of 185 mm
diameter, is fitted to the top of the plenum chamber. The openings are provided with
rubber gaskets to prevent any leakage of air from the sides when drying pans are
placed over them. To smooth functioning, placement of the drying pans, four small

Fig. 1 Schematic diagram of thin-layer experimental setup
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bearings are arranged to the plate toward each of the openings. During the exper-
iments, temperature, velocity and relative humidity of drying air are recorded every
90 min. The temperature and relative humidity sensors are located at the inlet of the
fan (T, RH), upstream (T1, RH1) and downstream of the tray (T2, RH2). The
anemometer is located at the exit of the tunnel. The air was allowed to flow in the
tunnel over the potato cubes with average velocity of 1 m/s, with 65% initial
moisture content of potato on dry basis. With the time, the weight of the potato was
observed to decrease gradually, and the humidity also decreased with the time.
During the experiment, only drying temperatures are variable, and all other
parameters are fixed.

3 Result and Discussion

The loss in weight during drying at different temperatures was converted into
moisture contents (% d.b.). The relationship between moisture content and drying
time for different temperatures is calculated. The moisture ratio was calculated from
the moisture contents (% d.b.), the initial moisture content and the equilibrium
moisture content at different temperature with time interval of 9 h. From the plot of
moisture ratio versus drying time at different temperatures, it was observed that
moisture ratio decreased rapidly during the first 8 h of drying as compared to the
latter part of drying because of higher availability of free water during initial stages
[8].

Variation in moisture ratio with time at different temperatures 50, 55, 60, 65, 70
and 75 °C was recorded. When a semilogarithmic plot of moisture ratio versus
drying time was plotted at various temperatures, it results that drying time was
reducing with increase in temperature. The value of drying coefficient was given by
the slope of straight line, and the intercept gives the natural logarithmic value at
different temperatures. Half-life method [9] was used in the calculation of drying
coefficient K and plotted in Fig. 2.

y = 0.0687e0.0192x

R≤ = 0.9896
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Fig. 2 Exponential graph of
drying coefficient “K”
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Hence the exponential model was fitted best with the following equation

K ¼ 0:0687e0:0192T ð2Þ

where “T” is the drying air temperature in °C.
Thus, the existing model Eq. (1) is modified for the experimental model using

Eq. (2), and we get model drying equation for the experimental setup.

M �Með Þ
Mo �Með Þ ¼ exp� 0:0687e0:0192Tð Þt ð3Þ

where

t is the drying time in hours,
Mo initial moisture content,
Me is equilibrium moisture content, and
M is moisture content after t time [10].

The value of drying coefficient is calculated from Eq. (2) (model parameter) for
page model at 50 °C results that the energy efficiency is high at n = 1. Therefore,
for n = 1 page model also gives the maximum energy efficiency. Again, model was
tested for the modified page model at varying value of n, and this model also results
the maximum energy efficiency at n = 1 at 50 °C as shown in Table 1.

Here in Table 2, all tested drying model values of chi square, RMSE and energy
efficiency are shown [6].

From Table 2, it can be observed that lower value of RMSE is at 45–60 °C, and
graph in Fig. 3 shows that energy efficiency is higher in the range of 45–60 °C for
modified page model. These results show that the model was best fitted to the
modified page model.

The comparative analysis of the experimental moisture ratio and the predicted
moisture ratios based on modified page model MR ¼ exp �Ktð Þn at drying air tem-
perature 50 °C gave the value of experimental constant n = 1 and drying coefficient
K ¼ 0:0687e0:0192T (Fig. 4).

Table 1 Modified page model at 50 value of n

Temp 0.8 0.9 1 1.1 1.2 1.3

v2 0.002499 0.001647 0.001569 0.002105 0.003114 0.004474

R.M.S.E. 0.034099 0.032153 0.032316 0.034438 0.038677 0.045654

EF 0.971404 0.981305 0.982345 0.976507 0.965537 0.950904

Source: At different value of n, optimum values are highlighted
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Table 2 Values of RMSE, v2 and EF for all model

Model Temp v2 R.M.S.E. EF

Newton model MR = exp(−Kt) 45 0.002636 0.040902 0.967858

50 0.001448 0.032316 0.982345

55 0.001458 0.032696 0.982216

60 0.002539 0.038809 0.969041

65 0.004554 0.051156 0.944476

70 0.007365 0.064292 0.910197

75 0.010838 0.080846 0.867848

Page model MR ¼ exp �Ktð Þn 45 0.002856 0.040902 0.967858

50 0.001569 0.032316 0.982345

55 0.00158 0.032696 0.982216

60 0.002751 0.038809 0.969041

65 0.004933 0.051156 0.944476

70 0.007979 0.064292 0.910197

75 0.011741 0.080846 0.867848

Modified page MR ¼ exp � Ktð Þn½ � 45 0.002856 0.040902 0.967858

50 0.001569 0.032316 0.982345

55 0.00158 0.032696 0.982216

60 0.002751 0.038809 0.969041

65 0.004933 0.051156 0.944476

70 0.007979 0.064292 0.910197

75 0.011741 0.080846 0.867848
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4 Conclusion

Thin-layer drying characteristics of S. tuberosum were investigated at various
drying temperatures of air in tunnel dryer. The obtained data were fitted into drying
models, namely Newton’s model, page model and modified page model and were
compared on the basis of their statistical coefficients such as root mean square error
(RMSE), chi square (v2) and efficiency (EF). The result showed that the predicted
values were very close to experimental values. It was also found that out of all these
models the values of RMSE and chi square were found lowest, and values of EF
were found highest at particular temperature and in larger range value of constants
n = 1 on modified page model. The modified page model was found to be in good
agreement with the experimental results v2 ¼ 0:0015, RMSE = 0.0323 and
EF = 0.9823 for all drying temperatures taken up in the present study.
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Partial Replacement of Cement
with Coconut Husk Ash: A Review

Reshma B. Philip, V. S. Ajay, Amal K. Reji, S. Athulya,
and Asween Santhosh

Abstract Concrete is a strong building material holding fine aggregate and coarse
aggregate bonded together with cement paste. Portland cement manufacturing can
cause environmental impact at whole stages of the process including emission of
huge amount of carbon dioxide. Use of agricultural waste as a coarse material for
the production of concrete will reduce the expenditure of natural raw materials as
resource and reduce the amount of solid waste in the environment. Due to the
increasing cost of cement, it is now becoming unaffordable to use. Other binding
materials are being used instead of cement, and one such agricultural waste is
coconut husk ash (CHA). CHA is obtained by the burning of coconut husk at high
temperatures. This paper covers the chemical properties and application of coconut
husk ash. It deals with the effect of CHA on setting time, workability, compressive
strength and porosity of concrete.

Keywords Concrete � Cement � Coconut husk ash � Setting time � Workability �
Compressive strength � Porosity

1 Introduction

Among various materials used for building construction, concrete is the most fre-
quently utilized medium. Concrete is best opted for its properties of strength,
durability and aesthetics. Building construction using concrete is largely present in
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spaces such as offices, mall, high-rise multi-purpose complexes and more.
Foundations, beams, slabs, columns and other load-bearing elements are thus built
using concrete. Cement is the binding element in concrete. The day-to-day demand
for concrete is growing with the expansion in industrialization and urbanization.
Critical environmental pollutions are caused with the increase in concrete utiliza-
tion. Since its components of concrete are derived from nature, it results in the
depletion of natural resources [1]. The use of natural and artificial pozzolans
together with Portland cement not only results in a high strength concrete (HSC) by
developing concrete microstructure but also finds an alternative preventive solution
that promotes the environmental sustainability. Reduced heat of hydration and
improved resistance against chemical agents are some of the properties obtained in
concrete with the pozzolana activity [2]. There has been a growing interest in using
supplementary cementitious materials that are derived from ashes of organic
materials (mainly agricultural wastes) nowadays.

This paper reviews coconut husk ash as a replacement material in cement and
deals with its effects on fresh and hardened properties of concrete. In 2010, the
composition of World Cement Consumption was 3313 Million Metric Tons. Out of
which 7% in India, 58% in China, 9% in developed countries and 26% in other
countries. In 2009, the composition of coconut production in India was 10,894,000
tones. Kerala, Tamil Nadu, Karnataka and Andhra Pradesh were the leading
coconut producing states in India [3]. Coconut is cultivated in over 86 countries in
the world and India occupying the primary position within the world, yielding 13
billion nuts annually. But in the form of waste coconut, it also contribute to the
nation’s pollution problem as a solid waste [4].

1.1 Applications

• Coconut husk ash is a substitute method for producing silica from agricultural
waste production with lower production cost.

• They can be used for the production of aluminium matrix composite using stir
casting method.

• Coconut husk ash can be used as a stabilizing agent for upgrading soils with low
plastic limit and California bearing ratio.

• Coconut husk ash can be adopted as an excellent mineral fertilizer.
• Coconut husk ash is currently used as a supplementary cementitious material in

concrete.
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2 Material

Worldwide production of coconut in 92 countries is about 10 million hectors.
Around 75% of worldwide coconut productions are done by Indonesia, Philippines
and India. Indonesia is world’s largest coconut producer. The coconut fruit contains
40% of coconut husk which includes 30% of fibre, with dust making up the rest.
Lignin, cellulose, pyroligneous acid, gas, charcoal, tannin, tan and potassium are
the major compositions. The coco casing contains materials that are immune to
fungi and bacteria [5]. Coconut husk is a locally available agricultural waste
material. The ash obtained after the burning of coconut husk is termed as coconut
husk ash (CHA). The coconut husk is exposed outdoor for drying about 2–3 weeks
to facilitate the burning process for ash collection, and then it is subjected to
unrestrained combustion in open air for 3 h. Then it is subjected to cooling for
about 12 h. The resulting ash is then collected and passed through IS sieve to obtain
the required fineness, and this ash is used for further process [6]. Physically, the
colour of coconut husk ash is dark grey.

3 Chemical Composition

The coconut husk ash composition is established using X-ray fluorescence
(XRF) [7, 8]. The main aim of conducting an XRF is to ascertain the percentage of
SiO2. The chemical composition of coconut husk ash shows the existence of silicon
oxide in good load. Iron, magnesium and alkali oxides were also noticed in small
amount, as depicted in Table 1. The presence of silicon oxide in coconut husk ash
enhances its pozzolanic reactivity and cementitious properties, which makes it
acceptable for the use in concrete [9, 10].

Table 1 Composition of
coconut husk ash (values are
expressed in percentage %)

Oxides Authors

Ikeagwuani et al. [9] Kurniawan et al. [10]

SiO2 37 63.3

Al2O 7.74 0.25

CaO 2.14 0.77

MgO 0.21 0.29

Na2O 0.24 –

K2O 43.6 4.24

TiO2 0.04 0.04

Fe2 5.56 0.46

SO3 0.79 0.53

P2O5 2.62 0.63
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4 Effect of Coconut Husk Ash on Setting Time of Cement

Racaza and Cabahug [11] determined the initial and final setting time of cement with
or without young coconut husk ash. They conducted tests to check whether blended
cement satisfies the specification requirement which is detailed in ASTM C150 that
setting time for cement must be between 45 and 375 min. It was observed that the
cement blended with 60, 80 and 100% YCHA did not pass the requirements of time
of setting. So, they focused on concrete with 20 and 40% YCHA replacement.

Arum et al. [12] observed the influence of coconut husk ash on initial and final
setting time by replacing cement with 5, 10 and 15% of ash. Due to the addition of
SCMs in cement, the amount of reaction was reduced causing a contraction in the
hardening of the cement paste. The presence of alumina in the ash was the reason
for the rate of reduction. They founded that the initial and final setting time of
concrete with CHA were slightly higher than 100% of OPC mix but all were within
the specified limits.

Obokparo and Arum [13] studied the effect of coconut husk ash on setting times
of the concrete. Mixtures containing coconut husk ash up to 0, 5, 10, 15 and 20% of
Portland cement by weight were replaced with CHA. It was observed that the
setting time of ordinary Portland cement partially replaced by coconut husk ash
rises with increase in percentage replacement.

5 Effect of Coconut Husk Ash on Workability of Concrete

Arum et al. [12] determined the effect of CHA (5, 10 and 15% substitution) on
compaction factor of the concrete. The test was conducted according to BSI stan-
dards. It was observed that compacting factor increases by increasing the coconut
husk ash levels. It indicated that concrete with CHA mixes has an improved
workability or compactability than concrete casted using 100% OPC.

Obokparo and Arum [13] conducted the workability by replacing cement with 5,
10, 15 and 20% of coconut husk ash. It was noted that the workability decreased at
5% addition of CHA in concrete mix and then started increasing gently making the
concrete appropriately workable.

6 Effect of Coconut Husk Ash on Hardened Properties
of Concrete

6.1 Compressive Strength

Ettu et al. [14] studied the compressive strength by replacing cement with 5, 10, 15,
20 and 25% of coconut husk ash. From the results, it was detected that the
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3–28 days compressive strength values of OPC replaced by CHA were much lesser
than the normal values. While, 90 days compressive strength at 5–10% CHA
replacements in OPC were greater than that of the control values. The 50 days
strength was proportionate to the control values. He also stated that coconut husk
ash (CHA) was courser than the OPC and could increase the compressive strength
by making it into finer particles. There was a subsequent reduction in compressive
strength by increasing the CHA content in OPC.

Racaza and Cabahug [11] replaced the cement by 0, 20, 40, 60, 80 and 100% of
coconut husk ash and determined the compressive strength at 7, 14 and 28 days. It
was found that compressive strength obtained at 20, 40 and 60% designed mixtures
provided favourable applications for masonry purpose. Further increase in the
percentage of CHA than 60% decreased the compressive strength.

Arum et al. [12] obtained the compressive strength of concrete specimens
consisting of 5, 10 and 15% coconut husk ash at 7, 14, 21 and 28 days. It was
detected that the compressive strength of concrete increased continuously as the
CHA content increased from 0 to 15%. The 28 days strengths of concrete con-
taining CHA were 103.1%, 106.2% and 109.8%, respectively for 5%, 10% and
15% replacements.

Obokparo and Arum [13] studied the effect of coconut husk ash on compressive
strength of concrete with or without coconut husk ash at 7, 14, 28, 35, 42, 49 and
56 days. 5, 10 15 and 20% replacements of coconut husk ash were carried out. It
was noted that compressive strength at 56 days of concrete with various percentage
replacements had higher values as compared to 0% replacement. At 28 and
56 days, the compressive strength of concrete with 15% CHA had higher values
than the strength of 100% OPC mixes at the same days.

Table 2 depicts the variation in compressive strength results from different
studies.

Table 2 Comparison of compressive strength results

Si.
No.

Authors CHA replacement
(%)

Compressive strength Unit

7 days 14 days 28 days

1 Ettu et al. [14] 0 14 21.5 23 N/mm2

5 8 15.7 21.9

10 7.8 15.2 20

15 7 12.3 19

20 6.5 10.7 15.2

25 6.1 10 13

2 Racaza et al.
[11]

0 1317 1440 2043 psi

20 1157 1493 1710

40 573 600 650

60 343 406 480
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6.2 Porosity

From the studies of Arum et al. [12], it was found that the addition of CHA in
different percentages (5, 10 and 15%) caused reduction in porosity of concrete
mixtures, due to the increased C–S–H gel formation.

7 Conclusions

Nowadays, the focus of industry is on sustainable development and concept of
green economy which is important to environment and economy. The production of
cement contributes to global warming, which leads to environmental changes. The
utilization of agricultural waste makes the industry more eco-friendly and sus-
tainable. The main aim of this review is to know the suitability of coconut husk ash
as supplementary cementitious material. From the above research works, it could be
concluded as follows:

• Coconut husk ash has great potential to earn a favourable output to be used as a
supplementary cementitious material.

• From the chemical composition of CHA obtained mainly from X-ray fluores-
cence method, it shows the presence of good amount of silicon dioxide in it.

• The initial and final setting time of concrete with CHA are within values set by
the standards.

• The workability of concrete with CHA replacements was better than that of
control specimens.

• Up to a certain percentage replacement of coconut husk ash, it will give
favourable compressive strength, after which the compressive strength decreases
with rise in the coconut husk ash percentage.

• The addition of CHA in concrete also increases its density whereby reducing the
porosity to a considerable extent.

8 Future Scope

These researches were mainly intended to inspect the influence of partial replace-
ment of cement with coconut husk ash at different proportions in concrete. Works
that may be conducted in future with CHA replacements are listed below:

• The influence of CHA additions in concrete using higher grades of concrete
mixes with varying water–cement ratios.

• Further studies could be done by determining the tensile strength and deflections
of concrete containing CHA.
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• It checks on the durability parameters of CHA replaced concrete mixes
including permeability, porosity, seepage characteristics and chemical attacks.

• CHA replaced concrete with plasticizer for higher grades of concrete.
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Employability Improvisation of Students
of Technical Courses Through a Novel
Method of Course Development
and Performance Assessment

Deepshikha Aggarwal, Deepti Sharma, and Archana B. Saxena

Abstract The education sector in India has seen a strong change in terms of
professional courses. The public and private sectors have both been working toward
making the students employable. The professional courses are designed at graduate
and postgraduate levels to provide the skills to students that make them job ready.
The colleges are teaching a predefined course curriculum in every course, and on
the basis of this curriculum, exams are conducted and students are assessed. But this
curriculum is not enough to make the students’ job ready. The students need to be
trained on the current trends in the industry, especially for the courses related to
information technology. These extra efforts that the colleges provide for the stu-
dents are termed as pre-placement activities. In this paper, we have conducted an
analysis of the factors that impact the placement of students after the completion of
Masters in Computer Application (MCA) course. This is higher education a post-
graduate university course of 3 years. In this study, we have considered the marks
obtained in university examination and other pre-placement activities including
technical tests, technical interviews and personal interviews. The results of the
analysis indicate how these different factors influence the placement of students
after the course.
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1 Introduction

The development in the field of education has been tremendous in the past few
years. With the growth of professional colleges and courses, there has been a total
change in the face of education in India [1]. The students in professional colleges
are opting for these courses for the major goal of getting good jobs as soon as they
complete their course. In today’s scenario where most of the professional colleges
are self-financed and not funded by the government, there is a tough completion to
attract the maximum number of students [2]. The main reason that any student will
take into consideration while selecting an institute for higher education is how good
the placements of the institute are [3]. Therefore, all the colleges are working
toward helping the students in attaining their goal of getting placed in a good
company after their study. Education industry is also turning into a service industry
where the students are the main focal point of any educational institute. The social
and economic growth of a country is directly linked to the education and success of
its youth [4].

The educational institutions imparting professional education play an important
role in producing quality graduates and thus creating effective manpower for the
country [5]. The academic performance of students has been a topic of research
over the years. The academic institutions have been focusing more on various
measures to improve the academic performance of the students. It has been also
considered that the jobs that the students get after completing the courses are linked
to their academic performance [6]. The main objective of the paper is to identify the
factors that can impact curriculum-related subjects and pre-placement activities on
the final placement of a postgraduate student. We have considered the academic
performance as one of the factors and included various other factors as well. The
academic performance of the students is measured in terms of the marks they score
in the exams conducted by the university at the end of a semester [7]. The colleges
assess the students on various other parameters such as personal interviews, tech-
nical tests and technical interviews as a part of pre-placement activities [8]. The
projects conducted by the students are also evaluated. The analysis shows that the
academic performance is not the only factor influencing the placement of students,
and these considered factors also play an important role.

What are the important factors determining the placement of students after
completing the Masters in Computer Application (MCA) course. MCA is a
three-year full-time postgraduate course in information technology. Though, in this
paper, authors have conducted the research and analysis on the data from an MCA
college, but this analysis and results can be useful for any course in information
technology. In order to attain the objective defined, the paper is organized as
follows: Key and subordinate objectives are explained in Sect. 2. Further,
“Research Methodology” is explained in Sect. 3 that consists of four steps: data
collection, data analysis, dimension reduction and association analysis. At last, the
paper is concluded with future scope and references considered during the study.
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2 Research Objectives

The main objective of this research is to identify the impact of various factors on the
final placement. The factors considered in the research are:

• Semester curriculum that a student has to study as per affiliating university
guidelines for the award of respective degree.

• Pre-placement activities that the concern/respective college proposes.

Along with the attainment of the main objective, this research has also
accomplished the following sub-aims:

1. Analysis of student’s academic performance semester-wise.
2. Analysis of student’s performance in distinct pre-placement activities.
3. Analysis of student’s placement status [student-wise and year-wise].

3 Research Methodology

The methodology adopted by the authors during the execution of this research
objective can be explained through the following steps;

3.1 Dataset Collection

Firstly, it is required to list the components that can impact the final placement of
the student. All the academic activities that a student undergoes since admission till
the placement are considered as an independent factor in the study. In order to
generate authenticate results and consolidate solutions, dataset is collected from an
affiliated college running MCA program as university affiliated program. The name
of the college is purposefully kept secret by the authors. The actual scores/grades/
marks of the last three year students are collected from the examination cell of
college. It includes grades of internal as well as external examination. The
pre-placement marks/scores are collected from the pre-placement cell of the
respective college. The authenticity of the data is verified from the mark sheets
issued by the university or the documents received by the college from the uni-
versity. For the pre-placement-related grades, authors have to rely on what college
has provided them as there is no means to verify that data. Students have studied
multiple subjects each semester, so in order to reduce dimension, an average grade/
score is allocated to all the subjects studied in one year and considered them as one
factor. The final factors used in the study are mentioned below:

• Academic performance in the first year examination
• Academic performance in the second year examination
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• Academic performance in the third year examination
• Technical test [individually conducted for each IT subject]
• Technical interview [individually conducted for each subject]
• Non-technical interviews.

3.2 Dataset Analysis

Datasets received from source are in Excel format. The authors are quite com-
fortable using SPSS, so all the analysis was completed in the SPSS version-20.
Authors have executed all the analysis in the SPSS. In order to find the correlation
between pre-placement activities and placement grade, Pearson correlation has been
used by the authors because of the following reasons:

• Pearson correlation is most commonly used correlation in the normal
distribution.

• It includes detailed description in its resulting table.
• It can offer positive as well as negative analysis.

All these factors were considered during analysis and chosen Pearson correlation
to find association between concerned factors.

Although dataset consists of two types of details, demographic and academic
details, the objective of the paper is to analyze the impact of academic performances
on placement, so not much importance has been given to demographics, and
authors have decided to exclude this part in the paper. The academic analyses of
students are as follows:

• Analysis of marks of three batches of MCA course—2013–16, 2014–17 and
2015–2018.

• To analyze the impact of academic performance on placement, the results of
three year marks are compiled and observed the performances in each year.

• Marks and analysis for the first year academic results.
• The frequency and percentages for different ranges of marks (Reference:

Table 1; Fig. 1) scored by students in first year MCA. It can be observed that
the maximum students’ marks lie in between 70 and 80. It can be perceived that
maximum students are scoring marks above the distinction marks, i.e., greater
than 75.

Table 2 shows the marks and its analysis for the second year academic results
[9]. It is observed from the Table 2 and Fig. 1 that a large number of students lie in
the marks range of 70–80. In the third year also, the frequency of students is mostly
in the range of 70 and 80 (Table 3).
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Table 1 Analysis of students’ performance in MCA first year

Marks Frequency Percent (%) Valid percent (%) Cumulative percent (%)

<60 2 1.1 1.1 1.1

>60 and <70 55 31.4 31.4 32.6

>70 and �80 80 45.7 45.7 78.3

>80 and �90 37 21.1 21.1 99.4

>90 1 0.6 0.6 100.0

Total 175 100.0 100.0

a b     c  

Fig. 1 a Analysis of students’ performance in MCA first year, b analysis of students’
performance in MCA second year, c analysis of students’ performance in MCA third year

Table 2 Analysis of students’ performance in MCA second year

Marks Frequency Percent Valid percent Cumulative percent

�60 2 1.1 1.1 1.1

>60 and �70 39 22.3 22.3 23.4

�70 and �80 79 45.1 45.1 68.6

>80 and �90 53 30.3 30.3 98.9

>90 and �100 2 1.1 1.1 100.0

Total 175 100.0 100.0

Table 3 Analysis of students’ performance in MCA third year

Frequency Percent Valid percent Cumulative percent

>60 and �70 16 9.1 9.1 9.1

>70 and �80 105 60.0 60.0 69.1

>80 and �90 52 29.7 29.7 98.9

>90 and �100 2 1.1 1.1 100.0

Total 175 100.0 100.0
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Results for Technical Test: In the second year of MCA, students undergo with
various pre-placement activities like technical test, technical interviews and
non-technical interviews. The maximum students are having marks in the range of
80–90 which is perceived as good marks (Table 4; Fig 2).

Result for Technical Interviews: Technical interviews are also a part of
pre-placement activities that are conducted during the second year of MCA. In
technical interviews, various topics like OOPs, databases, software engineering and
programming concepts are being examined. The result analysis of these technical
interviews is being shown below. In Table 5 and Fig. 2, it can be observed that if
the students are scoring marks greater than 80, there are chances to get them placed
in good company with respectable package [10].

Table 4 Analysis of students’ performance in pre-placement activities [technical test]

Frequency Percent Valid percent Cumulative percent

>60 and �70 1 0.6 0.6 0.6

>70 and �80 59 33.7 33.7 34.3

>80 and �90 91 52.0 52.0 86.3

>90 and <100 24 13.7 13.7 100.0

Total 175 100.0 100.0

a) b)         c)  

Fig. 2 a Analysis of students’ performance in pre-placement activities [technical test], b analysis
of students’ performance in pre-placement activities [technical interview], c analysis of students’
performance in three years

Table 5 Analysis of students’ performance in pre-placement activities [technical interview]

Frequency Percent Valid percent Cumulative percent

Valid >70 and �80 28 16.0 16.0 16.0

>80 and �90 118 67.4 67.4 83.4

>90 and �100 29 16.6 16.6 100.0

Total 175 100.0 100.0
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3.3 Dimension Reduction: Dimensions are Reduced
by Calculating Mean

A dimension reduction process has been applied to all the above mentioned com-
ponents [11]. Reduced factors are calculated as follows:

Mean Marks: Mean Marks = mean of 1st year marks + mean of 2nd year
marks + mean of 3rd year marks.

The following table and figure show the mean marks of academic result of three
years of MCA. The mean marks are calculated as the mean of marks of the students
in all the three years of MCA course.

Through dimension reduction, authors have formed the following variables: Let
individual semester results be treated as s1, s2, s3, s4, s5 and s6.

Total Marks ¼
Xi¼1

5

s1 þ s2 þ s3 þ s4 þ s5 þ s6

Mean marks are then calculated for each student, and a score is then calculated
as follows:

Score 1: Marks <60, Score 2: Marks >60 and �70, Score 3: Marks >70 and
�80, Score 4: Marks >80 and � 90, Score 5: Marks >90 (Table 6).

Technical Marks = mean of technical test marks + mean of technical interview
marks.

Let technical test be t1 and technical interviews be t2,
Tech Marks ¼ Pi¼1

2 t1 þ t2.
Technical marks are a combination of mean marks of technical test and inter-

views. The analysis of students’ performance is explained in Table 7 and Fig. 3.
The tech marks mean is calculated as the mean of technical test marks and technical
interview marks, and a score is given as follows:

Score 1: Marks <60, Score 2: Marks >60 and �70, Score 3: Marks >70 and
�80, Score 4: Marks >80 and �90, Score 5: Marks >90 (Table 7; Fig. 3).

PI marks = non-technical interview marks. The PI marks are the personal
interview marks, and a score is given as follows:

Score 1: Marks <60, Score 2: Marks >60 and �70, Score 3: Marks >70 and
�80, Score 4: Marks >80 and �90, Score 5: Marks >90 (Table 8).

Table 6 Analysis of students’ performance in three years

Score Frequency Percent Valid percent Cumulative percent

2 14 8.0 8.0 8.0

3 95 54.3 54.3 62.3

4 64 36.6 36.6 98.9

5 2 1.1 1.1 100.0

Total 175 100.0 100.0
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Salary: Salary is the measure of the goodness for placement of students [11].
During the next few steps, we will analyze the impact of various academic activities
explained above (independent variables) on placement (dependent variable) which
is measured on the scale of salary [12] (Table 9).

Table 7 Analysis of students’ performance in pre-placement activities [tech marks mean]

Score Frequency Percent Valid percent Cumulative percent

3 21 12.0 12.0 12.0

4 116 66.3 66.3 78.3

5 38 21.7 21.7 100.0

Total 175 100.0 100.0

a) b) c)

Fig. 3 a Analysis of students’ performance in pre-placement activities [tech mean marks],
b analysis of students’ performance in pre-placement activities [PI mean marks], c analysis of
student’s performance on salary grade

Table 8 Analysis of students’ performance in pre-placement activities [personal interview]

Score Frequency Percent Valid percent Cumulative percent

>60 and �70 10 5.7 5.7 5.7

>70 and �80 40 22.9 22.9 28.6

>80 and �90 85 48.6 48.6 77.1

>90 and �100 40 22.9 22.9 100.0

Total 175 100.0 100.0

Table 9 Salary grade

Salary grade Frequency Percent Valid percent Cumulative percent

>2 Lakh and �1Lakh 27 15.4 15.4 15.4

>3 Lakh and �4 Lakh 127 72.6 72.6 88.0

>4 Lakh and �Lakh 21 12.0 12.0 100.0

Total 175 100.0 100.0
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The salary is measured in INR (LPA—Lakhs Per Annum) which is given in
different grades as follows: Grade 1: Salary <1 LPA, Grade 2: Salary >1 LPA and
�2 LPA, Grade 3: Salary >2 LPA and �3 LPA, Grade 4: Salary >3 LPA and
�4.5 LPA, Grade 5: Salary >4.5 LPA.

3.4 Association Analysis

There are two categories of variables considered during analysis purpose. The
following variables are used to perform association analysis (Table 10):

The relationship between two variables can be studied through correlation
coefficient [13]. The correlation coefficient creates a relationship between two
variables [14]. The relationship must be linear, independent and normally dis-
tributed. In this study, the authors have tried to find the relationship between salary
and marks of the subjects, technical test and technical interview and personal
interviews [15]. As described above, mean marks are calculated from the average
marks of the subjects of three years of MCA.

Tech score is a combination of technical test as well as technical interviews and
is estimated from these two values. PI score is a resultant of average of personal
interviews. There are few more fields also which are described in Table 11;
marks + PI score which are a combination of exam marks and personal interview
marks. Similarly, combination of tech score and exam marks is created as tech
score + marks. In addition, marks + PI score + tech score is also formed by
combining marks of these three fields. The Pearson correlation has been calculated
to establish the relationship between salary and different assessments done for the
students. The results are shown in Table 11 and Fig. 3.

This study clearly indicates that it is not only the academic marks that influence
the placement of students in a company, but the marks in various pre-placement
activities play a vital role. The above table and figure show that the correlation
between salary grade and exam marks is 0.563, but when we combine marks + PI
score + tech score, the correlation coefficient goes up to 0.684. It can thus be
concluded that a student who performs well in university exams as well as other
tests and interviews will be able to get a good placement.

Table 10 Category of
variables

Variable name Variable type

Mean marks Independent

Technical score Independent

PI score Independent

Salary grade Dependent
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4 Conclusion and Future Scope

In this paper, we have analyzed various academic activities that a student has to go
through during the three years of MCA technical course. The student is not only
assessed on the basis of marks obtained in the end term examination, but a regular
assessment is carried out in the form of technical tests, technical interviews and
non-technical assessments. Domain of the paper is limited to the record of three
batches of MCA students of a college in Delhi, India. This dataset is analyzed for
the listed objectives, and association of dependent variable is identified with various
independent variables. It has been noticed during the analysis that marks obtained
by the students in combination with the pre-placement activities have more asso-
ciation with salary grade or placement package. The current results can be very
helpful for academic institutions in planning their course structure and teaching
pedagogy as the overall aim of all professional colleges is to make the students
employable. The association depicted in this paper can define how variables are
related. In the future, we plan to predict the behavior of the dependent variable
(salary grade) by monitoring and manipulating the behavior of the independent
variables (mean marks, technical score and PI marks).
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Monitoring of Resources in Building
Projects Using Internet of Things:
A Literature Review

Sameer Jain, Kavita Choudhary, and D. K. Sharma

Abstract In India, more than 90% construction projects end up getting delayed
and, thus, resulting in the cost escalation of the project. Both the parties client and
the contractors affect this condition. Hence, to avoid such delays after adopting
different techniques and methods, the condition has never improved. The aim of this
paper is to fulfill the objective of developing the discrete event-based system for
labor, materials, and plant & equipment (LMP) on the construction site, for that the
primary focus reviews the different ways to implement the Internet of Things
(IoT) at the project site and improve the material handling, labor monitoring, and
tracking the plant and equipment for better productivity and efficiency of the overall
project.

Keywords Internet of things � Construction � Material � Labor � Equipment

1 Introduction

For any country, construction is the backbone of the development. According to
Global Infrastructure Outlook Report, construction industry is poised to become the
largest employer by 2022, employing more than 70 million people. “The industry is
expected to grow at a compounded annual average rate of 6.5% to US $691 billion
in 2023. This is further to a registered output growth of 8–9% in 2017, up from
1.9%”.

The time and cost overruns lead to revenue loss to the owner of the company
because delay happens in the projects. According to [1], Internet of Things which is
abbreviated as ‘IoT’ can be defined as network comprising real-world devices or
any physical objects, autonomous moving vehicles, and use objects incorporating
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sensors, embedded computing device with other interfaces like humans and
machines, lined via wired or wireless networks, to capture contextual data from the
environment. As per McKinsey Global Institute (2015), “The Internet of Things has
a total potential economic impact of $3.9–$11.1 trillion per year in 2020.”

According to [2], IoT can help to track equipment, labor, and materials as it
moves around the site, and means effective utilization of resources is a key to the
project management. The key here is minimum wastage and optimal use of man-
power, material, and equipment. Equipment is capital intensive and hence proper
selection, utilization, and financing options, etc., are important to bring trans-
parency in resource life cycle for measuring actual utilization, availability, cost, and
norms, etc.

Many construction firms nowadays face a challenge of delivering complex
projects on a schedule within a given timeline, budget, and maintaining a reason-
able profit margin. Proper planning for managing resources using resource man-
agement in a project is necessary to meet the objectives of the project and the
client’s requirement. Without resource management, the projects can delay or can
become not profitable for the firm. The objective here is to maximize the utilization
of the resources by reducing the wastage and increase the productivity. The pro-
ductivity of different resources that are labor, material, and operation and mainte-
nance are the key factors that result in an increased efficiency of a project.

1.1 Material Handling

For the construction industry, the term material handling refers to the delivery,
movement, storage, and control of materials which are directly affecting the
schedule of the project. In a project, hundreds of construction materials go through
design, fabrication, and storage prior to the installation process. For this availability
of material is to be checked by a store manager. Since not all the materials are cast
on construction site, prefabricated materials are required to be ordered and stored.
As the materials are used, a record in the store is to be kept regarding the material
which has been used and the material which is still left in the inventory. This
inspection is to be done on regular basis to keep a track of the material which at a
later stage affects the procurement of material. If the material is not available at the
site on time, it would cause an unnecessary delay which would cause an increase in
the project cost.

According to [3], “the receipt and inspection of materials, to storage, assembly
and usage, the material handling system should be organized and well-coordinated
so that each individual working on site is aware of its working. Also, this is to be
carried out keeping in mind that the cost of material in a project is 50–60% of the
total cost of the project.”

According to [4], “material tracking is advancement of technology through any
material kept on site can be tracked in terms of details and location. Tracking of
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material and components in a project implies basic two sets that are positional
accuracy and identification.”

According to [5], “Since recent advancement has open doors for automated data
collection (ADC) technologies the tracking of material has become easier. One of
the most used technology for tracking purpose is radio frequency identification
(RFID) which gives the two-dimensional location when combined with global
positioning system (GPS).”

1.2 Labor Tracking

According to [1, 6], “We can keep a track on time and attendance. This has a
positive effect on the working culture of a labor. Tracking of labors help us in
keeping a track on specific group of workers, whether they are performing the given
work to them in proper manner, according to the allotted time or not”.

At a construction site, multiple subcontractors work on anything from HVAC
systems to glassworks and plumbing works. If the final contractor gets a bill of
6000 men hours of plumbing work, they usually will not be ready to cross-check if
that requirement is correct or inflated. And since multiple contracts with subcon-
tractor are expensive, there is not sufficient incentive. Once the contractor applies
labor trailing with a reduced trailing badge, he will then cross-check and verify all
labor hours. Hence, with the use of IoT on construction site, accurate tracking of
labor hours gets easier.

1.3 Plant and Equipment Monitoring

According to [1, 7, 8], “In relation to equipment monitoring and repair, sensors can
enable machinery to detect and communicate maintenance requirements, send
automated alerts for preventive maintenance, compile usage and maintenance data,
and increase efficiency by remotely monitoring fuel consumption. In essence, it
helps businesses ensure that their vehicles and machinery can be in use for the
maximum possible time, which, in turn, boosts on-site productivity.”

2 Literature Review

According to [3], “It states that the contribution of material and equipment cost
varies 50–60% of the total cost of the project depend on size and scale, therefore to
improve the efficiency and productivity the tracking of the equipment’s and
materials is a necessary activity. Radio Frequency Identification (RFID) was used to
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tracking of the materials which is combined with global positioning systems
(GPS) which automatically detects the tags.”

According [2], “It states that in order to complete a project within a given
specific budget and time, the importance of knowing workforce productivity is
necessary. In this thoracic posture data was captured by using a technique fusion
spatiotemporal which automatically assess the data. Three zones at the site were
identified for experimental set-up which was divided into material zone, work zone
and the rest zone, then the experiment was performed by assigning a certain task to
a pair of workers. The workers at site had to disassemble a deck and then
reassemble it at a different place on site. The technology used for tracking their
location and thoracic posture status are ultra-wideband technology (UWB) and
physiological status monitoring (PSM).”

According to [9], “It states that the importance of tracking of resources such as
equipment, labor in real time focused on sensing and visualization technology. In
these different scenarios were created on construction site to investigate the pro-
cedure of increasing safety and task control management in a project. First scenario
was non-availability of a worker working on site near the equipment. The data was
published to a 3D online viewer and the safe and proximity threshold zone were
computed. Second scenario is for to measure the productivity and safety perfor-
mance of the site workers was computed in which the site workers was provided an
ultra-wideband (UWB) tag on the helmet and the speed of monitored tag was
calculated.”

According to [6], “It states that uses a method of converting the 2D coordinates
into 3D coordinates by camera calibration, camera pose estimation, 2D tracking,
and triangulation.”

According to [1], “It states it provides a model by using discrete event simulation
(DES) for real-time monitoring construction operations with the help of actuators
and sensors on construction site. This model codifies the plan of the operation by
logic and resource flow as input data during the planning stage. During the exe-
cution phase the model is updated in real time to reflect the ongoing status of the
site by the communication of different entities involved. Another model that is the
finite state machine (FSM) model is also used and follows three steps: identifying
all states of a machine, determining the input and creating a state transition
diagram.”

According to [10], “On construction site there are challenges for the operation
which are typically spread across large areas and require collaboration between
several dissimilar resources. The uniqueness that creates logistical challenge for
making automating decision on construction worksite. A framework for leveraging
the ubiquity of devices that can be considered part of the Internet of Things (IoT) to
inform real-time decision making and automation on construction worksite. The
method for programmed based decision model are then made automatically on real
time operation and relayed back to the entities on the worksite through the Internet
of Things Infrastructure.”

According to [11], “outlined that how to unite both railways and highways in
order to give a door-to-door service by tracking model system as people are more
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interested in real-time tracking and are more concerned about the status of the
parcel. IoT gives the potential to connect different modes of transportation in near
future.”

According to [12], “It states that the present situation of construction industry
has made to the development of smart construction objects (SCO’s). The SCOs is
possible only when there is a smart mixing of skills of sensing, processing, net-
working, computing, and responding. Although SCOs in the construction sector is
there at infant stage but it helps to take better decisions. A smart construction object
must have three important properties-awareness, communicativeness and
self-sufficiency. Each kind of the autonomy, awareness, and communicativeness are
not fixed to a one-to-one correspondence. SCOs is capable of sensing, computing,
communicating, and taking action without essentially involving human
intervention.”

According to [13], “outlined that material coding, labeling, identifying, trans-
mission, resolution, and application with the use of IoT for better inventory control.
With the use of IoT we can automatically perceive, collect and intelligently analyze
the information efficiently and manage them. The proper use of materials to reduce
wastage, prevent illicit usage of materials, prevent theft, to achieve economy in
construction.”

According to [14], “It states that causes of delay in construction industry are
insufficient site management, Poor site coordination, Improper planning, No clarity
in the scope of the construction project, Lack of coordination and Inefficient site
management. IOT techniques—this captures real time behavior of the object
enabled by IoT device so that optimal scheduling is achieved. The comparison of
the proposed model and classic ant system presents the outperformance of average
computational cost. There should be monitoring of day-to-day activity is required to
minimize the delay of insufficient site management. So, the sensors to capture
information are set and the real time monitoring of the sensor are done. Correlate
sensor parameter and past failure or material needs into the actionable insights.
Once the material needs or possibility of delay is identified then it is immediately
connected to network and sent to the site manager. So, the site manager can take
action regarding the issue even though the site manager is not present at the con-
struction site.”

3 Proposed Methodology

This research is descriptive in nature. The descriptive method of research design
helps researchers plan and carry out descriptive studies, designed to provide rich
descriptive details about labor, material, and plant and equipment utilization, pro-
ductivity, performance, equipment health, and maintenance requirements.

This type of research is often associated with cost optimization of ongoing
projects. The outcomes of the same can also use for benchmarking P&E
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performance. Also, the inputs can be factored suitably for any proposal stage
projects bids.

This study is based on the data recorded by different IoT sensors by deploying a
prototype model and monitoring the performance of LMP of any building project.

Initially, the testing of prototype model may take more time, and suitability of
the physical environment at any construction project site will be the concern for
implementation.

4 Conclusion

In this, the applications of Internet of Things (IoT) in the construction industry and
certain prerequisites are prior to its implementation. Construction sector is going in
verge of adopting new technology, and IoT is one of the emerging technologies We
have identified this gap, and actual implementation of IoT in material management
includes tagging material with sensors and radio frequency identification (RFID);
whereas, for labor monitoring accelerometer, motion sensors, global positioning
system (GPS), global system for mobile (GSM), radio frequency, microcontrollers,
etc., have been used. On-site labor tracking helps construction managers to manage
difficult task of managing safety, productivity, and overall performance of the
construction project and has created a IoT device to monitor the equipment. The
real-time data collection technology integrated with the equipment with onboard
sensors and microcontroller to provide real-time monitoring of equipment to
enhance the productivity and the performance. Equipping assets with IoT device
will help managers decide when to execute proactive maintenance to maximize
performance and prevent any breakdowns. Human interference and human errors
can be reduced to a greater extent through the use of this method. Plant and
equipment tracking is done using finite state and discrete event-based method. In
this way, the mobility and inventory could be effectively monitored completely
independent of “human factor,” thus eliminating the chances of mismanagement,
miscommunication, and theft.
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A Review of Recent Technology
Development in Multilevel Inverter
and Their Application in PV Systems

Aditi Gupta and Deepak Verma

Abstract The multilevel inverter (MLI) is gaining more popularity because of their
wide applications in medium-voltage and high-power applications and their
growing utility in renewable energy (RE), especially in PV systems. As the power
generation using fossil fuel causes more pollution, and over a period of time, it will
extinct. Hence, the world is seeking for new energy resources, and renewable
energy has many advantages; they are sustainable, clean, pollution-free, and
inexhaustible. The MLI has many uses in grid-connected PV systems. In this review
article, the global status of renewable market, especially solar energy, classification
of various inverter types, and their applications are reviewed and compared
schematically, and the recent advancement has been discussed. It has been noticed
that as the level of inverter increases, THD is reduced significantly with CHB
having lowest THD and HM, and symmetric and asymmetric are the latest
advancements in MLI.

Keywords Grid-connected PV systems � Multilevel inverter � Neutral point
clamped � Flying capacitor � Cascaded H-bridge � Hybrid multi � Symmetric MLI �
Asymmetric MLI

1 Introduction

Renewable energy (RE) sources, such as solar power, wind energy, biomass, and
hydropower, are some of the major electricity generating resources today, and they
make up to 28% of global electricity generation according to IEA for year 2020 [1].
The use of renewable resources is increasing because of their many advantages over
fossil fuel like clean, pollution-free, and most importantly, they are inexhaustible.
Their lower-carbon emission rapidly is considered the best solution as green energy.
The solar energy systems are estimated to grow by 16% by the end of 2020 [1], and
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it is estimated that by 2050, our energy needs can be met by 85% and more by
renewable energy [2].

Due to technological advancement in the PV system, the price of installation has
decreased a lot, and it has become more affordable for everybody. The use of RE
sources has increased extremely during the last 10 years because of the advance-
ment in the grid integration technologies [3]. As discussed in [4], PV systems can
be identified into two main groups, that are, (1st) the off-grid PV systems and
(operated independently of the utility grid) (2nd) grid-connected (on-grid) PV
systems. They have a combination of an inverter, energy source, utility grid, and
PV systems. The inverter acts as an interfacing between the PV systems and the
grid. An inverter is defined as a device that converts direct current (DC) into
alternating current (AC). Inverters can be classified into two types: regular (two
levels) inverter and multilevel inverter (MLI). As some loads require high power
and some require medium power, so using high power for every load damage the
medium and low load so a multilevel inverter is used as a substitute for high-power
and medium-/high-voltage situation it gives output as high power from
medium-voltage source. MLI is preferred more because of its multi-stepped output
waveform. It has many applications in the industry like in dynamic voltage restorers
(DVR), distribution static compensators (DSTATCOM), electric vehicles (EV),
unified power flow controller (UPFC), grid integrated (PV) systems, and various
other fields [5].

In 1975, Baker and Bannister coined the term MLI. In that topology, they made
a series-connected full-bridge power cells with each cell having an isolated DC
source and four switches [6]. This topology gives output as AC voltage staircase
waveform. This staircase waveform has many advantages like low harmonic dis-
tortion and low switching stress and can be used for high-voltage applications. MLI
is used in PV systems due to their advantages like reduced total harmonic distortion
(THD) and lower power losses. The THD is reduced significantly as the number of
levels is increased [7].

2 Global Status of Renewable Market

The world has installed 176 GW of RE power capacity; according to IRENA report
2019, it also states that 90% comes from wind and solar farms [8]. Many countries
are shifting to RE power generation, and in that, specially, wind and solar powers
because of their advantages like easily accessible to remote areas like villages and
hilly areas and their technological advancement have also made it possible to be
more affordable. According to IEA, RE power capacity aims to grow by 50%
between 2019 and 2024, and the major growth will be seen in solar energy that is
equivalent to 1200 GW. Solar PV alone accounts around 60% of the total gain
expected [9].

India comes in the fifth position in solar power energy [10]; recently, a 750 MW
solar power plant project has been set up in Rewa, Madhya Pradesh. It is expected
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to be completed by 2022. It will help the country to reduce its carbon emission by
15 lakh ton per year. Solar power is the fastest growing RE source in the last
decade.

This expansion is because of the growing demand for electricity, and PV system
is best due to its increasing effectiveness, reducing carbon emission, and afford-
ability in supporting the electricity grid. The affordability is increased in the grid
integration of PV system which is due to the enhancement in the current grid
connecting MLI technologies. The output AC staircase sinusoidal waveform is
close to an actual sine waveform; as the levels increase, the THD will decrease [10].

3 Classification of MLI

MLI is used where a high-power output is needed for medium-voltage batteries,
super capacitors, and solar panel; all are medium-voltage sources; hence, MLI is
used in them. They are a cost-friendly solution due to their many benefits in
industries. They consist of DC sources and semiconductor devices. MLI can be
classified based on DC sources used. They are classified into two types, i.e., single
DC source and multi-DC source which can be further classified as seen in Fig. 1.

3.1 Single DC Source

Single DC source can further be divided into two major types: neutral point
clamped MLI (NPC) and flying capacitor MLI (FC).

Multilevel Inverter
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Fig. 1 Classification of MLI
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3.1.1 Neutral Point Clamped MLI

This inverter was first introduced in 1980 by Baker and banister [6]; they are also
known as diode clamped MLI because they use a diode as their clamping device. In
these inverters, capacitors are generally connected in series, and diodes are clamped
to give a multiple voltage level [11–13]. A three-level NPC is shown in Fig. 2a. In
this circuit, the voltage is divided into three levels of voltage by the help of two
capacitors, where n denote the neutral point in the middle of the capacitors C1 and
C2. The output voltage denoted as Vnp has three levels. When switches S1 and S2
are turned on Vdc/2, voltage is generated, and for voltage −Vdc/2, switches S3 and
S4 are to be turned on, and for having the 0-voltage level, switches S2 and S3 are to
be turned on. The only difference between the traditional two-level inverter and
three-level NPC is diodes D1 and D2. Where each diode blocks the voltage equal to
the number of switches above it times the supplied DC voltage, hence diodes D1
and D2 switch voltage to half the level of input DC bus voltage [13]. A diode
reduces the stress on other electrical devices connected to it by transferring the
limited amount of voltage. The voltage across the point o and p has output Vdc, i.e.,
Vop = Vdc, when both switches S1 and S2 are switched on or turned on. In this
circuit, D2 balances the voltage sharing between the switches S3 and S4 where S1
blocks the voltage across capacitor C1, and S4 blocks the voltage across capacitor
C2. The output Vnp is AC in nature, while output Vop is DC in nature. A five-level
NPC is shown in Fig. 2b; it generates five level output waveform by the combi-
nation of switches, diodes, and capacitors similarly like in case of three-level, but as
it generates (five-level) a five-step voltage of input DC voltage. It has lower THD,
and pulse generated is closer to a sine wave as compared to three-level. Its
advantages are as follows: it has low cost and lesser number of components and has
simple control logic for higher levels; its voltage harmonics is focused on double of
the switching frequency, and it is more efficient for back-to-back power connec-
tions. Despite having many advantages, it has some disadvantages as follows:
maintaining the charging and discharging is difficult, and as the levels increase
having more clamping diodes increases the complexity and largeness, uneven
power distribution among switches [14].

3.1.2 Flying Capacitor MLI

These were introduced in 1992; their structure is similar to NPC MLI. The only
difference is that instead of clamped diodes, they use clamped capacitors, and they
are called FC MLI because capacitors float with respect to earth potential. As shown
in Fig. 2c, a three-level output is synthesized across the points p and n which is Vdc/
2, 0, and −Vdc/2. Switches S1 and S2 are triggered for having voltage level, Vdc/2;
similarly for having voltage level −Vdc/2, switches S3 and S4 need to be switched
on, and for having the 0-level, either pair of switches (S1, S3) or (S2, S4) needs to
be turned on. When switches S1 and S3 are switched on, the clamped capacitor Cp1

gets charged, and when S2 and S4 are triggered, it gets discharged [13]. By wisely
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selecting the switch combination of the 0-level, charge across the clamped capacitor
Cp1 can be maintained. Similarly, a five-level FC MLI as shown in Fig. 2d produces
five levels of voltage by same process as explained for three-level FC MLI; the only
difference is that as the level of inverter increases, the THD is decreased signifi-
cantly [7]. Its advantages are

• Each branch can be analyzed separately and individually.
• More modularity and easily extensible structure.
• Easy to balance capacitor voltage even for higher levels.

Its major disadvantage is pre-charging of capacitors, and tracing the voltage of
floating capacitor is difficult, and it is expensive too [15–17].

a b c

d e f

Fig. 2 Circuit diagram of a three-level NPC MLI, b five-level NPC MLI, c three-level FC MLI,
d five-level FC MLI, e three-level CHB MLI, f five-level CHB MLI [5, 13]
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3.2 Multi-DC Source

As the name suggests, they use multiple DC sources as input for the inverter. As
seen in Fig. 1, multi-DC source MLI can also mainly further classified into two
types: cascaded H-bridge (CHB) and hybrid multi (HM).

3.2.1 Cascaded H-bridge MLI

As the name suggests the CHB is a merger of two or more single-phase H-bridge
inverters for having m level (m − 1)/2 H-bridge is needed and each H-bridge
requires a separate DC source, where each H-bridge is merger of four switches and
a DC source. As shown in Fig. 2e, each H-bridge generates a three-level waveform
Vdc, 0, and −Vdc, where the Vdc is generated when switches S1 and S4 are on,
similarly, −Vdc is obtained when switches S2 and S3 are on, and 0-level can be
generated by using either pair (S1, S3) or (S2, S4), and the main output voltage is
the summation of each H-bridge output voltage. The CHB MLI allows DC sources
utilization with different levels of voltage magnitude that can be used to achieve a
higher number of voltage levels as an output. As H-bridge is connected in series,
each H-bridge should be supplied with isolated DC sources. A five-level CHB MLI
is also shown in Fig. 2f. Its advantages are

• Less switching loss as it does not need any capacitors or diodes for clamping.
• Due to its flexible structure, it can be extended to any number of levels.
• Low distortions in the output waveform and THD are also very less.
• Can be operated at both fundamental and high switching frequencies.
• Easily used for high-power application.

It is most commonly used topology but it has few disadvantages like it needs
separate DC sources or capacitor stand for each section and need the more complex
controller and its asymmetric topology lacks in fault-tolerant capacity [5, 8, 9, 13].

CHB can be further identified into two types: equal DC source and unequal DC
source. In equal DC source, all the DC source of H-bridge is equal to one another;
however, quite often, DC sources are not equal to one another. As batteries
might have different internal resistance, hence that topology is categorized under
unequal DC sources CHB MLI the unequal DC source problem may even arise as
each DC source will charge and discharge differently from another DC. Hence, the
PWM technique is used to eliminate this problem [10].

3.2.2 Hybrid Multi

This is generally the combination of multi-DC source inverters and single DC
source inverters. They become popular as they increase the quality of output
waveform and enhance performance parameters; for example, NPC + CHB is a
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combination of neutral point clamped and cascaded H-bridge MLI. This inverter
will have higher efficiency and high-power quality due to low-frequency switching
of power cells and large number of levels [18]. The other one is DC + CHB which
consists of a half and full bridges of inverter cells. It uses floating DC links to lower
voltage cells and to compensate the voltage distortion [15]. The topology is used for
motor drive applications and low switching frequency; due to that the motor cur-
rent, THD will increase [8]. Similarly, there are many possible combinations to
increase the quality of output waveform.

4 Application and Comparison of Traditional Inverters

MLI is used in different applications such as NPC MLI are mainly used for static
var compensation, variable speed motor drives, for interconnecting high-voltage
system, DC or AC transmission line mainly for high voltage, and for high-power
drives, whereas FC MLI is used in static var generation, for AC–DC and DC–AC
conversion applications, sinusoidal currents rectifier and converters with high THD
capability [7, 14]. CHB is the most commonly used MLI in industry, and it has
many applications such as motor and EV drives, active filters, power factor com-
pensators, and DC power source utilization and is mostly used for interfacing with
renewable energy [5–14]. A comparison is shown in Table 1.

5 Recent Technology in MLI

Many new technologies are developed in MLI as NPC, FC, CHB as implementing
them becomes costlier because of more switches, complex control and increase in
the size of inverter. It can be overcome by using reduced switch count in MLI [16].
There are many reduced switch counts-based MLI, and they are classified as
symmetric MLI, asymmetric MLI, transformer-based MLI.

Table 1 Comparison of multilevel inverter topologies

Parameters Multilevel inverter topology

NPC FC CHB

DC sources 1 1 (m − 1)/2

Switches 2(m − 1) 2(m − 1) 4((m − 1)/2)

DC bus capacitors m – 1 m – 1 NIL

Clamping diodes (m − 1) (m − 2) NIL NIL

Clamping capacitors NIL (m − 1) (m − 2)/2 NIL

m is the level of inverter [5–8, 11–14, 19, 20]
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5.1 Symmetric MLI

The reduced switch symmetric MLI can further be divided into two parts with
H-bridge and without H-bridge as the word symmetric suggests that the DC sources
used are symmetric or equal in magnitude. As compared to traditional CHB MLI, a
basic symmetric requires one DC source and two switches. As switches are reduced
significantly, as a result switch loss is also reduced. As shown in Fig. 3a, this
inverter has two parts: one part is the level maker and the other is polarity maker.
The level maker part consists of separate DC sources (n) and main switches (n), and
the other part polarity maker part consists of H-bridge cell. It uses to produce 0
voltage level and also to change polarity in every half cycle, where S1 and S2 are
switched on for positive half cycle and S3 and S4 is switched on for negative half
cycle. An (m) level inverter requires m + 4 switching devices and 2m + 1 separate
DC source and the DC source has voltage Vdc. The maximum output obtained will
be mVdc and the advantage of this topology is the lesser number of switches and
lower conduction loss [17, 21].

5.2 Asymmetric MLI

The reduced switch asymmetric MLI uses the DC source, and switch number is the
same as symmetric MLI, but it produces higher output voltage level. As the name
suggests, they use asymmetric or unequal magnitude DC source. As shown in
Fig. 3b, it is the fusion of a basic unit and an H-bridge. It also has two parts: the
level maker which consists of switch, a DC source, and a diode; the diode is used to
put a bound to the number of level generation and the second part is polarity maker.
The basic unit produces a staircase voltage output and creates the level and the
H-bridge for the polarity generation. This topology uses n number of diode, and
power switches (PS) require n number of DC sources and a H-bridge. In this

a b

Fig. 3 a Symmetric MLI [17], b asymmetric MLI [21]
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topology, the number of switches is reduced drastically; as compared to a traditional
CHB MLI topology, it can generate a specific level of output voltage. For an 3m

level inverter, it requires m + 4 switches and m diodes [21].

5.3 Transformer-Based MLI

Transformer-based inverters can further be classified into line frequency
transformer-based and high-frequency transformer-based inverter; they are safer to
use as they have galvanic isolation and have reliability due to their compact and
simple design, and any extra safety measure is not required; however, they are
heavyweight and have low efficiency. The most generally used single-phase
transformer-based grid-connected inverter is active NPC, Conergy NPC, half
H-bridge, full H-bridge, HERIC, H5, H6, etc. [12].

6 Conclusion

RE sources are gaining high popularity due to their advantages, and the world is
becoming more dependent on RE sources for power generation. In RE sources,
solar energy is emerging as a more reliable and fastest growing due to advancement
in technology and its advantage of being accessible even at remote locations. And
for its integration in grid, MLI is widely used because it can be easily integrated
with RE sources.

The MLI is generally used in medium/high-voltage and high-power output
applications. The wide advantage of MLI like low harmonic distortion, operation on
high and low switching frequency (in case of lower switching frequency, losses are
less; hence, higher efficiency can be achieved), improvement of power quality has
made MLI widely used in industries. Since their development, many new topolo-
gies and technology have been introduced which have improved efficiency a lot.

This review paper has discussed the current situation of RE sources and the
global market status of solar energy and has classified commonly used MLI their
advantages, disadvantages and their application have been discussed. For each
MLI, the three-level topology has been explained and the diagram of three-level, as
well as five-level, has been included for better understanding. As the number of
levels in an inverter increases, the THD is reduced significantly; it has been noticed
that CHB MLI has the lowest THD among all. The HM type is the latest
advancement in MLI, and it is used for enhancing performance and waveform.

The traditional inverters require many components which increase the size and
complexity of inverters; hence, recent technology in inverters is also discussed
which is basically rectifications of some disadvantages in traditional inverters.
Asymmetric inverter is most commonly used among them, and in
transformer-based transformer, less inverters are more preferred as they are cost
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effective, but leakage current problem still exists in them; hence, they require more
safety measures. The objective of this review is to cover maximum of the topics in
MLI and RE and solar and give a basic idea of MLI.
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Image Analytics on Damage Assessment
to Draw Inferences on Pre and Pat
Incident Assessment

Harshit Sharma and M. Monica Subashini

Abstract The image segmentation techniques have turned out to a mainstay in
object detection and tracking techniques. The image recognition methodology can
be of extrinsic use to the industrial sector, where it can be exploited for damage
assessment to draw inferences on pre and pat incident assessment. As far as image
classification is concerned, the reason why researcher chose CNN technique is
because it does not require feature engineering as is the case with other techniques
like support vector machine. It also turns out to be independent of rectilinear motion
and radiance of the object. Six Sigma has been discussed as a key factor for image
analytics on damage assessment. The feature map is obtained by correlating input
matrix and kernel in CNN technique. In the pre-pat assessment done with the
reference object, it can be inferred that the reference can is mapped onto the
database, and the input image is compared for pixels to mapped onto. If the pixels
do not map on to the reference image, it is clear that the product synthesized is not
meeting the threshold conditions and should therefore be classified as faulty. On the
other hand, if there is a match, the product is fit for user consumption. If a faulty
object undergoes a pre-incident damage assessment (via CNN classification tech-
nique) at the warehouse, it can be easily filtered out and prevent any third-party
complaints. In this way, conglomerates to start-ups can ensure that the production
process generates less than 3.44 defects per million.

Keywords Image analytics � Damage assessment � Computer vision � Six Sigma �
Convolutional neural network � Object recognition

1 Introduction

The basic idea of image analytics revolves around the concept of computer vision.
The researcher has utilized images and videos to detect, classify, and track objects
and events to understand real-world scenarios. The first step is getting the image/
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video on which we have to work (most of the time, we take up real-time situations).
The subsequent step is image processing, wherein we want to remove any sort of
noise, adjust contrast, or perform some similar form of pre-processing. Then, we
want to identify or more elaborately classify the objects involved in the scene. For
instance, consider a busy street scenario, the user might be interested in keeping
track of moving car (object of interest). After identification, we can go for inter-
pretation where we can give traffic violation signals to the vehicle, which was being
tracked in the hypothetical scenario discussed above [1]. Segmentation and blob
analyses have turned out to be another mainstay in object detection and tracking [2].
Researcher has made use of MATLAB software as it has turned out to be a
dominant software in exploring deep learning concepts [3].

In this research paper, researcher has made use of deep learning concepts for
image recognition. Considering an in-depth learning approach to image recognition
would irrefutably lead us to make use of convolutional neural networks (CNN) for
feature extraction from dummy images [3]. Then, further training using this algo-
rithm can help in extracting those features in contemporary images. The raw image
can be obtained from the client, and then based on our segmentation process, we
can go for finding the binary image, and further functions can be used for the
feature extraction process [4]. This image recognition methodology can be of
extrinsic use to the industrial sector, where it can be exploited for damage
assessment to draw inferences on pre and pat incident assessment.

1.1 Methodology

Step 1—Identification of an appropriate object for carrying out the object recog-
nition process using CNN algorithm. Some of the parameters to be taken into
account while selecting the prototype are surface area, volume, shape, size, radius,
etc. A soft-drink can is selected as a prototype.
Step 2—Deciding the appropriate software to carry out the simulation process.
MATLAB is selected because it has turned out to be a dominant software in
exploring deep learning concepts.
Step 3—Capturing images of the soft drink can at different positions on a plane,
varying illuminations. The database should contain the images of the can in both
regular and deformed states for the damage assessment to be carried out.
Step 4—Formulating the MATLAB code for pre and pat incident damage
assessment which does the segmentation process [5]. The object is bounded in a
two-dimensional frame.
Step 5—The feature map can be used to determine whether the can is defective or it
is termed as a full connection if the pixels map with the reference image stored in
the user’s database. A full connection essentially indicates zero defect level of
quality.
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2 Six Sigma and Damage Assessment

Six Sigma has a pivotal role to play in the production sectors. Going back to the
80s, two gentlemen Bob Gavin and Bill Smith, both working at Motorola Inc, an
America-based multinational telecommunications company, developed the Six
Sigma quality improvement methodology in 1986. Six Sigma’s basic idea was to
improve the product quality so that the number of defects associated with the
process becomes so few that they are statistically insignificant. For a device
engineer, it is interpreted that the defects are materially insignificant. Industries can
realize a continuous audit control environment as we look to remove/reduce the
errors substantially.

The defective product may have either a design defect or a manufacturing defect
associated with it. A defect can be classified as a manufacturing defect if an error
occurs at the manufacturing time, causing deviation from the proposed design of the
product. On the other hand, a defect is classified as a design defect if there is a flaw
in the original blueprint.

If we have a process operating at 3 sigma, then we are allowing 66,802.7 errors
per million opportunities [6]. Six Sigma is a set of tools and strategies for process
improvement. A “process” can be anything from filling a can with coke in a
production process or serving a Burger at a McDonald’s restaurant. The term “Six
Sigma” translates to having 3.4 defects per million products produced. Six Sigma is
basically a management philosophy that intends to improve customer satisfaction to
near perfection.

The selection of Six Sigma projects should be aligned with strategic business
goals, including any of the following: cost reduction and profitability improvement,
increase in customer satisfaction, improvement in product and service quality,
reduction in the lead time of product or service, improvement in employee
performance

Once Six Sigma is achieved in our processes, a little variation may still be
acceptable, as we would always be within the customer’s specification limits.
Studies show that the general benefits will outweigh the costs within six to
12 months from the introduction of the Six Sigma software development program.
Continuous returns will be much higher—usually, a 15–25% reduction in software
development costs for the second year, with a further reduction thereafter. Some of
the areas in testing where Six Sigma can be used are improving test effectiveness,
increasing test coverage, etc. The ultimate goal of Six Sigma is to achieve a
zero-defect level of quality. In Six Sigma, quality means taking care of customer
expectations [7].
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2.1 Six Sigma: Variation and Impact on Organizational
Performance

The common objective in virtually all six sigma projects is the elimination of
variance. Earlier variation was defined as an out of specification occurrence, but
now, variation means to drift away from uniformity and consistency. Staying on
target is what companies should strive for rather than meeting specifications. Most
processes are generally distributed with a mean and standard deviation.

Regarding the impact on organization revenues with the use of Six Sigma, 84%
of professionals believe that Six Sigma implementation has had an enormous
impact on the revenues of their organization, 4% saw only a low impact on revenue,
and 12% were undecided about the effects. Therefore, emphasizing damage
assessment would be a critical factor for industries to comply with the Six Sigma
rule and improve customer satisfaction.

2.2 Correlation Between Six-Sigma and CNN

Six Sigma concepts can be easily applied to the damage/defect index. Depending on
the use case, the upper control limit (UCL) and lower control limit (LCL) can be
fixed and then evaluate whether the damage assessment process carried out via
CNN algorithm is within the permissible limits or not. Additionally, based on task
performance, the researcher can see whether or not it will be pertinent for Six Sigma
limits. It can also be noted that the image recognition process using CNN will only
be relevant if carried out at Six Sigma level; else, the defect rate would be sub-
stantially high and cannot be considered for implementation at large-scale
processes.

3 CNN and Image Recognition

A significant contribution to the evolution of convolutional neural networks was
given by Alex Krizhevsky, who used his skills to win the ImageNet competition in
2012. His noteworthy contribution was that he had brought down the classification
error from 26 to 15%.

The convolutional neural network is better known as CNN which is basically a
neural network model for dealing with 2-D image data, although it can also handle
1-D and 3-D data also. It is most popularly used for analyzing images and classi-
fication problems. In general, we can think CNN as an artificial neural network that
has some type of specialization for being able to pick out or detect patterns and
make sense out of them. This pattern analysis is what makes CNN useful for image
recognition [8]. The differentiating feature of CNN as compared to the standard
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multi-layer perceptron network is that a CNN has hidden layers called convolu-
tional layers [9]. To elaborately understand the concept of the convolutional neural
network, we must first understand the operation of convolution. This transformation
is termed as a convolution operation. It is known that the technique was designed
for 2-D input, and the multiplication is performed between an array of input data
and a 2-D array of weights, called a kernel [10].

We are assuming a single input image with multiple edges, shapes, and textures.
In this case, what the filter will seek in the input image are the edges and can,
therefore, be classified as an edge detector [11]. The deeper our CNN network
becomes, the more sophisticated these filters become. The output obtained after
multiplying the filter with an input array once results in the 1-D output. Upon
repeated multiplications, the output obtained is a two-dimensional array of output
data. The 2-D data collected from the above operation is coined as ‘Feature Map’
[12].

Image classification is the task of taking an input image, and the result is a
probability class that best narrates the image. The image recognition technique
comes as an innate ability for humans. In contrast, in the case of machines, the
expertise of recognizing an image is acquired by prior knowledge and training for
varied image environments [13].

In the image analysis carried out in this paper, sigmoid activation function has been
used. The researcher chose this model since in most use cases the output layer for
CNN model is a multinomial logistic regression which requires normalization of the
output layer units. The mathematical representation of sigmoid activation function
is as follows:

y ¼ 1
1þ e�x ð1Þ

There lies a significant difference between humans and computer vision. In
computer vision, the can displayed above is interpreted as an array of pixels. This
array of pixels is dictated by the resolution of the image. An image can be repre-
sented as 200 � 200 � 3, where the first two numbers represent the pixel intensity
at that point (range 0–255), while the third number represents the RGB value [14].
The convolution between the input image and the filter can be easily understood by
the (Fig. 1).

While performing the above convolution, one of the key features which might be
needed is zero paddings. Experts believe padding the input matrix with zeros on the
periphery is beneficial as it allows the user to control the size of the output feature
map. If zero padding is done to the input matrix, the convolution is termed as wide
convolution. The resulting matrix obtained after wide convolution is a vector. If
zero padding is not applied to the test matrix, the convolution can be termed as
narrow convolution. So, the CNN procedure takes place in the following four
substages:
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• Wide or narrow convolution—This central layer performs a function called
“convolution.” In context to CNN, convolution is a linear operation which
involves multiplication of the user input matrix with the kernel/filter. As such,
the 2-D output array obtained from convolution operation is called a “feature
map” [11].

• Max pooling—The central idea is to assemble the sample at the bottom to
reduce the complexity of the additional layers. In the context of image pro-
cessing, it can be considered similar to reducing the correction [11].

• Flattening—Converting 2-D arrays into a single continuous vector. A fully
connected layer awaits the vector as input. Convolution releases a series of
filters, each of which is grid-shaped. Flattening specifies the performance map
from these filters to the vector, so it enables backpropagation of the errors back
through the convolutional layers.

• Full Connection—A perceptron model is termed full connection if and only if
every neuron in the previous layer is connected to every neuron in the subse-
quent segment.

There are numerous methods available for image recognition, but the reason
behind preferring this algorithm is to save time as it does not require feature
engineering. Translation invariance and independence from illumination/radiance is
another key factor for choosing this particular algorithm. The researcher is only
interested in checking the concept of the image and translating, cropping, or
grayscaling the image should not have any impact on the final results. These are
some of the major factors which make CNNs better for image classification
problems as compared to ANNs and RNNs which do not support the above
functionalities. Also, algorithms like ANN have considerably high computational
burden [2].

0 1 0 1

1 1 1 0

0 0 1 1

1 0 0 1

1 0 0

0 0 1

1 1 0

0 1 0 1

1 1 1 0
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1 0 0 1

INPUT MATRIX                     KERNEL                     FEATURE   MAP

Fig. 1 Convolution operation wherein input matrix is convolved with the kernel/filter resulting
the feature map
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3.1 Implementation

See Fig. 2.

3.2 Results (Damage Assessment)

There are a variety of parameters based on which the damaged product can be
separated from products that meet the base criterion [15]. Based on the
reasearcher's understanding of deep learning algorithms, image recognition is used
for the above classification. We may go for a 2-D or 3-D damage assessment
depending on the degree of accuracy the industry vies for. Some of the unique
parameters of a product are as follows: volume, surface area, shape and size, color
(iridescence), radius (for instance the radius of the base of the can), average/
Euclidean distance in a cylindrical cartesian system

The coordinate plane projection contrast is figured by extruding the top of the
mesh onto the three coordinates plane. We lead this projection by creating a picture
of 64 � 64 pixels for each plane [16].

4 Discussion

In the pre and pat assessment done with the reference can, it can be inferred that the
reference can is mapped onto the database, and the input image is compared for
pixels to mapped onto [17]. If the pixels do not map on to the reference image, it is

Fig. 2 Algorithm for the proposed methodology
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clear that the product synthesized is not meeting the threshold conditions and
should therefore be classified as faulty [18]. On the other hand, if there is a match,
the product is fit for user consumption. With reference to computer vision, (Fig. 3)
will act as the input matrix and would be comprehended in the following manner.
Another key inference was that the can’s position and illumination of the object’s
environment had no effect on the extracted feature map (output).

5 Conclusion

The world is growing autonomous day by day with an increased need for customer
satisfaction. Therefore, it is essential for big industries to invest in areas like damage
assessment and object recognition in order to keep with the customer needs and
adhere to Six Sigma strategy. Those companies which neglected automation could
not match the customer needs and faded away from the market sooner or later.
Looking at the role of future engineers on a domain like AI and diversity is essential
to avoid any biases. Therefore, damage assessment can be a source of employment to
certain section of people with a technical background of AI or deep learning.

As discussed earlier, the perceptron model is termed as a full connection if and
only if every neuron in the previous layer is connected to every neuron in the
subsequent segment. In the scenario discussed in the above research paper, if a
faulty object undergoes a pre-incident damage assessment at the warehouse, it can
be easily filtered out and prevent any third-party complaints. In this way, con-
glomerates to start-ups can ensure that the production process generates less than
3.44 defects per million corresponding to a yield of 99.99966% [3]. The ultimate
objective should be to achieve a zero-defect level of quality. The CNN technique
has showed excellent performance in image recognition and deep learning methods.
With recent accentuation on quality control concepts like Six Sigma and continuous
improvement, techniques like CNN may find many useful applications in industrial
sector.

Fig. 3 An ideal can prototype without any deformities (left) and a deformed can to be classified as
defective via damage assessment (right)
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Modification in Harness and Electrical
System for Performance Optimization
of Formula Student Car

Sushant Satputaley, Ankita Nagnath, Vikalp Shendekar,
Mahesh Mohan, and Prateek Pargaonkar

Abstract Formula Bharat is an Indian Formula Student competition whose
objective is to check the consciousness of viable building knowledge and under-
study innovation through a focused stage. The challenge enables the teams to use an
engine having a maximum displacement of 710 cc. Considering all the parameters,
KTM RC390 engine was selected for the challenge on account of its unwavering
quality, execution, and different components like engine control unit (ECU) to
provide the most favorable execution and to obtain optimized performance. Being a
formula student team, one must draw its whole attention toward weight reduction,
and some of the components in the main harness of the KTM engine adds to the
excessive weight; therefore, the trivial components are shortened from the formula
race car. In order to achieve maximum efficiency, thorough study of the sensors,
their respective connections, and ports were done. A PCB of BSPD and researched
work on shutdown circuit which contains some safety components and switches for
different hazardous situations has also been included. Taking all the concepts into
consideration planning, designing and execution of all the methodologies for
performance optimization of the formula race car have been achieved. The main
objective of this research was to enhance the safety and achieve a performance
boost in the car.
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1 Introduction

These days, the researchers are moving their concentration toward the integration of
mechanical and electronic gadgets as they are highly reliable such as ECU in
automotive vehicles. ECU is essentially abbreviated as engine control unit, which
controls a series of sensors and actuators in an internal combustion engine to
increase the efficiency of engine. It is performed by reading values from the sensors
situated within the engine bay. In view of data obtained from the information
sensors (engine coolant temperature sensor, manifold absolute pressure sensor, air
flow sensor and so on), the ECU decides optimum settings for the output actuators
(injectors, idle speed control valve, and so on) [1]. Information sign is received by
the sensors and output sign is given to the actuators. The input signals have been
fed to processing unit by the sensors and corresponding output is given to actuators
likewise. The actuators execute the decision taken by the control unit. The pro-
cessing unit ensures the optimization of the fuel injection and ignition with the goal
that it minimizes fuel utilization and emissions of pollutants and increases the
torque and power accordingly. ECU increases the efficiency of vehicle thereby
increasing the safety [2]. Shutdown circuit meant for different risky situations,
which has been designed with high performance switches along with a BSPD.

2 Brake System Plausibility Device

BSPD is abbreviated as brake system plausibility device, a standalone
non-programmable circuit, must open the shutdown circuit, when hard braking
occurs and the throttle is more than 10% over idle position [3] which contains
Two-input signal (0–5 V), brake failure detection, auto reset after 10 s and no
heating problems. The BSPD is supplied from LVMS. BSPD works on the basis of
data acquired from the two sensors, brake pressure sensor and throttle position
sensor [3]. The components used in the circuit designing are closed and resettable
conditions and a timing circuit is designed using same comparator blocks. The
brake comparator checks that the pressure in the brake circuit is within an interval
(0 = error). The throttle comparator checks that the throttle is open beyond a
minimum threshold but less than 10% (0 = error). The output signals of the two
comparators are in NOR (1 = error). The resistor R = 39 KΩ and the capacitor is
MOSFET and it contains comparator IC LM393AD, potentiometer, Zener diode,
NOR gate IC SN74AHC1G02DBVR, resistors, capacitors and battery. It contains
two circuits—for managing the data from sensors and for timing circuit, each block
has two comparators. The IC LM393AD has eight ports, pin number 8 is connected
to VCC, 4 is ground, pin numbers 2, 3, 5 and 6 are the inputs of two comparators
situated in one block. Pin numbers 2 and 5 are shorted and receive input signal from
sensor. Pin number 3 is another input for comparator, and it compares the value
under upper threshold, and pin number 6 compares under lower threshold. This
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similar pattern is followed for both the comparator blocks, i.e., the brake com-
parator and the throttle comparator. The desired outputs from both the comparator
blocks are fed as an input to the NOR gate IC. It checks whether both the conditions
are satisfied for the engine to stop in order to avoid hazardous situations. For
managing the timing of engine being opened C = 10 lF operate a time constant of
390 ms. The time 1 comparator determines a delay of about 500 ms (496 ms) in the
activation of the system (0 = error). The resistance R119 = 560 KΩ and the
capacitor C = 10 lF operate a time constant of 5600 ms. The time 2 comparator
determines a delay of about 9900 ms after which the BSPD is deactivated (reset
condition) and the engine can be restarted (0 = error). Both the brake signal and the
accelerator signal are compared with two thresholds, one upper and one lower
(Fig. 1).

Diodes operate a protection against peaks on all the signals. No heating prob-
lems, however, internal voltage regulator has protection against over-current and
overheating. Brake failure shutdown: if signal from brake pressure sensor was
under 0.45 V, the BSPD turns off the car. Auto reset is disabled when brake
pressure sensor is about 5 V.

Fig. 1 Schematic layout of brake system plausibility device circuit [6]
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3 Shutdown Circuit

The shutdown circuit is meant for safety purpose [4] as shown in Fig. 2.

3.1 Low-Voltage Master Switch

LVMS is abbreviated as low-voltage master switch which completely disables
power from low-voltage battery and alternator to low voltage system.

3.2 Shutdown Buttons

In any hazardous situations, pushing the buttons results in opening the shutdown
circuit. Generally, in a Formula car, there are three shutdown buttons. Two are on
the either sides of main hoop, and one in the cockpit.

3.3 Inertia Switch

An inertia switch must be part of shutdown circuit such that an impact will result in
shutdown circuit being open.

Fig. 2 Layout of the shutdown circuit [6]
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3.4 BOTS

BOTS is abbreviated as brake over travel switch. In event of failure in one or both
brake circuits, the brake pedal over travel will result in shutdown circuit being
opened [3].

4 Harness

The harness of KTM RC 390 engine comprises of following sensors:
Throttle position sensor (TPS), temperature manifold absolute pressure sensor

(TMAP), oxygen sensor, fuel-level sensor, crankshaft position sensor, rollover
sensor, side stand sensor, engine oil pressure sensor, coolant sensor, speed sensor,
idling, RPM sensor, gear position sensor, and clutch sensor.

As the diagram (Fig. 3a) shows the whole setup of sensors and switches that
increases the weight of overall harness significantly as well as its complexity, hence
for efficiency, the unnecessary sensors, switches, and some control unit have been
scaled down. The ABS arrangement in KTM has two speed sensors associated with
it that contributes to more weight; hence the whole arrangement has been reduced.
Similarly, headlight, taillight, flashlight control units, and associated fuse connec-
tions are also removed. The sensors and switches that are not required for cranking
are also removed and the wiring of main important sensors are extended (ap-
proximately 1.5 m each) as per the mounting and overall dimensions of the chassis.
After optimization, in the formula, engine can be cranked in gear as the clutch
sensor has been shortened. By studying the color codes of KTM RC390 engine, it
can be cranked in gear as well in neutral [5].

Fig. 3 a Harness before optimization, b harness after optimization
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5 Conclusion

In the process of designing a race car, an engineer has to consider various
parameters which affect the overall performance of the car on the track like speed,
acceleration, braking, aerodynamic effects, etc. These parameters are directly
affected by the performance of different components under varying conditions. The
engine—which is the powerhouse of a race car—is controlled by the ECU, and
therefore, proper care has to be taken while working with the harness and its
different connections to the ECU. In this research, proper color coding of the wiring
in ECU connections were studied along with the sensors and different ports. In
racing conditions, a few situations may occur where there is no control over the
vehicle’s performance. Hence, a shutdown circuit as a safety measure is utilized
with the ECU which automatically turns the engine off instantly without wasting
any time. But if an anomaly arises in hard braking conditions, a preventive measure
is needed. Therefore, BSPD is used to shut down the engine to prevent any acci-
dents. All the actuating conditions and the reset conditions have been taken care of.
Before optimization, there was less efficiency in braking system, and after intro-
ducing BSPD, desired braking efficiency results have been achieved by maintaining
time constant of 5600 ms and reset condition of 9900 ms. With all these compo-
nents and their connections in the harness, the weight of the harness also increases.
Increasing weight is always undesirable in a race car as it negatively affects the
speed of the car. Hence, unwanted components of the harness are removed, and the
harness is optimized to give desired performance. Due to the addition of shutdown
buttons on the either side of the main hoop, the outside member can hustle and
enable the actuation of the button thus increasing the safety as well as preventing
the car from any damage. Before optimization and implementing this concept, there
was only one kill button available with the driver for operation. With all these
additions, a significant amount of performance boost has been achieved in the
formula student car.
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Valorization and Promotion
of Montenegrin Bridges Through
Implementation of ICT Technologies

Anđela Jakšić Stojanović and Neven Šerić

Abstract Cultural heritage has important role for one nation and because of that it
should be adequately preserved, protected, valorized, and promoted. This is
extremely important in the era of the globalization in which global dominates over
national/local. Important segment of cultural heritage are bridges which are extre-
mely valuable from many different points of view such as historical, cultural,
architectural, and artistic. Today, there are many bridges all around the world that
attract people by fascinating works of arts and impressive feats of engineering,
beautiful landscapes, unforgettable experiences, mysterious stories from the past,
etc., and a lot of them became famous tourist attractions. In Montenegro, there are a
lot of bridges built in different culture-historical periods of the past, with beautiful
architecture, breath-taking scenery romantic legends and fairy tales connected to
their past, but most of them are neither adequately preserved nor valorized. We
strongly believe that they represent huge potential for tourist and cultural val-
orization and because of that we propose the innovative concept based on imple-
mentation of modern ICT technologies through creation of mobile applications,
implementation of different digital tools, virtual and augmented reality, gamifica-
tion, etc., which would make Montenegrin bridges particular destination icons. That
concept would improve the process of preservation and protection of Montenegrin
bridges and their promotion on international tourist market and contribute to cre-
ation of new tourist products and diversification and differentiation of tourist offer
as well as to the sustainable development of destination itself.
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1 Introduction

Cultural heritage is more than just a collection of material and immaterial goods on
certain place [1]. It is cultural identity of one nation, its past and its future, its
culture, history, and tradition…. Because of that, adequate preservation, protection,
valorization, and promotion of cultural heritage are extremely important especially
in the era of globalization in which global dominates over national/local [2]. In that
sense, bridges may and must be used as factors of differentiation and diversification
of tourist offer on international tourist market and, if valorized and promoted
adequately, as one of the destination’s main competitive advantages on interna-
tional tourist market.

In order to reach that, it is necessary to consider bridges not only as architectural
or engineering objects made of stone, steel, etc., built in order to bridge two sides of
river, but also as the objects which are extremely important from many different
points of view—such as historical, architectural, cultural, and artistic. Only con-
sidering all these aspects, the cultural heritage may be adequately preserved, pro-
tected, valorized, and promoted.

Each bridge has its own story, but the fact is that the bridges were built not only
to connect two sides of river, but to connect people as well. Some were constructed
in order to bridge cultures and traditions, while some were designed and built in
order to reach immortality. Although they were constructed from different reasons,
the motivation for their construction was the same. It is the gap, not only in
physical, but in emotional sense as well, the gap that should be filled and bridged by
man’s imaginations, dreams, hopes, efforts, courage ….

Today, there are many spectacular examples of bridges all around the world that
attract people’s attention from different reasons—because of fascinating works of
art and impressive feats of engineering, beautiful landscapes and sceneries, mys-
terious and fairy-tale stories from past … Many of them became tourist attractions
which attract tourists from all over the world, and very often they are even the main
reason for visiting particular destination.

2 Montenegrin Bridges—State of the Art

Officially, the first regulations regarding the cultural goods in Montenegro were
adopted after Second World War. In 1949, Law on the Protection of Cultural
Monuments and Natural Rarities in Montenegro was adopted, while first institution
that dealt with protection of the cultural heritage, the Institute for the protection of
Cultural Monuments and Natural Rarities, was established in 1948 [3].

According to the document “The state of cultural heritage in Montenegro” [4],
only few bridges in Montenegro are recognized as cultural goods. But, despite of
this fact, Montenegro is full of beautiful bridges that have a huge potential for
tourist valorization. Some of the Montenegrin bridges are extremely valuable from
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historical, cultural, or architectural point of view, and some are famous because of
beautiful magic fairy tales and legends from the past, while there are also some
bridges which were built in picturesque idyllic sceneries which give added value to
their potential valorization.

Unfortunately, at the moment, there are not many available data about
Montenegrin bridges, even about those which are recognized as cultural goods.
There is not even a list that consists the exact number of bridges in Montenegro,
although the Commission that was supposed to list all Montenegrin bridges and
their condition was formed in 2013. Up to now, it is only known that only in the
territory of the capital city, there are 108 bridges—29 of them are situated in town
itself, while others are situated outside the town. Some information about their
construction, architecture, cultural values as well as legends connected to their past
may be found in stories and columns of bridge-lovers, mostly in newspapers or on
some blogs on Internet. There are also some scarce information on promotional
Web sites of local tourist organizations, as well as few stories written by journalist
or writers fascinated by some of the bridges in Montenegro. Regarding pho-
tographs, for most of the bridges it is not possible to find high-quality professional
photographs which could be used for their promotion on tourist market.

In order to have adequate inputs and measurement parameters for this paper,
field research was conducted in order to identify the most interesting and valuable
Montenegrin bridges that have the most potential for tourist valorization.
Unfortunately, due do COVID-19 pandemic, the field research was carried out only
in a part of central and north part of Montenegro, and the results of the research
were published in scientific monograph Montenegrin Bridges and Their
Valorization written by the authors of this paper, but it is still expected that real-
ization of other part of the project regarding collection of data will be continued as
soon as possible.

3 Valorization of Montenegrin Bridges Through
Implementation of ICT Technologies

Although there are some interesting examples of valorization of bridges in the
world, we are strongly convinced that Montenegro should create completely new
concept which will be based on the implementation of modern ICT technologies
[5]. Such kind of valorization would fill the gap between past and future, traditional
and modern, local and global, etc., which is widespread in modern society. In that
sense, it is necessary to use all the advantages of information communications
technologies (ICT) in order to protect and promote this extremely valuable segment
of heritage [6]. The growing popularity of these technologies, innovations in this
field, the access to online data, the use of remote sensing technologies and plat-
forms, etc., open wide area of possibilities which should be used.
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So, at the very beginning, it is necessary to create adequate digital base which
would consist of all data about Montenegrin bridges—the list of the bridges, their
main characteristics, data about their designers and sculptors, legends and stories
connected with them, as well as professional photographs of the bridges and their
surroundings. The investment in the process of digitalization of data not only
regarding the bridges but also regarding other segments of cultural heritage would
significantly contribute to the improvement of their protection and preservation, as
well as their valorization and promotion on international tourist market. In later
phases, this database may be connected with other similar bases in Europe in order
to promote European cultural heritage [7]. Such base would allow creation of
mobile applications for tourists which will enable them to get all data about
Montenegrin bridges by one click, choosing the ones that should be visited,
according to their own needs, interests, hopes, and desires. The application would
include all relevant data for tourist’s decision-making process, and in that way, it
would significantly improve the quality of tourist offer.

ICT technologies may significantly contribute to the process of putting bridges
in wider cultural, historical, and artist context, not as isolated objects. This means
that, thanks to implementation of ICT technologies, it would be possible to mix real
and reconstructed, present and past, reality and legends in order to impress tourists
and create authentic experience.

It should also apply virtual reality and augmented reality [8] which represent the
new ways of promoting destination content that may not only significantly improve
the quality of tourist offer, but also ensure the sustainability of cultural heritage [9].
It is a quite new concept that creates a special experience for tourists and gives a
new dimension to the destination itself. In that sense, it would be interesting to
create and organize certain kind of virtual tours for tourists in which they would be
able to identify that crucial wider context and recognize its importance from many
different points of view. It would be great to offer tourists the virtual experience of
enjoying in scenes of Battle in Mojkovac, which represents one of the most
important battles in Montenegrin history, to find out more about courage of native
people, about their costumes, weapon, etc. or to have the possibility to experience
the rafting on beautiful Tara river and its canyon, the second deepest in the world,
right behind America’s Grand Canyon, to feel that virtual adrenaline challenge
enjoying the excitement like never before. And if satisfied, to experience, but this
time real rafting tour, enjoying in dreamy and beautiful natural scenery. Or to
organize virtual zipline tour, the largest one in Europe, for those more even more
passionate adrenaline lovers, with a spectacular view on canyon, river, forests, and
cliffs.

In combination with virtual and augmented reality, some most modern methods
of building information modeling (BIM) could used as well, by integration of
different types of information into a shared database constituting a source of 2D or
3D information that is shared and experienced by visitors [10, 11].

As already mentioned stories, legends, and anecdotes related to bridges may play
a very significant role in promotion of this segment of tourist offer. It is necessary to
prepare a quality online presentation of these contents and put special focus on
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bridges which are located in the Central and Northern part of Montenegro, as well
as on those that are still not yet promoted. In this way, the quality of Montenegro’s
tourist offer would be significantly improved, but at the same time, a more balanced
distribution of tourist traffic would be enabled, which is one of the key problems
that many tourist destinations face with. This kind of presentation may provoke an
emotional reaction from potential visitors, give certain dose of mystery, and create
new tourist attractions. These presentations would be promoted by different chan-
nels of digital marketing especially by social networks in order to reach as many
target groups as possible.

Except presentation in digital media, it is also possible to reach more interactive
approach by presentation of the content on interactive tables on the bridges that
have the most potential for storytelling. Setting up interactive, instead of used static
boards, may in the same time improve the degree of tourists’ satisfaction and
contribute to creation of authentic feelings and experiences. It is also possible to
design and create digital city lights which would also be placed on bridges. Tourists
would have the opportunity to enjoy in multimedia content about the bridge using
special headphones. In that way, they would have the opportunity to learn more
about particular bridge, its history, construction, legends connected with its past,
etc., through interesting multimedia context. That multimedia context would
include modeling, reconstruction, and visualization of the real environments from
the past in order to create faithful virtual representation of certain objects or events
from the past, which will significantly contribute to authenticity and uniqueness of
tourists’ feelings and experiences.

One interesting way of promotion of bridges is also the process of gamification
which is extremely interesting for younger generations. In this way, it is possible to
help the visitors to understand better how certain place might have looked like. As a
part of a challenge, the gamers could also learn about history of Montenegro, its
nature, cultural heritage, flora and fauna, etc. This technique has a great potential to
improve the tourist’s experiences, as well as to boosts the development of creative
learning and educational tools.

Something that is extremely important is that the bridges should not be presented
as separate segment, but in contrary as the integral part of tourist offer. That means,
for example, that the visit of Bridge Đurđevića Tara would be integral part of visit
of national park Durmitor, with its high peaks, abundant forests, and deep gorges.
Visit to the bridge may be combined with visit of some of seventeen glacier lakes,
rafting on River Tara or zipline activities, tracking, mountaineering, Alpine and
Nordic skiing, fishing, camping, etc. Visit to bridges in little fishermen village
Virpazar may be combined with overview of traditional village houses, buying
local products on the square market, visit to the Besac Castle, and fortification built
by the Turks in 1478. It is also possible to include visit to Skadar Lake because
Virpazar is also the starting point for most boat excursions in the national park
Skadar Lake which is famous for beautiful flora and fauna (around 270 kinds of
birds inhabit this Lake), cultural monuments (more than 20 monasteries, churches,
villages, fortresses, and sacred monuments,) and beautiful scenery. Bird watching,
fishing, hunting, renting and ride in boat, swimming, and sunbathing are only some
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of the activities that may be realized here. In addition, tourists have the opportunity
to enjoy famous wine tasting and gastronomy tours. Overview of bridge on River of
Crnojević may be one segment of visit to this old place which used to be the capital
of Montenegrin state Zeta (1465–1490). Except this beautiful bridge, tourists may
enjoy in this fairy-tale area, beautiful natural sceneries, visit to the house of St.
Peter, the oldest building in this place, then visit to Monastery of St. Nicholas where
the first Montenegrin book Oktoih was printed, etc. The same situation refers to
bridges which are less famous among tourists, like those in Nikšić. Bridge tours
would include the visit to some of the most interesting bridges which are mentioned
in this paper, visit to beautiful lakes—Slano and Krupac Lake, visit to famous cave
Crvena Stijena (Red Rock), which is the deepest in Europe after the El Castillo
archeological site in Spain. By presentation of bridges as integral part of tourist
offer of particular area, its quality may be significantly improved which would lead
to the improvement of the level of tourists’ satisfaction, better positioning on
international tourist market as well as creation of recognizable image of the des-
tination itself.

4 Conclusion

Montenegro is a country full of beautiful bridges. Some of them are famous because
of their beautiful architecture, some of them because of breathtaking sceneries and
landscapes that may be discovered, some are valuable because they represent
masterpiece of certain cultural period from very rich and turbulent history, while
some are authentic and special because of the beautiful legends and stories con-
nected to their past. Having in mind the fact that tourism represents one of the main
strategic pillars of economic development of the country, it is necessary to preserve,
protect, valorize, and promote this important segment of Montenegrin cultural
heritage and to make the bridges integral part of tourist offer. Although there are
some spectacular examples of tourist valorization of bridges all around the world,
we proposed completely new innovative concept based on implementation of
modern ICT technologies through creation of mobile applications, implementation
of different digital tools, virtual reality, gamification, etc.

This concept could be used not only in promotion and valorization of bridges,
but also in the protection, preservation, valorization, and promotion of other seg-
ments of Montenegrin cultural heritage such as old towns and old urban settle-
ments, archeological and sacral objects, castles, etc., which would contribute to
diversification and differentiation of tourist offer, creation of new authentic image,
sustainable development, and better positioning on global tourist market.
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Assessing the Research Status
on Occupational Safety for Adopting
Zero Accident Vision: A Bibliometric
Analysis

Jai Narain, M. L. Meena, G. S. Dangayach, and Gaurav Gaurav

Abstract Industrial accidents are severe mishaps that result in injuries and fatali-
ties to people, and damage to property as well as environment. The effect of
accident is so severe that a society has to pay for decades. The purpose of this
article is to make readers to understand the research status on occupational safety in
India for adopting zero accident vision (ZAV)-related literature through the data
collected from the core collection of Web of Science and the Scopus database
through bibliometric analysis. Different analyses have been carried out, such as
research growth, author analysis, subject analysis, source analysis, author impact,
country affiliation analysis, institution analysis, and scientific production. This
study shows that since 2019, there has been an increase in the field of ZAV on
occupational safety research, and it has a good range of applications in different
fields. Co-citation analysis and Co-occurrence analysis also have been carried out to
identify buzz word on ZAV and collaboration, contribution, and sharing of
knowledge between the sources journals. The top 30 highly influential papers were
also evaluated from two databases. The result analysis also reveals promising future
research directions for researchers in the field of ZAV on occupational safety
research.

Keywords Bibliometric analysis � Co-citation analysis � Zero accident vision
(ZAV) � Safety management � Safety culture

1 Introduction

Accidents are unforeseen events, which not only causes harm to human, environ-
ment or property, unintentionally and unexpectedly but also reduced the produc-
tivity of the nation. Initially it was deemed that the accidents are inevitable during
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the works. But now various theories established that all accidents can be avoided by
establishing proper safety management system. As per an estimate of the I.L.O [1],
the estimated death per year is 2.34 million due to workplace accidents. The above
includes 321,000 causing to accidents and remaining 2.02 million are caused by
diseases due to working conditions, which results to a daily average death more
than 5500. The I.L.O. states “The inadequate prevention of occupational diseases
has profound negative effects not only on workers and their families but also on
society at large due to the tremendous costs that it generates; particularly, in terms
of loss of productivity and burdening of social security systems.” As per the
International Social Security Association [2], the estimated non-fatal accidents are
270 million at workplace each year with an increase of 160 million cases of
occupational illnesses; the burden of health care, rehabilitation, and invalidity is
very big which estimate 4% of world GDP for only work injuries. Its cost can be as
high as 10% of GDP in some developing countries.

The costs of occupational accidents may not be measured only in financial term
but can be better judged by grouping into three categories: indirect costs, direct
costs, and human costs. Direct costs consist of expenditure on medical. This data
collection is easy to obtain and indirect costs include the costs related to missed
opportunities for the deceased employee, the employer, and the society. The
comparison of these costs is very difficult. The human costs are qualitative measure
of workers life index at work place.

1.1 Vision Zero Accidents

Initially it was mindset that accidents happen due to human errors, and these can be
prevented by a strong bureaucratic system. Almost all the nations have the gov-
ernment mechanism to prosecute the wrong doers. Unfortunately, the rate of
accident cannot be reduced. One more aspect which is very critical in accident
prevention is non-reporting and it is the outcome of this punishment-based gov-
ernment mechanism. The accidents and the reasons of accidents are being hidden
and the actual cause of accident is neither known to the stack holder nor to the
researchers. Due to this reason, the accidents are repeated for same cause. But
improving safety of complex industrial systems is one of the most difficult tasks for
company managements. There are so many methodologies developed in the field to
help facing this challenge, but the ZAV is a promising approach developed in
industry, but unfortunately it is not better addressed by the safety science research
community. Actually, ZAV is based on the assumptions that all the serious acci-
dents are preventable. There are some conflicts also on the basic of ZAV, as some
researcher feels that taking goal as zero accident is impossible to achieve [3], they
argue that achieving such perfection will increase bureaucratic methods in industrial
management, to deal this challenge, various methods and concepts have been
developed by researchers to check the role of safety climate and safety culture on
human behavior [4]. Since last few decades, various industries have used the terms
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“zero injury” and “zero accident” to express their commitment to safety. Zero
accident vision (ZAV) proved to be one of the promising philosophies to improve
safety. It is presumed that accidents can be avoided. According to Zwetsloot et al.,
ZAV is “an ambition and commitment to create and ensure safe work and prevent
all (serious) accidents to achieve superior safety” [5]. In other words, “all
work-related accidents, injuries and illnesses are preventable” [6]. The implemen-
tation of ZAV implies the need for a “generative” or at least “active” safety culture
[7]. Igic et al. [8] measured the production workers perceptions in respect of ZAV
success factor such as committed to safety, safe communication, safe climate, and
learning from accidents by conducting a survey using a questionnaire given to four
production plants in the Serbian military industrial complex.

To the best of our knowledge, only few studies conducted to access the ZAV on
occupational safety. However, there is no study available on ZAV on occupational
safety in India. This is the first of its kind study on ZAV based on bibliometric
analysis. Therefore, there is an urgent need to critically review the research the field
of ZAV on occupational safety and to suggest a way forward. To fill this gap, a
detailed bibliometric analysis of the research field of ZAV on occupational safety
was carried out. The main objective of this article is to explore the ideas and
opportunities of the selected literature through bibliometric analysis for the period
from 2009 to December 2019. The bibliometric analysis of data of Web of Science
and Scopus presents the different aspect of research in the field of occupational
safety and health in the world and its status in the India, the leading researcher
working in the field, their research period and directions.

2 Data Collection and Methodology

For bibliometric analysis, data were extracted from Web of Science and Scopus
databases in CSV and plain text file formats from 2009 to December 2019. Web of
Science and Scopus are the most famous databases that provide unified and
high-quality research publication statistics. Therefore, two databases were selected
to extract information for bibliometric analysis. Use the “article title” search field in
the Scopus and WoS databases to extract all the ZAV-related search word as shown
in Search Criteria Table 1. Other visual analysis can be completed by integrating
the extracted data with VoS Viewer software [9].

For the data collection, it was observed that the WoS has lesser number of
documents related to ZAV than Scopus database. Also, the average citations per
documents were more in WoS compared to the Scopus. As evident in Table 2, there
are many parameters which were not constant in both the databases due to obvious
reasons.

The documents is distgributed according to their types of article, proceedings
paper, editorial material, and review in WoS and Scopus data base. The numbers of
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Table 1 Search criteria

Date of search:
11/01/2020

Time: 11:00 IST

Database: WoS Database: Scopus

Search string “Zero accident vision” OR “Zero
accident vision(ZAV)” OR
(“Commitment strategy” OR
“Occupational safety” OR “Accident
Investigatio*” OR “Safety
Management” OR “Accident analysis
techniqu*” OR “Safety cultur*”)
AND (“manufacturing Industr*” OR
“compani*”) OR (“Safety research*”
OR “Vision Zero” OR “Zero Vision”
OR “Safety commitment*” OR
“Safety communicatio*” OR “Safety
cultur*” OR “Safety learning” OR
“Safety leadershi*” OR “Road
Accident*”) AND (“manufacturing
Industr*” OR “compani*”)

“Zero accident vision” OR “Zero
accident vision(ZAV)” OR
(“Commitment strategy” OR
“Occupational safety” OR “Accident
Investigatio*” OR “Safety
Management” OR “Accident analysis
techniqu*” OR “Safety cultur*”)
AND (“manufacturing Industr*” OR
“compani*”) OR (“Safety research*”
OR “Vision Zero” OR “Zero Vision”
OR “Safety commitment*” OR
“Safety communicatio*” OR “Safety
cultur*” OR “Safety learning” OR
“Safety leadershi*” OR “Road
Accident*”) AND (“manufacturing
Industr*” OR “compani*”)

Search in fields Topic Article title

Document type All All

Language All

Result 509 documents from all years till the
search date

1983 documents from all years till
the search date

Table 2 Main information about data collection

Main information about collection

WoS database Scopus database

Description Results Description Results

Documents 509 Documents 1983

Sources (journals, books, etc.) 196 Sources (journals, books, etc.) 824

Keywords plus (ID) 977 Keywords plus (ID) 8688

Author’s keywords (DE) 1620 Author’s keywords (DE) 3966

Period 2009–
2019

Period 2009–
2019

Average citations per documents 11.9 Average citations per documents 6.179

Authors 1545 Authors 4784

Author appearances 1755 Author appearances 6102

Authors of single-authored
documents

65 Authors of single-authored
documents

341

Authors of multi-authored
documents

1480 Authors of multi-authored
documents

4443

Single-authored documents 73 Single-authored documents 435
(continued)
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articles were maximum in Scopus database as well as book and book chapters. That
clearly indicates that there is more demand of Scopus in the area of ZAV (Table 3).

3 Results and Discussion

3.1 Research Growth

The status of annual growth of both the sources is given in Fig. 1, and it can be seen
from the figure that annual growth rate in WoS database and Scopus database is
6.61% and 9.4%, respectively. This study shows that since 2019, there has been an
increase in the field of ZAV on occupational safety research.

Table 3 Distribution of documents according to their types in WoS and Scopus

WoS database Scopus database

Document types Records Contribution
(%)

Document
types

Records Contribution
(%)

Article 124 73.81 Article 145 65.91

Review 12 0.96 Conference
paper

49 22.27

Meeting abstract 10 0.8 Review 17 7.73

Editorial material 8 0.64 Book 3 1.36

Article, proceedings
paper

7 0.56 Note 2 0.91

Book review 4 0.32 Abstract
report

1 0.45

Correction 1 0.08 Article in
press

1 0.45

Letter 1 0.08

News item 1 0.08

Short survey 1 0.08

Table 2 (continued)

Main information about collection

WoS database Scopus database

Description Results Description Results

Documents per author 0.329 Documents per author 0.415

Authors per document 3.04 Authors per document 2.41

Co-authors per documents 3.45 Co-authors per documents 3.08

Collaboration index 3.39 Collaboration index 2.87
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3.2 Top Productive Authors

The top productive authors in the field with their productivity are given in Table 4.
Figure 1 shows the research growth since 2009–2019 and top productive authors
(Table 4).

There were more article published in Scopus than WoS. Also, Kines P was top
author in WoS and Jacxsens L is top author in Scopus for publishing the articles.

3.3 Author Production and Author Productivity

Figures 2 and 3 depict the top author production over time in WoS and Scopus
database which clearly states the importance of ZAV in current scenario at global

Fig. 1 Research growth in ZAV from WoS and Scopus database

Table 4 Top 10 most relevant authors

WoS database Scopus database

Rank Author name TP TC Author name TP TC

1 Kines P 6 123 Jacxsens L 23 576

2 Zhuang Zq 6 29 Luning Pa 17 341

3 Beck D 5 28 Uyttendaele M 16 486

4 Ghahramani A 5 20 Liu Y 11 7

5 Swuste P 5 31 Kirezieva K 9 167

6 Antonsson Ab 4 27 Mori K 9 15

7 Celik M 4 85 Wang Y 9 23

8 Lenhardt U 4 16 Arendt S 8 1

9 Moon I 4 14 Chen J 8 1

10 Nenonen S 4 46 Beck D 7 40
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level. The rank and values of the publications coming out of the area of ZAV have
been increasing day by day due to its global implication and importance in the
public domain as shown in Figs. 4 and 5.

Fig. 2 Author production in WoS database

Fig. 3 Author production in scopus database
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3.4 Most Relevant Affiliations and Country

The most relevant affiliations as well as top 10 countries publishing work on ZAV
in WoS and Scopus were USA (Tables 5 and 6). It without any reservations states
that USA preforms most of the ZAV research and all the corresponding authors are
from USA as well as the USA is top most country which publishes the highest
number of articles in the area of ZAV. It also states that the USA has more
awareness and more control over accidents at work place and hence possesses
healthy and responsible society.

Fig. 4 Author productivity in WoS database
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3.5 Global Scientific Production

Figures 6 and 7 show the global geographical distribution of scientific production
of ZAV-related articles in WoS and Scopus database. USA is top most country in
producing the scientifically relevant data and information in the ZAV research

Table 5 Most relevant affiliations

R WoS database Scopus database

Affiliations A Affiliations A

1 National Institute for Occupational
Safety Health (NIOSH)

21 National Institute for
Occupational Safety And Health

53

2 Delft University of Technology 14 University of Occupational And
Environmental Health

27

3 University of Malaga 8 Wageningen University 25

4 Finnish Institute of Occupational
Health

7 University of California 22

5 Istanbul Technical University 7 Finnish Institute of Occupational
Health

19

6 National Research Centre for the
Working Environment

7 Ghent University 19

7 Tampere University 7 University of Minho 19

8 University of Antwerp 7 Delft University of Technology 15

9 Netherlands Organization Applied
Science Research

6 Universiti Teknologi Malaysia 13

10 Harvard University 6 Tampere University of
Technology

12

Table 6 Top 10 countries publishing

WoS database Scopus database

R Region TP % Region TP %

1 USA 95 18.66 USA 360 18.15

2 Spain 34 6.68 China 80 4.03

3 China 33 6.48 Brazil 67 3.38

4 Germany 26 5.11 UK 58 2.92

5 Korea 26 5.11 Italy 54 2.72

6 Netherlands 21 4.13 Korea 52 2.62

7 Finland 20 3.93 Germany 48 2.42

8 Norway 19 3.73 Norway 48 2.42

9 Brazil 17 3.34 Spain 42 2.12

10 Italy 17 3.34 Malaysia 40 2.02

Assessing the Research Status on Occupational Safety … 103



domain. Since USA has all the protocols for ZAV and the people follow it strictly,
the incident of accidents and work place is minimum.

3.6 Trending Topic

Safety culture, management and occupational safety are in much more trend in both
the databases as observed in Table 7. These keywords signify the research work
done in the areas of safety management, process, and occupational safety by the
different research groups at the global and local levels leading to the production of
high-quality research articles and then the protocols for the overall safety related to
the ZAV.

Fig. 6 Global scientific production in WoS database

Fig. 7 Global scientific production in Scopus database
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3.7 Top Source Journal

Table 8 shows the top 10 journals and source impact of the same for publishing
ZAV articles. Out of the top 10 journal, “Safety Science” is the top most journal for
both the databases, i.e., WoS and Scopus having the maximum impact as source for
the ZAV research articles. In table, “R” stands for rank and “F” stands for
frequency.

3.8 Co-occurrence Analysis

Occupational health and safety are the buzz words coming again and again in the
keywords network, that shows the importance of ZAV and it must be integrated
with the daily life at work place to reduce the accidents (Figs. 8 and 9).

3.9 Co-citation Analysis

Figures 10 and 11 refer the co-citation network from WoS and Scopus for the
analysis. It may be observed that the Safety Science is representing a big area that it
says about the quality of research ZAV is having importance of. It is the ZAV
which will be of much significance in the coming future to take down the number of
accidents and work place.

Table 7 Top 10 trending topic

WoS database Scopus database

R Authors keywords F Authors keywords F

1 Safety management 41 Safety culture 96

2 Safety culture 34 Safety 93

3 Occupational safety 29 Safety management 89

4 Safety 23 Process safety management 69

5 Safety climate 21 Occupational safety 57

6 Occupational safety and health 19 Risk assessment 56

7 Risk assessment 15 Process safety 48

8 Occupational health 13 Safety climate 44

9 Accident analysis 8 Occupational safety and health 37

10 Safety management system 7 Occupational health and safety 32
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Table 8 Top 10 journals

R WoS database Scopus database

Journal TP TC Journal TP TC

1 Safety Science 111 1952 Safety Science 176 3395

2 Process Safety Progress 23 48 Industrial Health 40 336

3 Work-A journal of prevention
assessment and rehabilitation

20 74 AIChE annual meeting,
conference proceedings

34 3

4 Journal of loss prevention in the
process industries

18 345 Process Safety Progress 29 81

5 Journal of safety research 18 405 Institution of chemical
engineers symposium
series

28 1

6 Safety and health at work 17 54 Chemical engineering
transactions

26 48

7 Journal of occupational and
environmental hygiene

10 372 Safety and health at work 26 268

8 International journal of
industrial ergonomics

7 228 Journal of safety research 23 570

9 Human factors and ergonomics
in manufacturing and service
industries

5 24 International journal of
occupational safety and
ergonomics

17 44

10 Journal of cleaner production 5 100 Journal of loss prevention
in the process industries

16 208

Fig. 8 Author keywords network from WoS
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Fig. 9 Author keywords network from Scopus

Fig. 10 Author-based co-citation network from WoS
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3.10 Top 20 Most Global Cited Documents from WoS
and Scopus Database

See Table 9.

Fig. 11 Source-based co-citation network from Scopus

Table 9 Top 20 most global cited documents from WoS and Scopus database

Year of
publication

Title Source title Total
citation

Average
citations
per year

[10] 2009 Workplace safety: a
meta-analysis of the roles of
person and situation factors

Journal of
applied
psychology

534 44.50

[11] 2011 Risk analysis and assessment
methodologies in the work sites:
on a review, classification, and
comparative study of the
scientific literature of the period
2000–2009

Journal of loss
prevention in the
process
industries

143 14.30

[12] 2014 Global estimates of the burden of
injury and illness at work in
2012

Journal of
occupational and
environmental
hygiene

117 16.71

[13] 2011 Nordic safety climate
questionnaire (Nosacq-50): a
new tool for diagnosing
occupational safety climate

International
journal of
industrial
ergonomics

99 9.90

(continued)
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Table 9 (continued)

Year of
publication

Title Source title Total
citation

Average
citations
per year

[14] 2009 Global trend according to
estimated number of
occupational accidents and fatal
work-related diseases at region
and country level

Journal of safety
research

98 8.17

[15] 2010 Evaluating safety management
and culture interventions to
improve safety: effective
intervention strategies

Safety Science 92 8.36

[16] 2009 Safety climate factors and its
relationship with accidents and
personal attributes in the
chemical industry

Safety Science 85 7.08

[17] 2012 Safety management in different
high-risk domains—all the
same?

Safety Science 75 8.33

[18] 2010 Safety leadership and safety
behavior in container terminal
operations

Safety Science 70 6.36

[19] 2009 A fuzzy multiattribute model for
risk evaluation in work places

Safety Science 67 5.58

[20] 2009 Safety of the process industries
in the twenty-first century: a
changing need of process safety
management for a changing
industry

Journal of loss
prevention in the
process
industries

61 5.08

[21] 2014 Risk-based management of
occupational safety and health in
the construction industry—part
1: background knowledge

Safety Science 59 8.43

[22] 2011 A study on the impact of
management system certification
on safety management

Safety Science 58 5.80

[23] 2010 Mitigating construction safety
risks using prevention through
design

Journal of safety
research

58 5.27

[24] 2009 Safety management systems:
performance differences between
adopters and non-adopters

Safety Science 56 4.67

[25] 2012 Exploring the perceived
influence of safety management
practices on project performance
in the construction industry

Safety Science 49 5.44

(continued)
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4 Conclusion and Future Research Direction

An overview of the research on occupational safety in India for adopting zero
accident vision (ZAV) was presented with the information related to research
trends, sources, countries, institutions, keywords, authors, and top cited publica-
tions. Our analysis shows that research on ZAV on occupational safety has sharply
increased over the past decade and most of the research on ZAV on occupational
safety has been done in the safety field. From the top production of research article,
USA is the leading country in both database. Consequently, from the keyword’s
analysis point of view, safety management, safety culture, and occupation safety are
the buzz word for future research direction in the field of ZAV. From the source
analysis, Safety Science, Process Safety Progress, and Industrial Health have good
quality of published publications.

The ZAV is achievable with the help of many parameters which must not be
omitted out while practicing the same. ZAV should not only be the research area
instead its way of life at work place although there are still lots of room which
provide opportunity for further research in this area, viz. human behavior and
cognitive learning. But we believe that zero accident vision is a concept which if
adopted by a company, motivates it to reduce its accidents from what its level is by
following best practices of accident prevention. It never can be set as a goal, which
not if achieved shall become a punishable offence, but it can be set as a target for
perfection. In ZAV, the participation from workers to management is on
self-esteemed and motivational basis, for betterment of society. During the accident
investigation, focus should be on the reason for accident and not on who is
responsible and what should be the punishment. Every reason of accident should be
investigated and the efforts should be made to search the mechanism or method to

Table 9 (continued)

Year of
publication

Title Source title Total
citation

Average
citations
per year

[26] 2014 QRAM a qualitative
occupational safety risk
assessment model for the
construction industry that
incorporate uncertainties by the
use of fuzzy sets

Safety Science 46 6.57

[27] 2014 Improving safety culture through
the health and safety
organization: a case study

Journal of safety
research

41 5.86

[28] 2011 Safety climate and safety
behavior in the passenger ferry
context

Accident
analysis and
prevention

41 4.10

[29] 2013 The case for research into the
zero accident vision

Safety Science 39 4.88
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reduce the accident for same reason in future. All the accident report should be able
to make public for awareness. Moreover, it is evident that the country like India is
far behind to achieve the zero accident vision (ZAV). The planned and phasewise
efforts are needed to reduce the accidents and finally to achieve the ZAV. The
changes in national safety policy, relevant acts regulating the occupational health
and safety are needed to be amended suitably to incorporate the core values of
ZAV.
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Review of Recent Studies on Mechanical
and Tribological Characteristics
of AMMCs

T. Akilan and M. Mahendiran

Abstract Tribology-related research activities in metal matrix composites have
seen great growth in recent times. Due to their higher stiffness, strength, wear
resistance, lower weight and other advantages over monolithic metals, aluminium
metal matrix composites (AMMCs) are preferred in many applications, nowadays.
Aluminium composites are made by incorporating reinforcing materials into
aluminium or its alloys. The reinforcing materials are mainly hard ceramic materials
and they occur in the form of particulates, flakes, whiskers and fibres. The AMMCs
are produced through various processes among which stir casting is the most
commonly used method for particulate-reinforced composite. Some of the recent
studies carried out on the mechanical and tribological behaviour of AMMCs made
through stir-casting method are briefly summarized in this article. It has been
established through research that AMMCs have better mechanical properties such
as strength, stiffness, hardness, better tribological properties and lower ductility than
their monolithic metals or their alloys. Also, the addition of solid lubricants like
graphite and MoS2 to the composites reduces coefficient of friction and improves
the wear behaviour and machinability of the composites. It is observed that there is
an inclination towards hybrid AMMCs and nanomaterial-reinforced AMMCs in the
recent research works.
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1 Introduction

Aluminium-based composites are widely used in the transport industry because of
their higher strength to density, superior tribological properties and better resistance
to corrosion offered by the aluminium metal matrix composites (AMMCs) over the
monolithic metals and alloys, which result in higher fuel efficiency and lower
operating costs. Hence, AMMCs have replaced heavier metals and alloys in various
applications in the aerospace, automobile and defence industries [1, 2]. During
manufacturing of components, the materials encounter stringent conditions while
cutting, drilling and grinding. Lot of research is being done on AMMCs for
addressing above problems [3].

A composite consists of two or more phases with one or more discontinuous
phase(s) called the reinforcing phase(s) distributed in the other continuous phase
called the matrix. The composites have properties different from those of the matrix
and the reinforcement [4]. Generally, the reinforcing material is hard and the matrix
material is ductile. The reinforcing material increases the hardness, stiffness and
strength of the composite. When a force acts on the composite, the matrix
distributes the force to the reinforcement and the hard reinforcing material bears the
applied force, thus giving superior properties. Depending on the reinforcing
material used, composites can be called as particulate, flake, whisker and fibre
composites, and depending on the matrix material, composites can be called as
metal, polymer or ceramic composites. When carbon reinforcement is dispersed in
carbon matrix, they are called as carbon–carbon composites [5].

In an AMMC, aluminium or its alloys can be used as the matrix material, and the
reinforcement can be a ceramic particulate material such as SiO2, Al2O3, SiC, fly
ash, B4C, TiC, ZrB2, ZrO2, AlN or a combination of these reinforcements (hybrid
AMMCs). Nanoreinforcing materials like carbon nanotubes (single, double, mul-
tiwalled CNTs), graphenes, graphene nanoplatelets, etc., are used for applications in
severe environments [2, 6]. Among the reinforcing ceramic particles, SiC and B4C
are the most important [7]. The properties of AMMCs can be changed by the choice
of reinforcement material(s) and by changing the percentage of reinforcement(s).
Aluminium and its alloys are good choice as matrix materials for composites, due to
their low melting point (600–700 °C) and low specific gravity (2.7). AMMCs are
fabricated by using various techniques such as stir casting, squeeze casting, powder
metallurgy, diffusion bonding, spray co-deposition, liquid infiltration under pres-
sure, rheocasting, and in situ processes. Stir-casting process is economical and easy
to use, though non-uniform distribution of particulates is observed often [3, 5]. This
review paper highlights the recent studies, in the last three to four years, carried out
on the tribological aspects of friction, wear and the mechanical properties of
AMMCs made through stir casting.
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2 Stir-Casting Method

In this process, as shown in Fig. 1, aluminium or its alloy is heated in a furnace to a
temperature above its melting point (700–800 °C). The particulates are dispersed
into the melt by a motorized stirrer running at a fixed speed between 300 and
700 rpm. Addition of reinforcement particles is done after vortex formation, into
the hot molten aluminium, and stirred for about 10–20 min. While heating and
stirring, inert gas (argon) is passed over the melt to avoid oxidation of the metal.
After the incorporation of the particles, the specimen is made by casting. Particulate
reinforcement material can be added up to a maximum of 30% of the composite [3].
In this method, the distribution of the particulates is often non-uniform. Also,
settling of particles occurs during solidification, resulting in non-uniform density
and other properties. The distribution depends on the mixing time, temperature,
solidification rate, wetting, specific gravity, size and shape of the reinforcing
material, and the shape of the stirrer [8, 9].

In the two-step process, which gives better uniformity of dispersion than con-
ventional method, aluminium is heated to 670 °C, initially. Then the melt is cooled
down to 620 °C to a highly viscous state and the preheated particulates (to remove
moisture) are added at the side of the vortex. Then, the viscous melt is reheated to a
liquidus temperature of 655 °C and stirred again. The semi-solid state helps in
better wetting of particulate [7, 8].

The AMMCs thus produced are tested for uniformity of distribution of the
particulates in the matrix, using scanning electron microscopy (SEM) or any other
suitable spectroscopic method. X-ray diffraction analysis (XRD) is used, com-
monly, to confirm the quantities of the various ingredients added to the composites.

Fig. 1 Schematic diagram of
stir casting [3]
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3 Mechanical Properties

Properties of composites depend primarily on the type and amount of the rein-
forcement incorporated. Important properties tested in composites by many
researchers include density, hardness, strength, and wear. Usually, density is
determined using Archimedes method. Hardness is expressed as a number and
measured using one of the methods such as Rockwell (ASTM E18), Brinell (ASTM
E10), Knoop and Vicker’s hardness (ASTM E92). Ultimate tensile strength (UTS),
yield strength (YS), breaking strength, modulus and elongation (ductility) are
measured in UTM using dumbbell-shaped specimens following standards like
ASTM E8/E8M. Most researchers use pin-on-disc tribometer (ASTM G99) for
testing wear.

The following research summaries state the work done on various composites
and the findings. Subramaniam et al. [10] observed increasing hardness (Fig. 2a),
tensile strength (Fig. 2b) and impact energy (Fig. 2c), with the increasing weight
percentage of reinforcement in the composites made of Al7075 incorporated with
B4C and coconut shell fly ash (CSFA).

Jayaraj et al. [6] studied nano-AMMC of LM9 reinforced with multiwalled
carbon nanotubes. The composites had improved hardness and thermal stability.
A slight reduction in thermal conductivity was observed. Pitting corrosion resis-
tance was reduced in the composite. James et al. [11] observed increased hardness
in the hybrid AMMC made by reinforcing with SiC and TiB2. Also, SiC added
strength to the composite; addition of TiB2 to the composite reduced its strength,
but increased the wear resistance. Subramani and Ganesh Murali [12] compared
hybrid AMMCs made of A6061 matrix and particulates of Al2O3/SiCp/B4C and
reinforced with glass fibre and without glass fibre. Comparatively better mechanical
properties were noted in the glass fibre-reinforced composites. But, minimal dif-
ference in the wear rates between the two composites is observed. Rebba and
Ramanaiah [13] reported that hardness and tensile strength of composite made of Al
2024/MoS2 improved up to 4 wt% of MoS2. Gopal Krishna et al. [14] studied
6061Al/B4C composite and found that particle size and wt% of the reinforcement
affected the tensile strength and hardness of the composite positively. Gopal
Krishna et al. [15] observed increase in tensile strength and hardness of composite
Al6061/B4C with the increase in the wt% of B4C particulates.

Sujith et al. [16] found that in situ composites of Al7079/TiC had homogenous
microstructure and distribution of particulates. When wt% of TiC is increased,
superior microhardness, UTS, YS, modulus and inferior ductility than unreinforced
Al7079 were noted. Du et al. [17] showed homogeneous distribution of SiC par-
ticulates in Al–Si alloy using special stirrer with three equally spaced blades at a
horizontal tilt angle of 25°, thereby enhancing tensile strength of the composite by
more than 50%. Kumar et al. [18] compared the as-cast in situ composite of
AA6061/TiC with hot forged in situ composite of AA6061/TiC, made by reaction
of molten AA6061, potassium hexafluorotitanate salt and graphite. Due to homo-
geneous dispersion of TiC, hot forged composites had higher hardness and tensile
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strength than the as-cast composite. Selvaraj et al. [19] studied the hybrid AA2618/
Si3N4/AlN/ZrB2 composite with varying wt% of the reinforcements and observed
superior microhardness, tensile strength and compressive strength, with increasing
wt% of reinforcements. Afkham et al. [20] fabricated in situ nano-AMMC, rein-
forced with nano-Al2O3 produced in situ, through chemical reaction of metal oxide
powders (TiO2, ZnO, and recycled Pyrex) and hot aluminium melt, followed by hot

Fig. 2 a Effect of wt% of
B4C-CSFA particles on
hardness of composite [10],
b effect of wt% of B4C-CSFA
particles on tensile strength of
composite [10], c effect of
wt% of B4C-CSFA particles
on impact energy of
composites [10]
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rolling of the composite. In comparison to unreinforced aluminium, the UTS, YS,
and microhardness of composite were found to be superior and ductility inferior.

4 Tribological Properties

In the studies below, researchers have used the pin-on-disc tribometer (ASTM G99)
for testing of wear resistance and coefficient of friction (COF). SEM analysis has
been used to analyse mechanisms involved in wear of composites, on the worn
surface and/or the debris, after the wear test. The wear mechanisms are found to be
one or the combination of abrasion, adhesion, erosion, fatigue and corrosion. Most
researchers have found that the wear rate, COF and mechanisms of wear depend on
the test parameters like applied load, sliding speed, sliding distance, test time, and
the weight % and type of reinforcement in the composite.

The following are summaries of some recent research papers that have been
published by researchers on tribology of AMMCs produced through stir casting.
Sardar et al. [21] found that applied load, abrasive size (SiC) and the interaction
between abrasive size and load were the dominant factors affecting wear and COF
of Al7075/Al2O3 composite. Ramadoss et al. [22] compared the composites
Al6063-T6/B4C and Al6063-T6/SiC and found that the SiC-reinforced composites
had lower wear compared to B4C reinforced composites. Due to strong Al–Si
bonding and interfacial interactions between SiC nanograin and the matrix, wear of
the SiC-reinforced AMMCs (Fig. 3) was lower than that of B4C reinforced
AMMCs for all the applied loads of 10, 20 and 30 N.

Subramanian et al. [23] investigated Al–Si10–Mg/SiC and sugarcane waste ash
(bagasse ash) and observed that hardness, tensile, impact strength and wear resis-
tance (Fig. 4a) improved with an increase in quantity of SiC in the composite, while
COF (Fig. 4b) and the ductility decreased.

Pandiyarajan et al. [24] found that when aluminium AA6061 matrix is reinforced
with various ratios of zirconium dioxide, the wear decreased with ZrO2 % and that
hardness improved with particulate percentage. The tensile strength, however,
increased initially up to 6% of reinforcement and decreased, thereafter. When
carbon in the form of graphite is added, the strength of the composite was reduced
but its wear resistance and ductility were improved. Shanmugasundaram et al. [25]
studied the effect of wt% of fly ash (FA), applied load and sliding speed on wear of
AMMC and found that wt% of FA, applied load and sliding speed affected wear, in
the given sequence. Harichandran and Selvakumar et al. [26] found that tensile,
ductility, impact energy and wear behaviour of nano-B4C particulate AMMC by
ultrasonic cavitation-assisted casting process were better than the micro-B4C
composites. Alaneme et al. [27] reported improved corrosion and wear of hybrid
composite of Al–Mg–Si/SiC/Rice Husk Ash; but, no change was observed when
reinforced with only SiC.

Coyal et al. [28] found better tensile, hardness, COF and wear of AA6061/SiC
composite than low-cost hybrid composite AA6061/SiC/jute ash. Rajesh et al. [29]
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proved that specific wear rate and COF can be reduced in the composite made of
LM25/red mud compared to LM25, using multiobjective optimization based on
ratio analysis method. Shuvho et al. [30] found that for the composite Al-6063/SiC/
Al2O3/TiO2 wear resistance and COF were improved compared to the monolithic
metal, and that applied load and sliding velocity affected the wear and COF. Bhasha
and Balamurugan [31] reported that the hybrid composite AA6061/TiC/RHA
(RHA-rice husk ash) showed improvement in microhardness, tensile strength and
yield strength, with increase in wt% of the particulate up to 7%. Dwiwedi et al. [32]
showed improvement in hardness and wear resistance of AMMC, by incorporating
mussel shell (MS) as reinforcing particulate material in AA6061.

Rajesh et al. [33] compared the properties of as-cast and age-hardened (heat
treated) hybrid Al7075/SiC/Al2O3 composites and observed that samples with heat
treatment had better mechanical and tribological properties over non-heat-treated
samples. Ramkumar et al. [34] compared AA7075/TiC composites to the mono-
lithic metal and noted superior hardness, bending strength, flexural strength, wear
resistance and lower COF, with increase in wt% of TiC. Vinod et al. [35] focused
on utilization of organic waste and inorganic waste particulates and prepared

Fig. 3 Wear (lm) at different loads of unreinforced alloy, SiC and B4C reinforced composites
[22]
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composite A356/RHA/FA (RHA-rice husk ash and FA-fly ash). They observed
increased microhardness and compression strength in the composite. Also, they
found that the hybrid composite possessed lower wear and COF than aluminium
A356. Nallusamy et al. [36] studied the tribological behaviour of composite
AA7075/B4C/Gr/fly ash and found that the composite showed better wear resis-
tance, and also that larger reinforcement particle size offered higher hardness.

5 Conclusions

From the review, the following conclusions can be drawn:

• Stir casting is the most preferred and economical technique for fabricating
AMMCs reinforced with particulates, though nanoparticulates are difficult to

Fig. 4 a Influence of applied
load and SiC % on wear rate
[23], b influence of applied
load and SiC % on COF [23]
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disperse. The stirrer speed, stirring time and temperature of the melt, shape and
geometry of the stirrer affect the dispersion of the particulates.

• Improvement in mechanical and tribological properties can be achieved by
reinforcing aluminium and its alloys with particulate ceramic fillers, naturally
available waste fillers and industrial waste like fly ash. Two or more reinforcing
materials can be used to give the required mechanical and wear properties in
hybrid composites.

• In general, higher the quantity of particulates, better are the mechanical and
tribological properties of the composites. Also, particulate size and shape affect
the strength and wear properties of the composites. However, in general, duc-
tility is reduced when reinforcing material quantity is increased in the
composites.

• Improvement in wear resistance of AMMCs can be achieved by reinforcing with
different types and quantities of reinforcements, in the matrices. Coefficient of
friction can be reduced by incorporating solid lubricants like graphite, molyb-
denum disulfide (MoS2) etc., in the composites.
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Effects of Process Parameters on Build
Time of PolyJet Printed Parts Using
Taguchi Method
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Abstract Every industry needs to minimize the design, manufacturing and product
development cycle time to succeed viable benefit. Thereby, rapid manufacturing
techniques play a major role over traditional manufacturing techniques. The PolyJet
technology is one of the additive manufacturing (AM) technologies in which CAD
data are directly used for producing the physical objects through layered manu-
facturing. Quality, lead time and cost of the 3D printed parts are significantly
affected by various process parameters. So, optimization of process parameter is
essential for reducing the lead time without sacrificing the quality of 3D printed
parts. The aim of this work is to investigate the effects of process parameters on
build time of the PolyJet printed parts by using Taguchi method. Signal-to-noise (S/
N) ratio was used to analyze the scaling factors, find the optimum process
parameters that reduce the build time and identify the importance of ranking for
various factors which were investigated by analysis of variance (ANOVA). Finish
type (A), material (B), thickness (C) and shape (D) as a selected four process
parameters. The optimization results reveal that parameter C is the most significant
influence followed by B, A, and D of the PolyJet printed parts and that the optimum
combination of the parameters is A2B1C1D1. These results would be very useful
for other researchers who working in the same era. This work offers a best rec-
ommendation that can be used to improve the quality of 3D printed parts in many
sectors.
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1 Introduction

Industries mainly focus on improving the quality of products and their manufac-
turing processes in every stage of production; this is certainly due to the competitive
environment. Optimization of quality, performance of designs, time and cost
reduction is done by the one of the powerful scientific approach named as Taguchi
method of experimental design (TMED) [1].

The main objective of the TMED is to study the influencing factors, predict the
best level of factors and establish the contribution of each factor. Applications of
TMED are used in the design and development of products and process for robust
environmental conditions, manufacturing variations, product variations and mini-
mizing the variation in processes [2]. The capability of TMED is to minimize the
number of experiments and get a maximum amount of reliable data for analysis
purpose [3]. The objective of this work is to investigate the effect of process
parameters on build time for PolyJet printed parts by TMED.

2 Literature Review

Application of TMED is utilized for new product design and development process,
and this is for a new ignition coil of an automotive vehicle. Increasing the customer
satisfaction, reducing the defect rate and improving the profit are achieved by an
optimal selection of parameters [4]. Soylak et al. investigated the parameters that
are influencing the aircraft wing design at low speeds using TMED. Significant
parameters are determined by less number of experiments in L8 orthogonal array
(OA) which resulted in time and cost saving as well as faster in design [5].

In recent years, TMED plays a major role in additive manufacturing (AM) field
to evaluate the effects of process parameters on quality characteristics of 3D printed
parts [6–9]. The unique mechanism of the layer-by-layer manufacturing technique
of AM is utilized in many fields for solving the numerous critical problems of the
recent era. In AM, computer-aided design (CAD) file is directly converted into raw
materials as per the slicing and rasterizing of the complex geometry of the product
[10]. Capabilities of AM such as design flexibility, reduced lead time, reduction of
material waste and higher level of customization lead to rapid growth in many fields
[11, 12].

One of the recent developments in the AM is multi-material additive manu-
facturing (MMAM), which prints digital parts having the properties of two or more
materials [13]. The PolyJet technology produces fully cured multi-material parts by
utilizing simultaneous jets of ultraviolet (UV) curable photopolymers through
multiple nozzles, and then, instantaneously curing is performed by UV rays [14].
Quality of the PolyJet printed part is defined by mechanical property, surface
roughness and dimensional accuracy, which depends on the machine, material and
its process parameters [15]. Cost of the product depends on build time, material and
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energy consumption [16]. Total cost of the product can be predicted based on build
time [17].

Haghighi and Li have studied the individual responses of machine operating
cost, dimensional performances, energy and material consumption of 3D printed
parts. From this study, manufacturing cost and dimensional performance are sig-
nificantly affected by the orientation of the part. They also found that, above
mentioned factors are better while reducing the fill density, but it is vice versa in
terms of mechanical properties [18].

Kechagias et al. conducted experiments to determine the optimal process
parameters of PolyJet printed parts for achieving the better dimensional accuracy by
the Taguchi L4 array. The importance of each parameter was identified by Analysis
of Variances (ANOVA). The results revealed that external and internal dimensional
accuracy was affected by layer thickness and the scale factor, respectively [19].

The literature review stated the optimization of AM process parameters by
means of TMED. There is no such work which was conducted for analyzing the
process parameter that influence the build time of the part produced through the
digital material (DM) printing mode in the recently developed technology. This
paper investigates about the influence of PolyJet process parameters on build time
of multi-material parts by using TMED. Three different model materials were
printed in DM mode with varying thickness and finish types. The influence of each
factor and optimum combination of input factors were identified by ANOVA and S/
N ratio, respectively. These results are very useful to provide a unique way of
meeting optimal selection of process parameters.

3 Experiment Details

Stratasys Objet260 Connex PolyJet machine is used for this study. PolyJet printed
parts have two types of surface finish, namely (i) matte finish and (ii) glossy finish.
This machine offers 16 µm layer thickness for single material mode and 30 µm
layer thickness for DM mode. The three types of printing approaches are possible in
DM mode, as follows;

• Mixed part—Build two materials in the same part without mixing.
• Mixed tray—Printing of different kinds of parts with different model materials.
• Mixed material—Composite model materials with appropriate proportions to

make single part.

Initially, transparent rigid material of VeroClear (VC), opaque rigid material of
VeroWhite (VW) and flexible material of TangoPlus (T+) are widely used, and the
same has been chosen for investigation. Material properties of the selected materials
are populated in Table 1. Among different material combinations,
VeroClear-TangoPlus (VC-T+) and VeroWhite-TangoPlus (VW-T+) are printed in
mixed material approach. Despite, VeroClear-VeroWhite (VC-VW) is printed in
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mixed tray approach, due to impossible mixing of VC and VW. Three different
shapes of test samples with three different thicknesses are selected for this study,
and all the samples are printed in XY direction as shown in Fig. 1. Design of test
samples and machine communication is performed by SolidWorks and Objet Studio
software, respectively.

4 Methodology

The experiments were designed using Taguchi method for the process parameters
of finish type, model material, thickness and shape of the samples. Table 2 displays
the level of the process parameters of DOE (21, 33). A number of experiments are
acquired by the statistical method of Taguchi orthogonal array by using Minitab

Table 1 Properties of selected PolyJet materials

Properties VeroClear VeroWhite TangoPlus

Tensile strength 50–65 MPa 50–65 MPa 0.8–1.5 MPa

Elongation at break 10–25% 10–25% 170–220%

Shore hardness 83–86 D 83–86 D 26–28 A

Polymerized density 1.18–1.19 g/cm3 1.17–1.18 g/cm3 1.12–1.13 g/cm3

Source (Stratasys 2018)

Fig. 1 Dimensions of the test samples with its printing direction
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software. Each experiment from L18 OA was conducted three times randomly, and
average response values are recorded. The effect of each parameter on build time
was analyzed through ANOVA and S/N ratio, which determines the optimum
combination of the process parameters. Build time, height of printed specimen and
numbers of layers are referred as a response which saves the cost and quicker
production while it is lesser. Thereby, characteristic of lower-the-better quality is
assessed by using measured data at the ith experiment (yi) and number of obser-
vations in an experiment (n) as shown in the Eq. (1).

g ¼ S=N ¼ �10 log
1
n

Xn

i¼1

y2i

" #
ð1Þ

5 Results and Discussion

Printing details of L18 OA for DOE are detailed in Table 3. Material consumption,
build time, specimen height and number of layers of each experiment in Objet
Studio are discussed. Specimen height includes height of bottom support, actual
model and top support. In case of the glossy finish, top surface of the 3D printed
part is free from support. Table 3 values infer that experiments of VC-T+ and
VW-T+ show the same reading in all responses. This is since; both are printed in
DM approach. Despite, mixed tray approach of matte-finished VC-VW is higher
than VC-T+ and VW-T+, and glossy finished VC-VW values are matched with
VC-T+ and VW-T+ .

Matte-finished samples of VC-T+ and VW-T+ require additional build time of
1 min, 0.30 mm of support height and 10 layers when compared to glossy finished
VC-T+ and VW-T+ samples. Similarly, matte-finished samples of VC-VW require
additional 3 mm of support height. Further, in order to build the same amount of
layers (here its 100 layers), it takes an extra 10 min to complete the print, rather
than for glossy finished VC-VW. From these values, it infers that the build time can
be varied for different material combination and finish type. Support height and
number of layers required to complete the product can be calculated by using
Eqs. (2) and (3).

Table 2 Levels of process parameters for DOE

Control factor Symbol Unit Level 1 Level 2 Level 3

Finish type A – Matte Glossy –

Material B – VC-T+ VW-T+ VC-VW

Thickness C mm 1 3 6

Shape D – Square Circle Triangle
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Specimen height ¼ Bottom supportþActual partþTop Support ð2Þ

Number of layers ¼ Specimen height=Layer thickness ð3Þ

From Eqs. (2) and (3), for achieving 1.05 mm height of bottom support requires
35 layers to print. This is for achieving 0.30 mm height of top support, which
requires 10 layers to print VC-T+ and VW-T+ samples. Correspondingly, for
VC-VW samples, bottom support height and layers are the same as VC-T+ and
VW-T+. However, 3 mm height of top support requires 100 layers to complete for
VC-VW samples. Noticeably, during printing of matte-finished VC-VW printing,
there is a significant height difference in top supports of VC and VW samples. The
difference between the matte-finished VC and VW samples with support of
experiment “g” is shown in Fig. 2a. At this juncture, VW sample is subjected to
additional curing time until the VC sample has to be completed. In this regard,
machine holding time of VW sample (i.e., time gap between part completion and
part removal from build tray) depends on the VC samples. In the case of glossy
finished VC-VW, VC-T+ and VW-T+ samples, there is no significant height dif-
ference in top supports. PolyJet printed samples after post-processing are shown in
Fig. 2b.

Table 3 Orthogonal array (L18) of DOE and its printing details

Experiment Control factors Build
time
(min)

Specimen
height
(mm)

Number of
layers (nos)

Material consumption (g)

A B C D Model
1

Model
2

Support

a 1 1 1 1 11 2.35 79 1 2 3

b 1 1 2 2 18 4.36 146 1 2 3

c 1 1 3 3 28 7.36 246 1 3 3

d 1 2 1 1 11 2.35 79 1 2 3

e 1 2 2 2 18 4.36 146 1 2 3

f 1 2 3 3 28 7.36 246 2 2 3

g 1 3 1 2 20 5.05 169 2 2 4

h 1 3 2 3 27 7.06 236 2 2 5

i 1 3 3 1 37 10.06 336 4 4 6

j 2 1 1 3 10 2.05 69 1 1 3

k 2 1 2 1 17 4.06 136 1 2 3

l 2 1 3 2 27 7.06 236 1 3 3

m 2 2 1 2 10 2.05 69 1 2 3

n 2 2 2 3 17 4.06 136 1 2 3

o 2 2 3 1 27 7.06 236 2 3 3

p 2 3 1 3 10 2.05 69 1 2 3

q 2 3 2 1 17 4.06 136 2 3 3

r 2 3 3 2 27 7.06 236 3 3 3
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S/N response table for build time, height of a printed specimen and number of
layers of the DOE are populated in Table 4. Importance of ranking of different
factors and the optimum combinations of process parameters are identified by S/N
ratio. The results from Table 4 conclude that build time is affected mostly by
thickness of the test sample. It is followed by model material, finish type and shape
of the test sample. Finish type (A2) of glossy, material (B1) as VC-T+ thickness
(C1) of 1 mm and shape (D1) of square sample were identified as an optimum
combination of process parameters for build time. A2B1C1D1 is the optimal
combination for all the responses. This is based on the approaches that lower the
better quality character.

Maximum thickness for VC-VW material and matte finish of the sample requires
longer build time to complete the print. From the shapes considered, it was iden-
tified (square, circle and triangle) that circular shape has the highest build time,
followed by a triangle and square shape with minimum effect. The obtained results
inferred that increase in specimen height will substantially increase the number of
layers and build time significantly. The results of ANOVA analysis of build time,
specimen height and number of layers are listed in Table 5. In all, the results of
analysis, selected process parameters of thickness, material and finish type are
having a significant effect on responses, whereas p values are less than 0.05 [20].
However, shape of the sample did not significantly impact the responses.

From this study, it is observed that build time is significantly affected by the
dimension of the sample in Z-axis, i.e., thickness of the sample. In PolyJet machine,
print heads move in X and Y axes and build tray moves in Z-axis. Material

Fig. 2 PolyJet printed samples a experiment “g” with support, b all experiments without support
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Table 4 S/N response table for build time, specimen height and number of layers

Response Control factors Symbol Level 1 Level 2 Level 3 Rank

Build time Finish type A −26.20 −24.50 – 3

Material B −24.69 −24.82 −26.54 2

Thickness C −21.42 −25.44 −29.19 1

Shape D −25.14 −25.72 −25.19 4

Specimen height Finish type A −14.02 −11.79 – 3

Material B −12.15 −12.15 −14.41 2

Thickness C −7.93 −13.17 −17.60 1

Shape D −12.70 −13.30 −12.715 4

Number of layers Finish type A −44.52 −42.30 – 3

Material B −42.66 −42.66 −44.91 2

Thickness C −38.47 −43.67 −48.09 1

Shape D −43.21 −43.80 −43.22 4

Table 5 Results of ANOVA for build time, specimen height and number of layers

Response Variation
source

Degree of
freedom

Sum of
squares

Mean
square

F-ratio p value % of
contribution

Build time Finish
type

1 68.06 68.056 8.05 0.018 6.23

Material 2 78.11 39.056 4.62 0.038 7.15

Thickness 2 860.11 430.056 50.86 0.000 78.84

Shape 2 0.11 0.056 0.01 0.993 0.01

Error 10 84.56 8.4566

Total 17 1090.94

Specimen
height

Finish
type

1 6.48 6.480 8.89 0.014 6.65

Material 2 7.29 3.645 5.00 0.031 7.48

Thickness 2 76.28 38.140 52.32 0.000 78.36

Shape 2 0.00 0.000 0.00 1.000 0

Error 10 7.29 0.729

Total 17 97.34

Number of
layers

Finish
type

1 7200 7200 8.89 0.014 6.65

Material 2 8100 4050 5.00 0.031 7.48

Thickness 2 84756 42378 52.32 0.000 78.36

Shape 2 0 0 0.00 1.000 0

Error 10 8100 810

Total 17 108156
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deposition and solidification are performed on back and forth movement; then,
build tray moves in downward direction for the operations of the next layers until
the part is completed. Thereby, placing the part’s smallest dimensions along the
Z-axis is advisable [21]. Similarly, matte-finished samples have higher build time
than glossy finished samples, due to additional supports in the top surface [22]. Due
to material property, curing temperature of VC and mixed tray DM mode, VC-VW
requires longer printing time than VC-T+ and VW-T+. This research paper pro-
vides a unique way of attaining optimal selection of process parameters. The
obtained results are helpful for performing the optimization in build time with
respect to orientation, finish type and combination of model material in DM mode.

6 Conclusion

The study was about evaluating the effects of selected PolyJet process parameters
(finish, material, thickness and shape) on the build time, specimen height and
number of layers of the test samples. To reduce the cost and time, Taguchi OA was
defined for the required number of experiments to conduct the analysis. The optimal
combination of process parameters was suggested using the DOE. From this
methodology, it was found that thickness of the sample was the most dominating
factor for build time, specimen height and number of layers. In addition, required
number of layers and its height for both bottom and top support layer are calculated
for selected material combination. Through this work, glossy finish, VC-T+ square
sample used here is found to have the minimum thickness of 1 mm, which is
identified as an optimal selection. All the results were provided for a clear under-
standing for guiding the optimization of process parameters. This optimal selection
is also used for the prediction of the build time as well as cost of the 3D printed
parts for various applications.
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Synthesis and Testing of Epoxy-Based
Alumina–Silicon Carbide Particular
Reinforced Composite

Rahul Sharma and Rahul Sen

Abstract The research paper describes the development of a new set of polymer
composites from epoxy. The polymer matrix composite (PMC) comprises epoxy
resin (LY 556), E-glass fiber as a reinforced material, and alumina and silicon
carbide as filler material. The epoxy resin (LY 556) and hardener (HY951) are
mixed in 10:1 at room temperature. It is synthesized by different weight percentage
of aluminum oxide/silicon carbide (1:1) (0, 2, 4, and 6 wt%). The testing includes
the investigations of density, moisture content, and dimensional stability. It is
observed from experiment work that 2 wt% aluminum oxide–silicon carbide-filled
glass fiber-reinforced epoxy composite sample possesses optimum mechanical
properties. It comprises (2.651 g/cm3) density, (0.672%) percentage of absorption,
(0.646%) percentage of moisture content, and least linear swelling in all dimen-
sions, which is required in all general application areas where the epoxy-based
composites are prominently used like—automobile, aircrafts components, and
sports goods.

Keywords Composite polymer � Epoxy � Alumina � Silicon carbide

1 Introduction

Combine properties of different material can be achieved by adding two or more
material which is known as a composite material. They are combined in such a way
that the resulting composite material or composite possesses superior properties
which are not obtainable with single constituent materials [1, 2]. The polymer
matrix composites (PMCs) with wove glass fiber have interesting applications in
aerospace, structural, and automobile engineering. The mechanical properties of
PMCs are completely dependent upon the particulate size, filler–matrix interface
adhesion, and loading characteristics. Strengthening of polymers is generally
achieved with the reinforcement of fibers. On the other hand, higher tensile strength
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and higher impact strength are generally achieved by adding more layers of fiber in
the polymer matrix. The glass fibers consist of such properties and that is why these
are extensively used as reinforcement material in epoxy matrix-based composites.
The mechanical strength of polymer composite can be made better by the addition
of silicon–iron oxide particulates along with fibers [3]. Silicon carbide shows
favorable chemical and mechanical characteristics at high temperatures in structural
applications. Alumina has advantages that include dielectric properties, hard, alkali
attack at elevated temperatures, high strength, wear resistant, stiffness, and resis-
tance to strong acid [4]. Considering all such information, an attempt has been made
to develop and synthesize the above-mentioned composites from the materials
discussed and its properties investigated by general testing.

1.1 Literature Review

Various research works also been done on such matters. Nano-SiC particulate-filled
RCF/epoxy composites decreased water uptake with an increase in the percentage
of the weight n-SiC particles [5, 6]. Aluminum oxide and silicon carbide (1:1)
particulates were reinforced into the epoxy resin-based composites, attributes the
better mechanical characteristics as compared to polyester resin-based composites
[7]. M. S. Sham Prasad et al. investigated the chopped stands E-glass fiber com-
posites with filler aluminum oxide. It was observed by the author from the
experiment that 4 wt% Al2O3 composite possess maximum mechanical properties
among other filler specimens. [8]. At the high percentage of the weight of wood
dust reinforced epoxy composites, it is examined that tensile as well as flexural
behaviors of epoxy-based composites dropped due to the agglomeration in between
the filler molecules around the matrix which barriers the proper curing of the
composite [9]. The addition nanoparticulars of SiC was improved not only thermal
resistance but also mechanical characteristics [10]. Similar erosion wears testing
conduction Al2O3 filler glass fiber-reinforced polyester composite based is exam-
ined to lower wear rate as compared to SiC and CBPD modifiers polyester-based
composites [11]. Ashik K P and Ramesh S Sharma et al. evaluated that the
mechanical characteristic and water uptake resistance decreased with increase
coconut coir fiber in coconut coir/glass fiber epoxy-based composites [12]. Micron
size silica surface has less tends of the nature of hydrophilic as compared to
nano-SiC particulate [13]. Nanoalumina particulate is well scattered in composites
so absorb more water as compared to pure epoxy [14]. So it is clear from the works
of literature that the silicon carbide and aluminum oxide are suitable filler materials,
which can be used in developing new epoxy-based composite. Here in the research
work, both of these are used as filler materials, as discussed in the materials and
methodology section.
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2 Materials and Methodology

Al2O3 (200 mesh) and SiC (1200 mesh) (1:1) particulates were reinforced into the
epoxy resin (chemical formula shown in Fig. 1a) at the varying amount of 0, 2, 4,
and 6 wt%. The epoxy taken in beaker and the aluminum and silicon carbide were
mixed into it in the required ratio, and the solution is stirred for 5–8 min. Also,
curing agent HY951 (araldite hardener, the chemical formula shown in Fig. 1b) is
mixed with epoxy composite in 1:10 (as per resin and hardener manufacturer’s
recommendation). The release gel is spread on the inside surface of the bottom
mold sheet. Epoxy resin is spread uniformly on the mold sheet using a brush after
that E-glass fiber is placed on it. A roller is used to remove the air traps present on
the mold surface and to remove the excess of polymer present on the surface. Mild
pressure is applied on the roller while moving it on the surface. The same process is
repeated until the eight layers of glass fiber (5 mm thickness) are stacked. The
release gel is spread on the inside surface of the top mold sheet before placing it on
the mold. The pressure is applied by placing the 3 kg sand lime brick (dimension
230 mm � 110 mm) on the stacked layers. After curing at room temperature in
24 h, the mold is opened and the composite part is taken out.

3 Result and Discussions

3.1 Density Analysis

Density can be calculated [17] by the followed formula (1).

Fig. 1 a Formula of epoxy (LY 556) [15], b formula of hardener resin (HY951) [16], c epoxy
resin (LY 556) and hardener (HY951), d E-glass fiber
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Density ¼ Wa � rw
Wa �Ww

ð1Þ

where

Ww ¼ Mass of specimen weighed in distilled water.
Wa ¼ Mass of specimen weighed in air.
rW ¼ Density of distilled water at NTP (0.998 gm/cm3).

From the result of density measurement of specimens 40 mm in length, 20 mm
in width with a 5 mm average thickness, the curve of density versus the percentage
of the weight of Al2O3/SiC (1:1) particulate with woven E-glass fiber-reinforced
epoxy composites was sketched, as shown in Fig. 2b. The composite without
particulate filler has a maximum value of density 2.708 g/cm3 due to better bonding
between the epoxy resin and glass fiber as well as minimum voids formation. After
that, it was observed from Fig. 2b that the value of density of Al2O3/SiC (1:1)
particulates-filled epoxy-based composite with 2 wt% suddenly decreased due to
the formation of voids. Void formation in a composite is accused due to air bubbles
entrapped within the PMC, vapors arising during curing of epoxy and hardener and
residual solvents. Voids are also accused due to resin difficult to wet fiber com-
pletely after mixing of Al2O3/SiC (1:1) particles [17]. It was observed from Fig. 2b
that the value of the density is further increased from 2 to 6 wt% of Al2O3/SiC (1:1)
content epoxy-based composites due to the increase of density of Al2O3/SiC (1:1)
particulates in composites [18]. The 2 wt% composite is lighter than among others
as it possesses the lowest density (2.651 g/cm3) which is required in all general
application areas.

(a)

(b)

Fig. 2 a Specimens for density test, b comparison of density
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3.2 Moisture Content (MC)

For this experiment’s first weight, the samples hereafter kept in the oven for dry
until a constant weight is reached. In most cases, 16–24 h drying period is enough
to gain constant mass. When constant mass reaches again weight the samples. The
size of the specimen for moisture content test according to ASTM D 570 is
20 mm � 20 mm with a 5 mm average thickness. The moisture content can be
calculated [19] by the followed formula (2).

Moisture Content ¼ Wmci �Wmcf

Wmcf
� 100 ð2Þ

where

Wmci = Initial weight of the specimen before drying in oven.
Wmcf = weight of specimen after drying in oven.

The graph of the percentage of MC versus bakes time of Al2O3/SiC (1:1) par-
ticulate with woven E-glass fiber-reinforced epoxy composites shown in Fig. 3a.
The composite without particulate filler has a maximum value of percentage of MC
0.901% due to the free hydroxyl group inside of the resin matrix as well as fiber
[20]. It was observed from Fig. 3a that the value of percentage of MC is decreased
from 2 to 6 wt% of Al2O3/SiC (1:1) content epoxy-based composites due to the
decrement of free hydroxyl group inside composites with an increment of the
percentage of the weight of Al2O3/SiC (1:1) particulate. The minimum moisture
content (0.646%) found in a 6 wt% sample, but the 2 wt% is also having the just
near value of 0.672%. So both specimens have almost equal moisture content, as
visible from the graph.

Fig. 3 a Comparison of moisture content and b comparison of water absorption
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3.3 Water Absorption (WA)

The size of the specimen for water absorption test according to ASTM D570 is
20 � 20 mm2 with 5 mm average thickness. All specimens are kept in an electric
oven at 80 °C for 24 h to remove the moisture. Dip the samples in water for 24 h
and then take out and weight again. It can be calculated [17] by the followed
formula (3).

Water Absorption ¼ Wwabf �Wwabi

Wwabi
� 100 ð3Þ

where

Wwabf = Final weight of the specimen after immersion in water.
Wwabi = Initial weight of the specimen before immersion in water.

The composite without particulate filler form Fig. 3b has a maximum value of
percentage of WA 1.5% due to poor compatibility between the epoxy resin and
glass fiber. After that, it was observed from Fig. 3b that the value of the percentage
of WA in Al2O3/SiC (1:1) particulates-filled epoxy-based composite with 2 wt%
suddenly decreased due to the presence of SiC particulate [5, 21]. It was observed
from Fig. 3b that its value increased from 2 to 6 wt% in Al2O3/SiC (1:1) samples
due to increment of Al2O3 wt% particulate. Less the water absorption capacity
means low degradation and higher stability characteristics. The lowest percentage
of absorption (0.672%) found with a 2 wt% sample for 24 h of water immersion
[21].

3.4 Linear Swelling

Linear swelling gives an idea of change in thickness/width/length. The size of the
specimen for linear swelling test according to ASTM D570 is 20 mm � 20 mm
with 5 mm average thickness. All specimens are kept in an electric oven at 80 °C
for 24 h to remove the moisture. The length/thickness/width of each dried samples
measured before the test and then dip them for 24 h in water and then measure them
again after test. The linear swelling can be calculated [17] by the followed formula
(4).

Linear Swelling ¼ Llsf � Llsi
Llsi

� 100 ð4Þ

where

Llsf = Final length/width/thickness of the sample after immersion in water.
Llsi = Initial length/width/thickness of sample before immersion in water.
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Figure 4a represents the curve of the percentage of thickness swelling
(TS) versus immersion time of different percentage of the weight of Al2O3/SiC (1:1)
particulate with woven E-glass fiber-reinforced epoxy composites. The composite
without particulate filler has a maximum value of percentage of TS25.568% due to
poor compatibility between the epoxy resin and glass fiber (correlation between
WA and TS). After that, it was observed from Fig. 4a that the value of the per-
centage of TS in Al2O3/SiC (1:1) particulates-filled epoxy-based composite with
2 wt% suddenly decreased due to the presence of SiC particulate. It was observed
from Fig. 4a that the value of percentage of TS is increased from 2 to 6 wt% of
Al2O3/SiC (1:1) content epoxy-based composites due to increment of Al2O3 wt%
particulate [6]. Similarly, it was observed from Fig. 4b and c that the value of

Fig. 4 a Comparison of thickness swelling, b comparison of width swelling composites,
c comparison of length swelling
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percentage of width swelling and length swelling are increases from 2 to 6 wt% of
Al2O3/SiC (1:1) content epoxy-based composites due to increment of Al2O3 wt%
particulate. The least swelling in overall volume is found in the 2 wt% sample [21].

4 Conclusion

Experimental and analytical evaluation of the optimum physical properties found in
the epoxy composite sample with 2 wt% of Al2O3/SiC particulates, which com-
prises (2.651 g/cm3) density, (0.672%) percentage of absorption, (0.646%) per-
centage of a percentage of moisture content, and least linear swelling in all
dimensions. These qualities are required in all general application areas where the
epoxy-based composites are prominently used like—automobile, aircrafts compo-
nents, and sports goods. In future, characterization and mechanical testing’s for
developed composite will be checked for different combinations. The literature
review papers show that the microparticles composite absorb less water and show
better dimensional stability and the same thing is obtained in the results also. It
justifies the correctness of the work.
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Failure Investigation of Induction Motor
Bearing of Electric Vehicle Due
to Manufacturing Defect

Deepak Borse, V. B. Tungikar, and D. R. Patil

Abstract The electric vehicle is the new domain of researcher because the
replacement of Internal combustion engine. According to working principle, there
are quite challenging aspects of electric vehicle. The high speed, low friction and
controlled NVH are demanding factors from parts’ manufacturers. In this paper, the
acoustic failure of a ball bearing is studied for an application of high-speed
induction motor. The root cause of bearing is identified from the batch of similar
bearings. To validate the failure behavior, life durability testing of bearing is carried
out. The testing incorporates the acoustic measurements, temperature monitoring
and capturing the revolutions of bearing. Results are presented in the form of
acoustic sound pressure plots with noise level as well as corresponding temperature.
The study reveals that even the deep groove ball bearing is made from good quality
of material, but grinding and super-finishing can be responsible for the uninten-
tional cause of the defect. The author has recommended the threshold values of
waviness as well as the intensity of stone marks to manufacture the premium class
bearings for electric vehicles.

Keywords Bearing � Acoustic � Electric vehicle � Super-Finishing � Waviness

1 Introduction

The electric vehicles are mechanically driven by induction motors. These motors
are very sensitively analyzed for a noise perspective due to government regulations.
The acoustic techniques play a crucial role to capture the realistic behavior of deep
groove ball bearing at high speed. The manufacturing of such a high-speed bearing
needs special precautions and control parameters. Induction motors generate a
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different kind of acoustic behaviors when they are operated from medium speed to
high speed. The small version of preoperational damages can lead to catastrophic
failures of rolling bearings.

Catastrophic failures can be avoided by using predefined additional inspections
at bearing level as well as electric motor assembly. At the level of bearing manu-
facturing, non-destructive testing of rings such as magnetic particle inspections,
eddy current testing, nital etching and visual inspection at 10x scale can prevent the
abnormality. Generally, these NDTs are cost-adding process which is not practiced
in ordinary bearing manufacturing. At electric motor, many acoustic testing with the
prognostic feature can be performed to avoid catastrophic failures of bearings. The
sensitivity test of bearing and running torque of bearing are the best techniques to
instant judge the quality of bearing.

There are few factors other than manufacturing defects which cause failure. They
are an inadequate selection of radial internal clearance, grease, sealing solution.
Also, the fitment process should be carefully selected. Induction heating of bearing
ID before the assembly is the only way to fit the bearing for an electric vehicle;
otherwise, the hammer press, push fitting will cause the damages.

In electric motor, improper ventilation of heat, current leakage from housing,
electric pitting, frictions due to low air gap winding are the reason behind the failure
of the bearing.

Vibrations are generated by deep groove ball bearing due to the multiple lobes
on races and quantity of rolling elements. These vibrations exert the amplitude
toward the housing through stationary outer ring. Many severe noise and vibration
problems in bearing are due to cause of an adequate operation safety and waviness
pattern beyond threshold limit.

Many researchers have studied the root cause of bearing degradation in filed
failure. In heavy load applications, tapered roller bearings are widely used. Heavy
loads make fatigue failure if bearings are manufactured with non-standard practices
[1]. Xiao and Zhi [2] have analyzed the tapered roller bearing undergoes brittle
hoop fracture during assembly of the gearbox. The tapered roller bearing applica-
tion is intermediate shaft end bearings. The researcher has studied the micro-crack
generated near to bearing marking surface. Marking is generally used for identifi-
cation and marked on the cone’s smaller head of tapered roller bearing. Grinding
burn and the laser-marking surface have overlapped that cause a taper down in race
hardness in the localized area. Walter et al. have researched on the premature failure
of a full ceramic deep groove ball bearing. The failure has occurred in the mini
mixture in the pharmaceutical industry. The material of rolling element and ring are
silicon nitride and ZrO2 respectively. Researchers have demonstrated failure results
in the form of Raman spectroscopy and fractography. The root cause was the phase
transition to monoclinic from a tetragonal phase [3, 4]. Xu et al. investigated the
dramatic changes in load distribution and contact angle of the angular contact ball
bearing due to a localized defect. The researcher has developed a mathematical
model by considering the high-speed gyroscopic effect and centrifugal force of an
angular contact ball bearing. The effect of increased speed creates a significant
impact on centrifugal force and load distribution toward the outer ring from the
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inner ring [5, 6]. Liu [7] has studied the tribological aspects of bearing failure in
variable frequency drive motors. A researcher has proposed the hypothesis of skin
effect to uncover the nature of there common symptoms. The fluting on the outer
raceway has identified in ball pass frequency of bearing in vibration analysis. Jing
et al. [8] have investigated the surface level fatigue failure of ball bearing due to
localized defect like a dent. A researcher has initiated a mathematical model which
simulates the effect of a dent on rings of bearing. Borse and Tungikar [9] have
systematically validated the acoustic behavior of deep groove ball bearing by
considering the pre-operation damages on bearing during manufacturing. The
durability of the screw drilling tool mainly depends on the rigidity of tungsten
carbide bearing. This bearing transmits radial shock loads, corrosion and fatigue.
The premature wear in tungsten carbide bearing has been investigated. The results
are presented by using high-resolution scanning electron microscopy, optical
microscope, X-ray diffractometer, electronic probe micro-analyzer, energy spec-
trometer, differential thermal and thermo-gravimetric analyzer [10, 11]. Acoustic
characteristics are a very essential tool to extract the real-time behavior of rolling
bearings [12–14].

Rolling bearing of an electric vehicle needs to fulfill the criterion of high-speed,
low friction and optimized NVH. In this research, the authors have studied the
failed bearing due to nonlinear acoustic behavior after complaint raised from the
end-user. At first glance, scratch marks on the raceway and out of circularity are
observed. The bearing is tested until failure to capture the acoustic behavior of
bearing at three different duty cycles. Duty cycles of load and speed are considered
as light, moderate and high. Results are presented in the form of acoustic sound
pressure plot at different stages of testing.

2 Defect Analysis

Probable defects which are observed from the batch of failed bearings are scratch
marks and waviness profile. The both non-conformities are elaborated below.

2.1 Scratch Marks

Bearing races undergo various operations starting from bar rolling, forging,
annealing, machining, hardening, quenching, tempering, hard turning, face grind-
ing, bore and track grinding, super-finishing till assembly. Any preoperational
damages can cause the reason for failure. Figure 1 shows the scratch mark observed
on bearing raceways due to worn out stone holder. The scratch mark is visualized at
the scale of 50 µm. The depth of this scratch is 0.9 µm. Generally, this situation
occurs at the end of tool life. The quantity of races is honed by this tool before
replacing is considered for assembly.
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2.2 Waviness

Waviness is the one of essential parameters for high-speed application. Bearings
should have the waviness value less than 2.5 µm according to size of bearing. The
profile of waviness exhibits the off-center grinding of raceway due to inadequate
dressing of grinding wheel, offset position of ring on work head or job
stop. Waviness is measured on talyrond measurement equipment which is 5.5 µm.

3 Experimental Analysis

Validation of identified defect is carried with the help of experimental setup as
shown in Fig. 2. In the experimental setup, test bearings are mounted on a rotating
shaft which is balanced by supported bearings. Supporter bearings are GMN6210
deep groove ball bearing. The test rig consists of radial- and axial-type hydraulic
loading arrangement, acoustic sensors, temperature sensor and bearing revolution
recorder. Speed of the bearing can be verified with the help of laser-based
non-contact-type tachometer. The test bearing for an experiment is 6205 deep
groove ball bearing with grease lubrication. The test rig is driven by low-noise
electric motor. The motor is connected via a rigid coupling system. Fits between the
bore of the housing and outer diameter of the bearing are conserved as loose.
However, between shaft diameter and the bearing bore is considered as tight fit g1.
The surface finish of the inner diameter of the housing is 0.5 µm, and surface finish
of the shaft diameter is 0.3 µm. The test has been carried out in a semi-anechoic
room whose surrounding noise level when all machines are off is 18 dB(A).

Fig. 1 Tool marks on raceway
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The test bearing response having waviness pattern of 5.5 µm has been experi-
mentally evaluated. The test bearing duty cycle is enlisted in Table 1. Duty cycles
are considered according to realistic field level testing of electric vehicles. The cycle
consists of three modules light-, medium- and high speed-load limits.

The amplitude of vibration is recorded through the tri-axial type of accelerom-
eter. FFT spectrum shows three directional appearances of peaks (horizontal, ver-
tical and axial). The displacement of rotating elements of the test bearing at the time
of interaction with picks and valley of waviness is illustrated in the FFT spectrum.
The fundamental frequencies are captured from the outer race of test bearing. The
corresponding waviness of failed bearing can be visualized at fault frequency of
281.8 Hz and harmonic 562.2 Hz.

The waviness pattern on the outer race component of the test bearing is
approached by all rotating components with the time of equal interval. The speed of
approach to the each and every peak-to-peak waviness pattern is the frequency of
fundamental train frequency multiplied by number of rotating elements. The fun-
damental train frequency, sidebands and ball pass frequency of outer race are
observed in experimental validations.

Fig. 2 Experimental setup for life testing

Table 1 Testing cycle of bearing

Parameters Duty cycle 1 Duty cycle 2 Duty cycle 3

Radial load Fr, N 300 450 950

Axial load Fa, N 300 600 1750

Speed, rpm 3000 6000 9000

Duration Till failure Till failure Till failure
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This supplementary frequency apart from ball pass frequency of outer ring is
also captured in original FFT spectrum; the reason behind of these additional
frequencies is due to supported bearings small variation in spring-based loading
system and radial internal clearance. The supplementary frequencies are generated
due to the one or more subsystems in electric motors. Subsystems consist of fins on
the rotor, air gap, windings, exhaust fan, transmission bearing or support bearings.
The ball pass frequency of inner race and its corresponding harmonics are observed
in the experimentally simulated spectrum. In this experiment, the loaded zone of
test bearing is circumferentially distributed at the angle of 12  angle from the central
axis of bearing. This central axis is perpendicular to the bearing rotating axis. The
loading zone of the outer race is opposite to axial force direction. However, in case
of inner ring load zone is in the same side of the axial load direction.

The waviness pattern of the raceway is throughout the curvature of track race-
way of bearings.

3.1 Metallurgical Property

Table 2 represents the chemical composition of SUJ2/AISI52100 bearing material.
To evaluate the surface hardness profile, Rockwell C hardness test was carried out.
There is not much difference observed in microstructure between previous test
bearing and after testing of 800 h. There is no such difference observed in the
profile before and after in hardness and composition.

4 Results

The experiments are carried out for all duty cycles. For low and moderated
speed-load condition, failure pattern was not observed within 1000 h testing. In the
case of high-speed and high-load duty cycle, failures with warnings are detected.
The acoustic sound pressure plot after 100 h of life testing is shown in Fig. 3a. The
pressure plot shows very ideal kind of bearing signature except for the small
impression of peaks between 640 and 1270 Hz. It suggests that bearing cannot fail
immediately if scratch marks or waviness patterns deviate from the process. After

Table 2 Chemical composition, hardness and ra% (SUJ2/AISI52100)

Bearing
components

C
(%)

Mn
(%)

Si
(%)

Cr
(%)

S
(%)

P
(%)

Hardness
(HRc)

Retained
austenite
(RA%)

Outer 1.03 0.31 0.30 1.51 0.002 0.009 62.6 13.4

Inner 1.02 0.34 0.28 1.52 0.002 0.015 63.0 11.7
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completion of the endurance life test of 400 h, another sound pressure is captured.
Noise level of bearing is increased by 11%. The temperature of bearing is also
increased by 12 °C in Fig. 3b. Generally, the internal combustion engines operate
at speed up to 6000 rpm, where typical operating speed criterion in electric mobility
starts from 8000 to 25,000 rpm. Hence, ordinary rolling bearings need to closely
monitor at high speed. In Fig. 3c, sound pressure level is captured after completion

(a)

(b)

(c)

Fig. 3 a Sound pressure level after 100 h test (55 dB; 75 °C), b sound pressure level after 400 h
test (61 dB; 87 °C), c sound pressure level after 805 h test (68 dB; 105 °C)
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of 805 h test where noise level is further increased by 7 dB and temperature by
18 °C. The cutoff temperature was set at 105 °C, so bearing could not complete a
1000 h test. It has run 80.5% of target life. Damaged parts are show in Fig. 4a–c.
Photographs of failed bearing indicate the catastrophic degradation of balls and
rings. Figure 4d shows the further distortion of waviness of track raceway,
increased by 5.5 times than before testing.

5 Conclusion

In this paper, a failure study of bearing due to acoustic signals is carried out. The
main cause of failure is observed as a scratch mark on raceway due to worn out of
honing stone holder and waviness of track.

• Non-conformities of scratch marks and waviness do not allow to sudden failure.
It shows a warning in acoustic behavior.

• When rotating element strikes at peaks of waviness, it creates further
micro-level moments. It leads to higher-amplitude value in the low-band fre-
quency spectrum.

• Acceptance limit of waviness, scratch limit should be less than 2 µm and
0.08 µm, respectively.

• Supplementary frequencies are observed due to internal radial clearance of
support bearing.

Fig. 4 Bearing components after 800 h test a inner ring, b outer ring, c ball, d waviness profile
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• Acoustic measurement in the form of sound pressure plot is the best technique to
get the warning of pre-operational damages of bearings.

• High-speed and high-load condition in electric vehicle application can create
catastrophic failures if it is not manufactured with premium accuracy class.
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Studies on Oxidation Behaviour
of Cobalt-Based Superalloy 605

K. Jithesh, M. Arivarasu, and M. Nageswara Rao

Abstract Alloy L605 is a cobalt-based superalloy finding applications in the
production of several critical components in gas turbine engines. Different parts
made of this alloy are used in the aerospace industry. It is meant for use at tem-
peratures up to 980 °C, and applications involve different types of oxidising
environments. It hence becomes imperative to establish a thorough understanding
of the oxidation behaviour of the alloy at high temperatures. The present study deals
with oxidation behaviour of the alloy in the temperature range 650–850 °C in
laboratory air environment under cyclic loading conditions. In addition to ther-
mogravimetry, X-ray diffraction and EDAX analysis of the oxidised surfaces were
carried out to study the oxidation reaction. The alloy showed considerable weight
loss at 850 °C; there was no perceptible weight change at 650 °C. The reaction
zone was found to be rich in O, Co, Cr and Mn. The activation energy for oxidation
was calculated; it appears that outward diffusion of Mn and formation of
Mn-containing compounds at the surface influence the activation energy.
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1 Introduction

Alloy 605 is a cobalt–nickel–chromium–tungsten alloy. It possesses a good com-
bination of high-temperature strength and good resistance to high-temperature
oxidation. It is used both in wrought form and cast form. Because of its attractive
combination of properties, it has found applications in the aerospace industry.
Several parts in military and commercial gas turbine engines are made of this alloy.
An important application for the alloy is as a bearing material for balls and races.
The material is generally considered adequate for applications at temperatures up to
980 °C. For applications involving higher temperatures, Alloy 230 or Alloy 188 are
used.

Because several of its applications involve exposure to high temperatures in
oxidising environments, the study of the oxidation behaviour of the alloy becomes
important. Wolf and Sandrock [1] were among the early researchers to carry out
experiments to study the oxidation of this alloy. Their studies focussed on opti-
mising the levels of Si and Mn to maximise the resistance of the alloy to oxidation.
Mudgal et al. [2] studied the high-temperature cyclic oxidation behaviour of the
alloy at 900 °C in a laboratory air environment. They observed that the alloy has
better oxidation resistance than Alloy 600. Jithesh and Arivarasu [3] studied the
oxidation behaviour of Alloy 605 over the temperature range 750–950 °C. They
concluded that the oxidation followed a parabolic law at all temperatures and the
rate constant increased with increasing temperature.

There has been some work on the oxidation resistance of cobalt-base alloys but
with a composition different from that of 605 Alloy. Yu et al. [4] studied the
oxidation behaviour of a model cobalt-base superalloy and concluded that an inner
continuous Al2O3-rich layer contributed to its high oxidation resistance. Kaarali
et al. [5] studied the oxidation behaviour of Co–Cr alloys containing varying levels
of W; they concluded that W blocks Co diffusion towards the alloy surface and
improves the corrosion resistance.

There are still some unanswered questions relating to the oxidation behaviour of
the alloy. There is very little information in the published literature on the role
played by different elements in the alloy during oxidation. For example, such
information is available in plenty in nickel-base alloys. There is no data available on
the activation energy for the oxidation of the alloy. The present study attempts to
throw some light on these aspects.

2 Materials and Experimental Methods

The air oxidation experiments were conducted using commercially available alloy
L605. The chemical composition was determined by using optical emission spec-
troscopy. It was found to be Co-11.91Ni-18.39Cr-14.78 W-1.45Mn-0.35Fe-0.13
Si, the numbers being in wt%. Three samples of dimensions 20 � 10 � 7.2 mm
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were prepared by wire EDM. The samples were polished using standard metallo-
graphic procedures and then acetone-cleaned. Oxidation study was carried out by
using individual samples at temperatures of 650, 750 and 850 °C using distinct
silicon carbide tubular furnaces. The experiment was carried out for 50 cycles, in
which each cycle consists of 1-h of hold time in the furnace and 20 min of room
temperature cooling. Weight changes for each sample were measured by means of
an electronic balance and noted at the end of each cycle. Thermogravimetry, X-ray
diffraction and EDAX analysis of the oxidised surfaces were carried out to study the
oxidation reaction. Also, the activation energy for oxidation was calculated.

3 Results

A small amount of spallation was observed, the amount increasing with increasing
temperature. There was a weight loss observed at all the three temperatures, the loss
at 850 °C being substantially more than those at 650 and 750 °C. The
macro-images of samples at 0th, 25th and 50th cycle are shown in Fig. 1. The
weight change followed a parabolic law; the parabolic rate constant (Kp) was
calculated for the three temperatures, and the values are shown in Table 1. There
was an increase of the constant with increasing temperature.

Fig. 1 Macro-images of samples at 0th, 25th and 50th cycles during air oxidation study
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XRD analysis of the corroded surfaces is given in Fig. 2. The presence of CoO,
Cr2O3, CoCr2O4, NiO, MnO and WO3 phases are seen as products of oxidation.
The EDS analysis of the surfaces exposed to 50 cycles of corrosion at the three
temperatures is given in Table 2. The values are all in wt%.

Table 1 Weight change and parabolic rate constant (Kp) values at various temperatures

Serial number Temperature ◦C Weight loss (mg/cm2) Parabolic rate constant
(Kp) 10

−10 g2 cm−4 s−1

1 650 0.131 0.96

2 750 0.214 2.56

3 850 0.596 19.70

Fig. 2 XRD analysis of air oxidised samples after 50 cycles at three different temperatures
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4 Discussion

4.1 Values of the Parabolic Rate Constant

The values of the parabolic rate constant (Kp) calculated from the present study for
the oxidation of the alloy at the three temperatures are given in Table 1. Expectedly,
the rate constant increases with increasing temperature. Mudgal et al. carried
out oxidation studies on the same alloy. Their study was, however, carried out at
900 °C. They reported a weight gain at 900 °C, as opposed to the weight loss
observed in the present study at 650, 750 and 850 °C. The value of the parabolic
rate constant calculated by them was 0.08 � 10−10 g2 � cm−4 � s−1. While the
present study was not carried out at 900 °C, the increasing trend of the constant
with increasing temperature suggests that the constant has to have a value higher
than 19.7091 � 10−10 g2 cm−4 s−1. There is thus a difference of more than two
orders of magnitude. Both studies were carried out on the same alloy, and the
starting material in both cases was in the form of a plate, similar in thickness. Thus,
it is rather surprising that the results can be so very much different. The Fe content
in the alloy studied by Mudgal et al. is 3.0%, in comparison to 0.35% in the present
alloy. Higher iron content in nickel-base superalloys is expected to result in a higher
rate constant value, due to the less protective nature of iron oxide. If Fe was to exert
a similar influence in cobalt-base superalloys, the difference in Fe content would not
be able to explain the difference in Kp value. Cr content is higher in the material
studied by Mudgal et al. It was 20.0 versus 18.39 in the material studied by the
present researchers. It has been reported in the context of nickel-base superalloys
that Cr exerts little or no influence on weight gain in Ni–Cr alloys containing W [6].
There is lack of clarity as to why much lower parabolic rate constant was obtained
by Mudgal et al. It is also not known, as to what is the effect of moisture in the air
environment on the rate of oxidation. Further studies would be required in this
direction.

Table 2 EDS analysis
results at various temperatures

Element 650 °C 750 °C 850 °C

Co 44.34 33.51 32.45

Cr 15.79 21.73 22.34

O 27.19 29.29 28.15

W 1.56 1.99 1.70

Mn 9.04 12.34 11.51

Ni – – 2.91
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4.2 Factors Contributing to Weight Loss During Oxidation

Oxidation of elements during exposure to air environment at high temperatures
should contribute to a weight gain. There is evidence that Co, Cr, W, Ni get
oxidised and this should result in the formation of their respective oxides. Some of
these oxides may then combine with each other, forming spinel-type compounds. In
any case, it should result in a weight gain. The temperatures at which the oxidation
studies were carried out were such that the oxides and spinels formed are chemi-
cally stable; no decomposition or volatilisation entailing weight loss is expected. It
is hence believed that the observed spalling is primarily responsible for the mea-
sured weight loss. It has been reported that manganese chromite forms during
high-temperature exposure of Phynox, a cobalt-based superalloy [7] and under
cyclic oxidation conditions it can spall off. It is believed that similar spalling of
oxide scale is responsible for the weight loss observed in the present study. The
presence of high levels of Mn and Cr at the surface, as revealed by EDS analysis,
provides supporting evidence. Higher the oxidation temperature, higher is the
severity of thermal cycling and higher is the intensity of spalling. The increasing
weight loss observed with increasing test temperature can thus be explained.

4.3 Surface Chemical Composition

The Mn content in the alloy was only 1.45%. However, the surface oxide layer
contained substantially higher levels of Mn—9.04, 12.34 and 11.51 wt% at 650,
750 and 850 °C, respectively. The results reported by Mudgal et al. were similar in
that after oxidation at 900 °C, and the surface Mn levels were high—10.69 and
15.97. This indicates that Mn diffuses to the surface very fast. It has been docu-
mented that Mn diffuses faster than Ni, Cr and Fe in Cr2O3 scale [9]. Hatab et al.
reported the presence of Mn containing phases in the external oxide scale in alloy
617, even though the Mn content was as low as 0.03–0.3% in the base alloy.
Mudgal et al. reported a significant presence of Mn in the external oxide scale in
Alloy 600 (6.26 and 13.53), even though the base alloy had only 0.5% Mn. The
starting Mn content in Alloy 605 is substantially higher (1.45 wt%); this is also a
factor, it is believed, contributing to the high levels of Mn observed in the surface
EDS analysis.

A substantial amount of Cr was present in the oxide scale at all temperatures, Cr
content in the scale increasing with increasing temperature. It was 15.79, 21.73 and
22.34 at 650, 750 and 850 °C, respectively. This shows that after 50 heating and
cooling cycles, the chromium oxide content in the scale was the highest at 850 °C.
Whatever chromium oxide forms is expected to be present on the surface at the
studied temperatures since evaporation of this oxide is expected to start only at
higher temperatures (*1050 °C).
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While the W was present in the alloy at a level of*15 wt%, it was present at the
surface at a level of only 1.5–2 wt%. This observation matches with that made by
Mudgal et al. in their oxidation studies carried out on the same alloy at 900 °C. The
studies by Karaali et al. brought out that during oxidation of Co–Cr–W alloys, there
was a topmost layer at the surface, which was essentially made of cobalt oxide.
W was present in the form of its oxide in a layer beneath the cobalt oxide layer. The
low percentage of W, obtained through EDAX analysis, may thus be a result of the
topmost surface layer containing little or no W.

Substantial levels of Co were reported by EDS analysis of the corroded surfaces
at all three temperatures. The Co level decreased with increasing exposure tem-
perature. The levels in wt% were 44.34, 33.51 and 32.45, respectively, at 650, 750
and 850 °C. With an increase in exposure temperature, there is an increase in
chromium oxide level, and this seems to be occurring at the expense of cobalt
oxide.

4.4 Activation Energy

The rate constant can be described by Arrhenius equation [8]

k ¼ k0 exp �Q=RTð Þ ð1Þ

where k0 is the pre-exponential factor, Q is the activation energy, R is the gas
constant, and T is temperature in Kelvin scale.

The activation energy Q can be obtained by rearranging Eq. (1):

Log k ¼ Log k0� Q=2:303Rð Þ 1=Tð Þ ð2Þ

Figure 3 is a plot of Log k versus 1/T. It was assumed that a single mechanism
operates and that a single value of activation energy holds good. Best straight-line
fit has been attempted. Based on the slope of the straight line, the activation energy
value has been calculated. The value worked out to 129 kJ/mol. A similar value
was obtained for second stage oxidation in nickel-base superalloy 617 [9]. It was
interpreted by Hatab et al. that the activation energy value gets influenced by the
formation of Mn-based compounds to meet the oxide scale boundary. There is a
significant presence of Mn in Alloy 605, and the SEM-EDS analysis also confirmed
active participation of Mn in surface oxide formation. It is thus possible that the
formation of Mn-based compounds at the surface affects activation energy for the
oxidation of Alloy 605.
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5 Conclusions

Oxidation of the cobalt-base superalloy 605 in laboratory air environment was
studied in the temperature range 650–850 °C, and the following were the major
findings:

1. The present results show a weight loss during oxidation tests; this is in variance
to the weight gain reported in the published literature. Further experimentation is
required to get a comprehensive picture of the factors which can influence the
oxidation rate.

2. The formation of manganese chromite-type compound at the surface and its
spallation under cyclic thermal loading conditions is believed to be responsible
for the observed weight loss.

3. Manganese is a surface-active element. With its high diffusivity through the
scale, it travels to the surface and influences the corrosion process significantly.
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Advancements in Energy Storage
Through Graphene

Rasmeet Singh

Abstract Graphene-based systems have developed enormous attention for energy
storage applications. This article highlights the advancement accomplished in
developing electrochemical, chemical, and electrical frameworks that employ gra-
phene to store energy. These systems have been covered through the development
of lithium ion batteries, systems to store hydrogen, and supercapacitors. To boost
the research, US Department of Energy (DOE) has initiated the energy program to
set substantial targets to materialize the energy storage devices. Early experimental
as well as theoretical studies have been summarized on employing systems for
energy storage through graphene. The development of graphene-based systems is a
young and recent topic and has shown an upward trend in very less time. This
manuscript will be beneficial for early budding researchers who have interest in
experimenting graphene-based technologies and are willing to work on energy
storage devices.

Keywords Energy storage � Graphene � Li-ion batteries � Electrochemical �
Hydrogen spillover

1 Introduction

In growing energy crises, storage of sustainable energy is the key feature to face the
global challenges. In fact, the designing and production of such systems do not
solely satisfy the targets, but the system should be energy efficient and should
outshine the supply and demand for mobile applications. The three major energy
storage techniques include (i) electrochemically, (ii) chemically, and (iii) electri-
cally. Also, a large number of materials are available for energy storage. However,
the list reduces to very few if we consider the factor of economy and energy to
weight ratio of the system. Carbon is the lightest element which can be used for
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energy storage in various forms. It provides high specific surface area as well as
high energy capacity. Initially, carbon nanotubes were widely used to store energy
[1]. It is lightweight and has a surface area of 1315 m2 g−1 for single walled
structures. Moreover, these can be mass produced [2]. The only drawback that does
not make carbon nanotubes an ideal candidate is that it has a high production cost
and it is complex to remove several residual metallic impurities from the pores.

Graphene has been a center of attraction for energy storage materials. It is
lightweight, inert in nature, and has a low price. It is a monolayer sheet with sp2

hybridized carbon atoms and has unique mechanical, chemical, thermal, electrical,
optical, and electrochemical properties [3]. It has a surface area larger than a simple
carbon sheet, i.e., 2630 m2 g−1. The family of graphene materials includes chem-
ically or structurally derived graphenes. This includes double-layer and multi-layer
graphenes. The highly preferred chemically induced graphene is known as gra-
phene oxide. There are several methods present for the synthesis of graphene. These
includes thermal decomposition of graphite oxide followed by the reduction of
graphene oxide to graphene, chemical vapor deposition (CVD) development of
graphene on a metal catalyst, preparation through graphite mechanical cleavage (the
Scotch-tape method), electrochemical exfoliation of graphite compound, and
unzipping of carbon nanotubes [4, 5]. Apart from this, various other methods have
been developed for graphene synthesis. Each application requires graphene with
different properties, and hence, the synthesis techniques also vary depending upon
the requirements. For instance, the reduction of graphene oxide forms a single atom
graphene layer with multiple defects [6]. These defects further significantly affect
the chemical and physical properties of the compound. The main aim of this review
is to explore the main advances that occurred for utilizing graphene as an energy
storage through electrochemical, chemical, and electrical paths.

2 Electrochemical Storage Through Batteries

From the portable electronic devices to automotive systems, electrochemical energy
storage through rechargeable batteries is in daily use. The most common and
popular rechargeable electrochemical energy storage device is lithium (Li)-based
batteries. From the past few decades, Li+ ions compacted into graphite lattice have
been the area of intensive research due to strong potential of electrochemical energy
storage in graphene-based systems [7]. In terms of Li density, the graphite system
with relatively lower Li-ions density shows less specific capacity of around
372 mA h g−1 [8]. Whereas in case of single graphene sheets, the capacity rises to
744 mA h g−1, especially when Li is embedded on both the sides of the graphene
sheet. Since graphitic carbon forms LiC6 structures, therefore embedding Li on
multiple sides of graphene leads to LiC3 structures [9]. The graphite electrodes lack
behind due to its lateral size and lengthy diffusion pathways of Li into the material.
The only solution to this is to minimize the lateral dimensions, i.e., x–y axes, of the
graphite compound to ease the process of Li+ diffusion into the interlayer spaces for
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higher reversibility. The material with 10s or 100s nanometers of lateral dimensions
and length in micrometers is known as stacked platelet graphene nanofibers. The
basal planes in this type of system lie at the end of nanofibers and also have
edge-like sides with interlayer spacing among graphite, hence making it an ideal
candidate for exceptional electrochemical properties. Due to small lateral sizes, the
capacity increases to 461 mA h g−1 [10]. Also, the storage capacity varies inversely
with the stacked graphene platelet nanofiber. Further, to enhance the specific
capacity of Li+ ions batteries, graphene sheets were introduced as electrodes to raise
the capacity till 540 mA h g−1. It was observed that when carbon nanotubes
(CNTs) and fullerenes were placed as spacers between the graphene sheets, the
energy storage capacity further increased to 730 mA h g−1 and 784 mA h g−1,
respectively. Wang et al. [11] used graphene paper as a cathode and Li as anode,
giving a capacity of 582 mA h g−1. Takamura et al. [12] explored that the high
discharge capacity of Li-ion battery anodes is due to nano sized cavities in the
graphene sheets. Hence, these nanopores and nanoholes can play an effective role in
governing the selectivity of the system. This study was set as a basis for further
growth of Li+ graphene-based batteries [13]. The important breakthrough from this
research was that C60 segregated graphene nanosheets possess higher capacity than
the theoretical value of the LiC3 model. Pan et al. [14] deeply investigated this
statement by series of experiments. Further, it was claimed that since few Li+ ions
may get stored in interfacial layers among (002), still the majority of Li+ were found
in the graphene defects. The initial stages of reaction of Li and active defects
happen at relatively low potential. The discharge of Li from strong bonds with
defects demands high voltage during the charging process and creates a large
voltage hysteresis. In disordered graphene, Pan et al. [14] identified the highest
reversible capacity of 794–1054 mA h g−1. These values were somehow compa-
rable with Li2 covalent representation (i.e., 1116 mA h g−1 in LiC2) developed by
Sato et al. [15] for disordered carbon.

The graphene-based batteries did not perform well in the initial stages of
development, but are exhibiting efficient cyclic operation with 90–95% efficiency in
current devices. Metal/graphene combination nanocomposites were suggested as a
pathway to enhance the capacity of Li batteries. Wang et al. [17] firstly illustrated
the storage capacity of tin (Sn)/graphene composite systems through voltammetry
and DFT-based experiments. Sn showed an overall storage capacity of
994 mA h g−1. The Li+ ions in reaction with Sn create Li4.4Sn without any
aggregation. However, clustering of Sn atoms and nanoparticles may occur when
reaction is done through pristine Sn. Hence, the continuous operation results in the
loss of capacity effectiveness of the material. Here, graphene can play multiple roles
of both supporting Sn and simultaneously absorbing Li atoms. For such a system,
Wang et al. [17] reported the storage capacity of 795 mA h g−1. Wu et al. [16]
discussed another metal oxide composite for graphene-based batteries. Further, Wu
installed Co3O4 particles of size 10–30 nm as spacers homogeneously between the
graphene sheets. System gave a cyclic efficiency of 98% with a capacity of
935 mA h g−1 after 30 days of working. On another hand, TiO2 nanoparticles/
graphene framework gave cyclic efficiency of 98% [18]. Further, self-assembled
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nanocomposites comprising ordered and alternative nanocrystalline layers of metal
oxides (i.e., SnO2, NiO, and MnO2) were synthesized with graphene stacks which
showed a capacity of 760 mA h g−1. Graphene also exhibits conducting support to
olivine-based LiFePO4-based batteries. This system exhibits almost negligible
decrease in capacity even after hundreds of cycles [19].

3 Chemical Storage of Hydrogen

Hydrogen tops the list of most promising clean fuels due to water as its only
by-product. Hydrogen fuel is free from any type of sulfurous oxides (SOx), nitrous
oxides (NOx), and carbon dioxide (CO2) emissions [20]. The liquid storage tech-
nique of hydrogen was launched by NASA’s Apollo program a long back.
However, such a system is not safe for regular use in on-board applications. Hence,
the substrate (or the sorbent) technique comes out to be the most promising. The US
DOE gave 6.5 wt% as a target for storing hydrogen in sorbents at ambient con-
ditions with a volumetric density of 62 kg H2 m

−3 [21]. Such a target is highly
challenging to achieve, especially when the stoichiometric ratio of carbon and
hydrogen is 7.7 wt% of hydrogen. For hydrogen storage in sorbents, two highly
preferred approaches include (i) atomic hydrogen storage through hydrogen spil-
lover or (ii) molecular hydrogen storage. These two techniques are intensively
discussed in the following sections.

3.1 Hydrogen Spillover

Dissociation of hydrogen molecules on the surface of metal catalyst, where a part of
molecule gets attached to the catalyst surface and rest of the molecule diffuses on
the support is known as hydrogen spillover. For energy storage applications, the
support is graphene, and transition elements act as catalysts. The most favorable
transition elements are platinum (Pt), palladium (Pd), or nickel (Ni) [22]. Presently,
most of the elements show the capacity of 1 wt% at 100 atm pressure and room
temperature, which is far away from DOE targets. Researchers then suggested
building a bridge between catalyst particle and graphene/graphite surface to
enhance the spillover. For completely hydrogenated graphene, the theoretical
capacity could be as high as 7.7 wt%, meeting DOE targets. Even after extreme
development of spillover principles, findings are still made to fully understand the
reason behind dissociation of hydrogen molecules into atomic form and to spill
throughout the graphene sheets [23].

Lin et al. [24] gave theoretical findings that hydrogen spillover is kinetically and
thermodynamically stable technique and does not essentially require complete
saturation of metal clumps before spillover. The spillover technique is still con-
ventional even if the metal clusters are completely saturated. It was also concluded
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that the process involving pristine graphene is thermodynamically unstable, hence
doped graphene is preferred for hydrogen spillover as it promotes hydrogen up to
great extent. Moreover, stone-wales type of surface defects in graphene highly
enhances the hydrogen binding capacity. These effects are majorly found on
chemically reduced graphene/graphene interfaces synthesized from graphite
through oxidative acid treatment, consequential exfoliation followed by chemical
reduction [25].

3.2 Molecular Storage of Hydrogen

Hydrogen molecules are nonpolar in nature. The interactions of hydrogen mole-
cules with graphene-based frameworks are totally governed on the basis of London
dispersion forces, also known as dipole-dipole induced forces. It has been shown in
various studies that graphite nanofibers (also known as stacked graphene platelet
nanofibers) exhibit very high capacity to store hydrogen [26]. All around the globe,
extensive research has been carried out to monitor the hydrogen adsorption capacity
of graphene-based materials and further document various recommendations for
future experiments. The spatial dispersal of molecular hydrogen absorbs on the
graphene surface and gets delocalized. This leads to the free lateral movement of
hydrogen molecules. An attractive force of −1.2 kJ mol−1 exists in the hydrogen/
graphene system at ambient temperature [27]. Free energy physisorption of gra-
phene gets activated at an equilibrium constant of 1.6, and hence, the single layer of
graphene enhances the uptake of hydrogen at room temperature by an approximate
value of 60%. Thus, there is no meaning of utilizing only graphite/graphene
interface for hydrogen storage. Hence, to accelerate the binding capability, it was
recommended to design a sandwich like model to uptake hydrogen in-between the
neighboring layers. The theoretical studies show that interlayer distance between
graphene sheets is 6 Å. Therefore, a single monolayer can harbor about 2–3 wt%
hydrogen at 5 MPa. The obtained storage capacity came out to be a breakthrough
but still was less than US DOE targets.

To meet the targets, researchers suggested to accompany two layers of molecular
hydrogen in mono graphene-graphene interlayer. This suggestion would only be
possible if the consecutive graphene layers are separated by 8 Å, rather than 6 Å.
The new system would give a gravimetric storage capacity of 5.0–6.5% of
hydrogen. This technique would only be successful if suitable nano-architectonic
graphene sheets are separated from each other. For this, short carbon nano-tube
pillars and fullerenes were used as spacers between the graphene layers. For a
similar alternative, Yildrim and Ciraci [28] considered Kubas interactions among
molecular hydrogen, and transition metals were considered a potential system to
bind hydrogen molecules to provide significant capacity. Graphene oxide on the
other hand is an ideal material to hold metals when it is attached with a suitable
functional group. The oxygen groups present in graphene layers form strong bonds
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with titanium (Ti) [29]. Ti forms a bond with oxygen from multiple sides, hence
results in hydrogen storage capacity of 4.9 wt% with 64 g L−1 mass concentration.

Several theoretical studies have demonstrated potential metal doping with gra-
phene, especially boron (B) and aluminum (Al) with highly improved binding
capacity for hydrogen. Various other theoretical studies have suggested C3N4 sheets
[30], planar graphene [31], and pristine B sheets [32] embedded with alkali metals
as good hydrogen uptake materials with storage capacities ranging from 7.8 to
10.7 wt% of hydrogen. Calcium (Ca)-decorated graphene gives the storage capacity
of approximately 5 wt% [33]. Ca prefers to absorb over the zig-zag edge of gra-
phene, resulting in 10 Å distance of Ca–Ca. Every Ca atom absorbs six hydrogen
molecules. Lee et al. [33] described the structure of hydrogen as an adsorbate on
graphene through scanning tunneling microscopy (STM). It was observed that at
low coverage areas, the hydrogen dimmers formed on protruding areas. While at
higher coverage, a random adsorption into the large hydrogen bunch was noticed. It
was further concluded that a methodology should be developed for measurement of
space-size and hydrogen storage capacity for nanostructured carbon-based materi-
als. Anderson et al. [34] used nuclear magnetic resonance spectroscopy (NMR) for
the characterization of nanopores of size <2.4 nm in carbon nanospace. The results
demonstrated that at 100 K and 0.2 MPa, such nanopores can uptake up to 2.3 wt%
hydrogen. Further, it was shown that hydrogen can be stored nanoporous carbon
and can be produced through carbon crystallization.

4 Electrical Storage Through Supercapacitors

Supercapacitors, also known as ultra-capacitors, are electronic devices that can store
energy and liberate it in a short interval of time with high power potential and
substantial current density [35]. They show high dynamic charge dissemination
with extended cycle life (i.e., 100,000 cycles). Energy storage in supercapacitors
follows two main principles: (i) by charge transfer to redox molecules layer on
electrode surface or (ii) storing pure charge on electrode or electrolyte interface
through EDLC (i.e., electrochemical double-layer capacitance). The mechanism of
EDLC is directly proportional to the area in contact with solution. Graphene
becomes an ideal supercapacitor compound for EDLC in its maximum surface area
of 2630 m2 g−1. Stoller et al. [36] firstly discovered that chemically altered gra-
phene has higher capacitance of 99 F g−1 and 135 F g−1 for organic electrolytes
and aqueous electrolytes, respectively. Further, Wang et al. [37] carried modifica-
tions into graphene-based mediums to increase its capacitance to 205 F g−1. Si
et al. [38] recommended to insert Pt nanocrystals of diameter 4 nm between the
graphene layers that will improve the capacitance up to 269 F g−1. Thus, it is a
well-known fact from above observations that suitably doped graphene-based
materials can act as good supercapacitors. In recent years, carbon nanotubes have
also been used to separate graphene sheets, which gave a capacitance of 12 F g−1

[39].
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For large pseudo-capacitance devices, graphene sheets can be employed to
support the system which will reduce the clustering to maximize the area exposed to
electrochemical processes. MnO2 nanocrystals synthesized on a graphene sheets
system provided the capacitance of 197 F g−1. This value of capacitance is higher
than 10.9 F g−1 and 6.8 F g−1 shown by graphene oxide and bulk MnO2, respec-
tively [40]. Further, highest capacitance of 1335 F g−1 was obtained by Wang et al.
[41] through Ni(OH)2 nano-plates synthesized on graphene sheets. Further it was
observed that Ni(OH)2 nano-plates on graphene sheets outperformed Ni(OH)2
grown on highly oxidized graphene oxide sheets, which have the property of
electrical insulation. This shows that the substrate plays a major role in designing
and working of the system. Several other compounds like SnO2 and ZnO were also
used to modify the graphene; however, their capacitance values are low, i.e.,
62 F g−1.

Graphene and polymer system nanocomposites has proved to be an attractive
option for supercapacitors. Graphene modified with polyaniline nanomaterials is
easy to manufacture and also shows a capacitance in the range of 233–1046 F g−1,
varying with nanostructure of the composite. PSS or poly(sodium-4-
styrenesulfonate)-graphene nanocomposite also showed good capacitance. Even
after 14,860 cycles, the capacitance of 190 F g−1 decreased by only 12% [42]. For
portable/wearable devices, graphene/polymer material came out to be the best due
to its flexibility and mechanical strength.

5 Conclusion

In this paper, a review of graphene-based systems for energy storage has been
presented. The innovation of most of the devices started to happen in the year 2008.
Thus, this is a very recent topic of discussion which has a wide scope in future.
From theoretical studies, it can be concluded that graphene is an ideal material
which has all the potential to meet DOE’s targets to store hydrogen. However, there
is still a long path to cover for that. It can be noted that for energy storage devices, a
suitable nano-architectonic pattern with proper separation between graphene layers
is a critical parameter to obtain high-performing materials. Conventional spacing
between graphene sheets not only avoids restacking, but also avails nanoengineered
space to molecules or ions to interact. There is still a lot more to explore and
research as graphene equipped energy storage devices not only pose challenging,
but are also a promising research area.
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Nano-Minimum Quality Lubrication
(NMQL) and Machining Characteristics
of Surface Using Various Nanofluids
in Different Machining Processes:
A Computational Analysis

Anamika Tiwari, Deepak Agarwal, and Anurag Singh

Abstract The nanoparticles mixed at different concentration in basefluid are called
nanofluid. By the addition of different nanoparticles with different concentration in
different basefluid, we got the enhancement of various properties which we ana-
lyzed in this paper. In this article, we analyzed the nanoparticles (Al2O3, CuO and
TiO2) at concentration (0%, 1%, 2%, 3%, 4%, 5% and 6 vol.%) into the basefluid
(water) through MATLAB and obtained the different input parameters like thermal
conductivity, specific heat, viscosity and density, and we got that during different
parameter analysis different nanofluids show their property enhancement, hence we
can use different nanoparticles during different machining process according to the
properties we required for machining.

Keywords Thermal conductivity � Specific heat � Viscosity � Density �
Concentration

1 Introduction

The utilization of conventional coolant happens in metal removal process so as to
build efficiency, work quality and so on; however, we notice that traditional liquids
just act oil yet decline in temperature did not happened and furthermore ordinary
liquid produces poor impact on heath of worker and environmental condition [1].
So for expanding the thermal conductivity rate, macro- or micro-sized particles are
utilized in traditional liquid so these particles expansion in customary liquid
diminished down the temperature yet some issue emerges with them which are as
follows:
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• Clogging of particles among instrument and workpiece interface [2].
• Pressure drop and rough surface completion because of stopped up particles

among device and workpiece [3].

So the need of nanometered size (<10−9) particles emerges as they are excep-
tionally little in size, consequently no clogging and better surface finish obtained
[4]. The expansion in thermal conductivity relies upon nanoparticles materials, sizes
and focuses. Nanoparticles have increasingly surface region-to-volume ratio; 1 nm
round particles have surface zone-to-volume proportion 1000 times more prominent
than that of 1 lm particles [5]. Molecule size is the major physical boundary in
nanofluids, since it tends to be utilized to adjust the nanofluid warm properties just
as the suspension security of nanoparticles. Subsequently, nanofluids can ready to
stream flow through small-scale channels with the spattering of nanoparticles [6].
The nano-suspensions show high thermal conductivity which is major because of
upgraded convection between the nanoparticles and base fluid surfaces. Another
high potential advantage is that the nanoparticles have lower measurements so that
the scattered nanoparticles by all accounts are like a base liquid particle in sus-
pension [7].

2 Analysis

2.1 Specific Parameters

We selected different parameters for the analysis of the nanofluid as follows
(Table 1).

Table 1 Specifications for analysis

Specification Value

Temperature 20 °C or 293 K

n (empirical scaling factor) 3 (spherical)

d (average diameter of nanoparticles) 50–75 nm

Mean velocity (v) 1 m/s

Concentration 0, 1, 2, 3, 4, 5 and 6%

Machining process Grinding, milling, drilling, turning, etc.

Nanoparticle Al2O3, CuO, TiO2

Basefluid Water
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2.2 Input Parameters

There are various input parameters which we are using for the analysis of nanofluid
with different concentration of nanoparticles on basefluid such as thermal con-
ductivity, specific heat, viscosity and density which is described along with the
formula [8] as below (Table 2).

Thermal Conductivity Enhancement

NPs have large surface area to volume so heat transfer rate is very high by com-
bination of Cu, Al2O3, TiO2 in basefluid like oils/water, etc. Thermal conductivity
of nanofluids differs with the size, shape and material sort of nanoparticles [9].
Besides, nanofluids with circular shape nanoparticles show a littler increment in
thermal conductivity contrasted and the nanofluids having round and hollow
(nano-pole or cylinder) nanoparticles [10].

The thermal conductivity of a nanofluid is given by [11]:

knf ¼ kf kpþðn� 1Þkf � ðn� 1Þuðkf � kpÞf g= kpþðn� 1Þkfþuðkf � kpÞf g½ �
ð1Þ

where

knf = nanofluid thermal conductivity,
kf = base fluid thermal conductivity,
kp = bulk solid particle thermal conductivity,
u = particle volume fraction, and
n = empirical scaling factor. Spherical nanoparticles are used in this study for
which n = 3 [12].

For our analysis,

kf = 0.613 (W/m-K)
n = 3
kp = 40 [Al2O3], kp = 33 [CuO], kp = 8.4 [TiO2] in (W/m-K)
knf is calculated in the below table by the formula above (Table 3).

Table 2 Thermophysical properties of basefluid and nanofluid at 20 °C or 293 K

Property Basefluid Nanoparticles

Water Al2O3 CuO TiO2

Thermal conductivity (W/m-K) 0.613 40 33 8.4

Density (kg/m3) 997.1 3960 6000 4230

Specific heat (J/kg-K) 4179 773 551 692

Viscosity (kg/ms) 8.91 � 10−4 – – –
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Density

The effective density of nanofluids is given by [13]

qnf ¼ ð1� uÞqfþuqs ð2Þ

where

qnf is the nanofluid density.
qs and qf are the densities of the solid particles and base fluid, respectively.

For our analysis,

Pf = 997.1 kg/m3

Ps = 3960 [Al2O3], qs = 6000 [CuO], qs = 4230 [TiO2] in kg/m3

Pnf is calculated in the below table by the formula above (Table 4).

Table 3 Thermal conductivity properties of various nanofluids with varying concentrations

Nanofluid Thermal conductivity (W/m-K)

[Water + u(value)] Water + Al2O3(u) Water + CuO(u) Water + TiO2(u)

Water + 0% 0.613 0.613 0.613

Water + 1% 0.630 0.630 0.628

Water + 2% 0.649 0.648 0.643

Water + 3% 0.667 0.667 0.659

Water + 4% 0.686 0.685 0.674

Water + 5% 0.705 0.704 0.690

Water + 6% 0.725 0.724 0.707

Table 4 Density properties of various nanofluids with varying concentrations

Nanofluid Density (kg/m3)

[Water + u(value)] Water + Al2O3(u) Water + CuO(u) Water + TiO2(u)

Water + 0% 997.1 997.1 997.1

Water + 1% 1026.73 1047.13 1029.43

Water + 2% 1056.36 1097.16 1061.76

Water + 3% 1085.99 1147.19 1094.09

Water + 4% 1115.62 1197.22 1126.42

Water + 5% 1145.24 1247.24 1158.74

Water + 6% 1174.87 1297.28 1191.07
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Specific Heat

Specific heat capacities of nanofluids are different from that of base fluid such as
water and oil and vary with the size, shape, dimension and volume concentration of
nanoparticles.

The specific heat of nanofluids, cpnf [14], can be calculated using equation as

Cpnf ¼ uCpsþð1� uÞCpf ð3Þ

where

cps = specific heat of solid particles and
cpf = specific heat of base fluid.

For our analysis,

Cpf = 4179 (J/kg-K)
Cps = 773 [Al2O3], Cps = 551 [CuO], Cps = 692 [TiO2] in (J/kg-K)
Cpnf is calculated in the below table by the formula above (Table 5).

Viscosity

The particle suspension viscosity is obtained by the formula given as [15]

lr ¼ lnf=lbf ¼ ð1þ 2:5/Þ ð4Þ

where

/ = particle volume fraction and
µ = fluid dynamic viscosity;
the subscripts bf, nf and r refer, respectively, to the basefluid, the nanofluid and to
the ‘nanofluid-to-base fluid’ ratio of viscosity.

Table 5 Specific heat properties of various nanofluids with varying concentrations

Nanofluid Specific heat (J/kg-K)

[Water + u(value)] Water + Al2O3(u) Water + CuO(u) Water + TiO2(u)

Water + 0% 4179.00 4179.00 4179.00

Water + 1% 4144.94 4142.72 4144.13

Water + 2% 4110.88 4106.44 4109.26

Water + 3% 4076.82 4070.16 4074.39

Water + 4% 4042.76 4033.88 4039.52

Water + 5% 4008.70 3997.60 4004.65

Water + 6% 3974.64 3961.32 3969.78
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For our analysis,

µbf = 8.91 � 10−4 (kg/m-s) [16]
µnf is calculated in the below table by the formula above (Table 6).

The analysis of the nanofluid is done through MATLAB in order to obtain the
graph of different concentration of nanoparticles in basefluid in order to get the
nanofluid and their various parameters are measured such as

• Thermal conductivity,
• Specific heat,
• Viscosity and
• Density

3 MATLAB Program

    case 1 
        %Thermal Conductivity 
        kp=40; 
        kf = 0.613; 
        P = input('\n Enter the value of Phi'); 
        knf = kf*[(kp + 2*kf - 2*P*(kf-kp))/(kp + 2*kf + P*(kf-kp))]; 

        %Specific Heat 
        Cf = 4179; 
        Cp = 773; 
        Cnf = P*Cp + (1-P)*Cf;     

fprintf ('Enter Your Choice') 
fprintf ('\n 1 : for AL2O3') 
fprintf ('\n 2 : for CuO') 
fprintf ('\n 3 : for TiO2') 
n = input('\nEnter a number: '); 
switch n 

Table 6 Viscosity properties of various nanofluids with varying concentrations

Nanofluid Viscosity (kg/m-s)

[Water + u(value)] Water + Al2O3(u) Water + CuO(u) Water + TiO2(u)

Water + 0% 8.91 � 10−4 8.91 � 10−4 8.91 � 10−4

Water + 1% 9.13 � 10−4 9.13 � 10−4 9.13 � 10−4

Water + 2% 9.35 � 10−4 9.35 � 10−4 9.35 � 10−4

Water + 3% 9.58 � 10−4 9.58 � 10−4 9.58 � 10−4

Water + 4% 9.80 � 10−4 9.80 � 10−4 9.80 � 10−4

Water + 5% 1.00 � 10−3 1.00 � 10−3 1.00 � 10−3

Water + 6% 1.02 � 10−3 1.02 � 10−3 1.02 � 10−3
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        %Viscosity 
        Uf= 0.000891; 
        Unf = Uf*(1 + 2.5*P); 

        %Density
Pf=997.1; 

        Pp=3960; 
        Den = (1-P)*Pf +P*Pp;

        fprintf('Thermophysical Properties of Base fluids and Nano Particles at 293K or 20C for 
AL2O3; Phi = %f\n', P) 
        fprintf('Thermal Conductivity = %f\n', knf) 
        fprintf('Specific Heat = %f\n', Cnf)  
        fprintf('Viscosity = %f\n', Unf) 
        fprintf('Density = %f\n', Den) 
    case 2 
        %Thermal Conductivity 
        kp=33 
        kf = 0.613 
        P = input('\n Enter the value of Phi')
         knf = kf*[(kp + 2*kf - 2*P*(kf-kp))/(kp + 2*kf + P*(kf-kp))]; 

       % Specific Heat 
        Cf = 4179 
        Cp = 551 
        Cnf = P*Cp + (1-P)*Cf 

        %Viscosity 
        Uf= 0.000891 
        Unf = Uf*(1 + 2.5*P) 

        %Density
        Pf=997.1 
        Pp=6000 
        Den = (1-P)*Pf +P*Pp 

        fprintf('Thermophysical Properties of Base fluids and Nano Particles at 293K or 20C for CuO; 
Phi = %f\n', P) 
        fprintf('Thermal Conductivity = %f\n', knf) 
        fprintf('Specific Heat = %f\n', Cnf)  
        fprintf('Viscosity = %f\n', Unf) 
        fprintf('Density = %f\n', Den) 

    case 3 
        %Thermal Conductivity 
        kp=8.4 
        kf = 0.613 
        P = input('\n Enter the value of Phi')
         knf = kf*[(kp + 2*kf - 2*P*(kf-kp))/(kp + 2*kf + P*(kf-kp))]; 

        % Specific Heat 
        Cf = 4179 
        Cp = 692 
        Cnf = P*Cp + (1-P)*Cf 
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        %Viscosity 
        Uf= 0.000891 
        Unf = Uf*(1 + 2.5*P) 

        %Density
        Pf=997.1 
        Pp=6000 
        Den = (1-P)*Pf +P*Pp 

        fprintf('Thermophysical Properties of Base fluids and Nano Particles at 293K or 20C for TiO2; 
Phi = %f\n', P) 
        fprintf('Thermal Conductivity = %f\n', knf) 
        fprintf('Specific Heat = %f\n', Cnf)  
        fprintf('Viscosity = %f\n', Unf) 
        fprintf('Density = %f\n', Den) 

    otherwise 
        disp('Wrong Choice') 
end  

4 Result and Discussion

4.1 Thermal Conductivity Graph for Al2O3, CuO and TiO2

Through the MATLAB analysis, we are getting following graph for three nano-
fluids using the thermal conductivity formula and graph is shown as below.

At 0% nanoparticles in basefluid (water), the thermal conductivity is 0.613
(W/m-K), and as we are increasing the concentration of nanoparticles in basefluid
we are getting that the thermal conductivity increases and at 6% we are getting the
thermal conductivity of Al2O3 nanofluid as 0.725 (W/m-K), CuO nanofluid as
0.724 (W/m-K) and TiO2 nanofluid as 0.707 (W/m-K).

From the above information and below graph of Fig. 1, we are getting that the
highest thermal conductivity is obtained for Al2O3, hence it is the best among all
three for dissipating heat from machine zone as coolant and lubricant.

4.2 Specific Heat Graph for Al2O3, CuO and TiO2

Through the MATLAB analysis, we are getting following graph for three nano-
fluids using the specific heat formula and graph is shown as below.

At 0% nanoparticles in basefluid (water), the specific heat is 4179 (J/kg-K), and
as we are increasing the concentration of nanoparticles in basefluid we are getting
that the specific heat decreases and at 6% we are getting the specific heat of Al2O3
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nanofluid as 3974.64 (J/kg-K), CuO nanofluid as 3961.32 (J/kg-K) and TiO2

nanofluid as 3969.78 (J/kg-K). Measurements show that the specific heat value
decreases as the volumetric concentration of nanoparticles increases. This decrease
is compatible with the lower specific heat of particles being added to the base fluid.
The specific heat increases with an increase in temperature [17].

From the above information and from below graph of Fig. 2, we are getting that
the lowest specific heat is obtained for CuO, hence CuO is the best among all three
for dissipating heat from machining zone as coolant and lubricant.

4.3 Density Graph for Al2O3, CuO and TiO2

Through the MATLAB analysis, we are getting following graph for three nano-
fluids using the density formula and graph is shown as below.

Fig. 1 Thermal conductivity graph at different u values for AL2O3, CuO and TiO2, respectively
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At 0% nanoparticles in basefluid (water), the density is 997.1 kg/m3, and as we
are increasing the concentration of nanoparticles in basefluid we are getting that the
density increases and at 6% we are getting the density of Al2O3 nanofluid as
1174.87 kg/m3, CuO nanofluid as 1297.28 kg/m3 and TiO2 nanofluid as
1191.07 kg/m3. The density of nanofluids, for example, is a thermophysical
property that has received very limited research attention. The importance of
density is that it is directly related to the Reynolds number, the Nusselt number,
pressure loss and the Darcy friction factor. As a result, the heat transfer coefficient,
which quantifies the effectiveness of heat transfer, depends on density (among other
properties). In heat transfer analysis, the heat transfer coefficient generally increases
with increasing density, and the stability of nanofluid suspensions is affected by
density [18].

From the above information and from below graph of Fig. 3, we are getting that
the highest density is obtained for CuO, hence CuO is the best among all three for
dissipating heat from machining zone as coolant and lubricant.

Fig. 2 Specific heat graph at different u values for AL2O3, CuO and TiO2, respectively
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4.4 Viscosity Graph for Al2O3, CuO and TiO2

Through the MATLAB analysis, we are getting following graph for three nano-
fluids using the Viscosity formula and graph is shown as below.

At 0% nanoparticles in basefluid (water), the thermal conductivity is
8.91 � 10−4 (kg/m-s), and as we are increasing the concentration of nanoparticles
in basefluid we are getting that the thermal conductivity increases and at 6% we are
getting the thermal conductivity of Al2O3 nanofluid, CuO nanofluid and TiO2

nanofluid as 1.02 � 10−3 (kg/m-s). A higher concentration nanofluid has a larger
relative viscosity because the 5 and 6 vol.% nanofluid has a higher possibility for
forming agglomerates in comparison with the 1 vol.% nanofluid [19].

Fig. 3 Density graph at different u values for AL2O3, CuO and TiO2, respectively
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From the above information and from below graph of Fig. 4, we are getting that
the viscosity is the factor that only depends on basefluid viscosity and concentration
of nanoparticles as we are increasing the concentration, viscosity increases. At 1–
5 vol.% nanofluid, they are non-Newtonian fluid and after 5% they follow
Newtonian fluid property.

5 Conclusion

From analysis of different nanofluid (Al2O3, CuO, TiO2) at different concentration
through MATLAB, we concluded various parameters such as thermal conductivity,
specific heat, viscosity and density as follows:

• The highest thermal conductivity is obtained for Al2O3, hence Al2O3 is the best
among all three (Al2O3, CuO, TiO2) for dissipating heat from machining zone as
coolant and lubricant.

Fig. 4 Viscosity graph at different u values for AL2O3, CuO and TiO2, respectively
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• The heat transfer coefficient generally increases with increasing density, and the
stability of nanofluid suspensions is affected by density and through analysis
highest value obtained for CuO.

• The viscosity is the factor that only depends on basefluid viscosity and con-
centration of nanoparticles as we are increasing the concentration, viscosity
increases. At 1–5 vol.% nanofluid, they are non-Newtonian fluid and after 5%
they follow Newtonian fluid property.

• 5–6 vol.% exhibits best performance while further increasing of nanoparticles
concentration in basefluid worsened the performance.

• Since nanofluid lubrication decreases the consumption of cutting fluid as well as
the cutting energy or cutting power while improving surface quality, so this
technique leads to environmental-friendly green manufacturing or sustainable
manufacturing.

6 Scope for Future Work

By the use of cooling fluid/nanofluid in machining, workpiece gets good surface
finish due to various property enhancements like high thermal conductivity, good
lubricating property and rheological properties of nanofluid.

• But for future purpose, the properties can be enhanced by changing various
parameters like NP’s size, shape, concentration, flow rate, spray nozzle angle
and distance of spraying.

• The disadvantages of using nanofluids are that it gives negative impact to
environment and worker’s health and cost is also high. So, scope is there for
researchers to develop new type/modified nanofluid which are eco-friendly and
less costly.

• Another promising area is to make/test the combination of different types of
nanoparticles (hybrid nanoparticles) in order to enhance the results regarding
metal removal rate, surface finish, thermal conductivity and various other
properties.
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Framework and Case Study
for Optimizing Target Value
of a Process Using Taguchi’s
Asymmetric Loss Function

Anoop Pandey and Manish Chaturvedi

Abstract In manufacturing sector, process designing for meeting the target value,
so as to have a trade-off between the scrap and rework, is generally carried out by
hit and trial method. In the present study, a framework for implementing the process
has been proposed. The framework proposed here is focused to obtain the opti-
mized value of the process target designated by ‘m’ in Taguchi’s loss function
through a CAIV cycle of data collection, analysis, implementation, and validation.
A case study of piston ring manufacturing company is also given in the study to
explain the proposed framework in detail. It is observed that on systematically
implementing of the framework using Taguchi’s quadratic loss function, a balance
between loss due to scrap and loss due to rework was established. Twenty batches
of the rings were further inspected for the average loss incurred per batch which
brought down the average loss value for manufacturing of pistons by almost 14%
per batch.

Keywords Asymmetric loss function � Scrap and rework cost � Optimizing
average loss value � Manufacturing industry

1 Introduction

Generally, ‘Nominal the Best’ loss function suits to the most of the manufacturing
processes owing to the type of tolerances given by the designer. While using this
function for process design, most of the designers ignore the asymmetric nature of
the curve pertaining to the difference between rework and scrap cost. This results in
high losses either because of scrap or of rework [1]. A trade-off between these can
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be established by optimizing the total loss function suggested by Taguchi [2]. The
function finds detailed application in vivid sectors of engineering right from design
and development stage to manufacturing, operation, supplier evaluation, etc. An
optimum mean value of the process can be determined considering quality loss and
cost related to manufacturing [3] and a tolerance design which is unbalanced in
nature [4, 5]. The Taguchi’s loss function is also widely used for determining
optimum process parameters and tolerances with suggestion related to inspection
plans during the design stage of a product [6]. The function has also been used in
conjunction with analytical hierarchy process and VIKOR for supplier selection [7]
and airports evaluation [8], respectively. The function has also been effectively used
in quality control and management by designing economic control charts [9].

The present study is about proposing a generic framework which suits opti-
mizing the Taguchi’s loss function cost pertaining to asymmetric behaviour of the
curve in manufacturing industry. A case related to manufacturing of piston rings in
a leading autocomponent manufacturing unit located in UP, India, is presented with
the approach mentioned in the suggested framework.

2 Methodology

The four-step framework cycle ‘CAIV’ for using Taguchi’s loss function to opti-
mize the total loss is shown in Fig. 1.

The first step of the cycle deals with collection of data related to the process
using tools like process flowcharts, specification limits as the voice of customer,

Data Collec on

Data AnalysisImplementa on 

Valida on

Fig. 1 CAIV cycle
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process capability, manufacturing and measuring capabilities, value stream map-
ping, etc. This data is used to estimate the rework (R) and scrap cost (S) yielded by
the process through existing process values and parameters.

In the second step, analysis of the data is done by plotting different values of R
corresponding to loss yielded on the right side of the target value ‘m’. Similarly, the
value of S corresponding to the loss yielded is plotted on the left side of the target
value ‘m’ and analysed. Subsequently, a trend line of required degree is fitted on the
curve using MS EXEL. Generally, a second-order polynomial is chosen as it relates
with the quadratic loss function suggested by Taguchi. Finally, the equation of the
trend line obtained is analysed for attaining the minimum value of loss function by
obtaining its second-order derivative and checking for its positive value. This gives
the revised value of the target ‘m’ as ‘mrevised’.

The third step deals with implementing the mrevised in the process by making
due and necessary adjustments in the process and parameters affecting the target
value. The effect of mrevised is also noted in the step.

The fourth step is for checking the certainty of the obtained results with the help
of hypothesis testing.

Following are the sub-steps of the framework.

• Data collection:

– Existing process values and parameters
– Rework cost (R) estimation
– Scrap cost (S) estimation

• Data analysis

– Plotting ‘R’ and ‘S’ on Taguchi’s Loss Function template
– Trend line fitting using excel and checking accuracy of trend line and

obtaining corresponding equation
– Analysing trend line equation for condition of minima for loss function and

obtaining revised value of the target ‘m’

• Implementation

– Setting revised ‘m’ as the process target

• Validation

– Through hypothesis testing.

3 Piston Ring Manufacturing Case

The piston rings used in IC engines are crucial components of an engine. The
critical-to-quality (CTQ) characteristics of these rings are their thickness along with
the diameters [10]. In a study conducted by Anoop Pandey and Harsh Vishwakarma
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in 2020 for reducing the rejection rate of piston rings [11], QC tools were used to
improve the existing process to overcome the problem of rejection of batches of
piston rings. But the overall loss being yielded by the process was not optimized in
the study.

Data Collection:

Following data was collected from the operations department of the company:

• Batch size of piston rings = 300 pieces
• Permissible piston ring thickness value (Specification limit as VOC):

2.9 + 0.1 mm
• The detailed manufacturing process of the piston rings
• Manufacturing cost for one ring—Rs 5/piece
• Average rework cost (R) for one ring per unit thickness = 40% of manufac-

turing cost/mm = Rs 2/piece/mm
• Process target value ‘m’ = 2.9 mm, USL = 3.0 mm, and LSL = 2.8 mm
• Scrap cost per ring (S) = manufacturing cost by the point of scrapping = Rs 5/

piece
• Total loss = loss due to rework + loss due to scrap
• Average number of rings reworked per batch = 12 pieces per batch
• Average number of rings scrapped per batch = 8 pieces per batch
• Total average loss per batch = 12 * 2 + 8 * 5 = 64 Rs per batch.

Data Analysis:

It can be understood from the Taguchi’s loss function graph that the point P
corresponds to the target value on x-axis and zero loss on y-axis. Similarly, the
coordinates for all the other points along with point P are shown in Table 1.

The points P, A, B, and C were plotted using MS EXCEL line graph and then a
2° polynomial trend line was imposed on the graph shown in Fig. 2. The equation
of the 2° polynomial trend line was also obtained shown in Eq. 1.

y ¼ 1:3x2 � 7:86xþ 11:3 ¼ k x� mð Þ2 ð1Þ

where

y: the average loss function (the dependent variable)
x: the CTQ characteristic dimension (here piston ring thickness).

Table 1 Description and coordinate values of the points

Point Description Coordinates

P (target value, loss yielded) (2.9, 0)

A (observed dimension, loss yielded) (3, 2 * 0.1) = (3, 0.2)

B (observed dimension, loss yielded) (3.1, 2 * 0.2) = (3.1, 0.4)

C (observed dimension, loss yielded) (2.8, 5)
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As is evident that the value of ‘x’ for which the loss function ‘y’ as obtained by
the Eq. 1 gets minimized should be the target value for the process.

For this, the condition of minima for the Eq. 1 was checked by obtaining the
positive value of the second derivative of the equation. This fact is also evident
from the graph shown in Fig. 2.

Further the factors of Eq. 1 were obtained to get the two values of the process for
which the loss function should be minimized. This is again evident from the graph
that two real values of the factors can be obtained for the purpose as the curve is
intersecting the y = 0 line at two places for y > 0.

The two factors of the equation x1 and x2 obtained are 2.94 and 3.06, respec-
tively. Since the second factor x2 is slightly above the USL thus is not considered
for making it the target value of the process. While the first factor of 2.94 suits the
design limitations for making the target of the process.

Thus,

mrevised ¼ 2:94

4 Implementation

4.1 Result

Further the mrevised value was set as the target value for the process by making
suitable adjustments in the process parameters and following data was collected
form the operation department of the company to analyse the effect of changing the
target value on the total loss function:

• Average number of rings reworked per batch = 15 pieces per batch
• Average number of rings scrapped per batch = 5 pieces per batch
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Fig. 2 Loss function
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• Total average loss per batch = 15 * 2 + 8 * 5 = 55 Rs per batch
• % reduction in average loss per batch = 9/64 * 100 = 14.0625%.

The above data was estimated with the help of 20 random samples of piston ring
batches produced after revising the target value. Average loss per batch for all the
20 samples was obtained. The data shown in Table 2 obtained was analysed to
observe that average loss per batch was Rs 55 with standard deviation of 2.1.
Sample Heading (Third Level). Only two levels of headings should be numbered.
Lower-level headings remain unnumbered; they are formatted as run-in headings.

4.2 Validation

For validating the results through the modelling, t-student test was used.
Null Hypothesis: Total average loss due to scrap and rework before and after the

adjustment of target value to mrevised is same.

Ho: ly ¼ �x

Alternative Hypothesis: Total average loss due to scrap and rework after the
adjustment of target value to mrevised is lesser than that before the adjustment of
target value to mrevised.

Ha: �x\ly

Table 2 Average loss per batch after adjusting the target value

Sample batch number Average loss (Rs) Sample batch number Average loss (Rs)

1 58 2 54

3 58 4 54

5 54 6 55

7 58 8 52

9 53 10 52

11 54 12 57

13 58 14 54

15 54 16 54

17 53 18 54

19 58 20 56
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Test statistics:

• ly = 64 Rs
• �x = 55 Rs
• rs = 2.1
• n = 20
• degree of freedom = 19
• confidence level (a) = 95%.

Calculated t value is obtained using t test formula shown in Eq. 2

t ¼ �x� l0
rs
ffiffi

n
p ð2Þ

This gives a value of −18.681.
Tabulated t value for a left-tailed test with confidence level of 95% and degree of

freedom 19 is −1.729.
Since the calculated value falls in the critical region, null hypothesis was rejected

and alternative hypothesis was accepted. Thus, it was validated that the total
average loss due to scrap and rework after the adjustment of target value to mrevised

is lesser than that before the adjustment of target value to mrevised.

5 Conclusion

Taguchi’s loss function equation is a proven and reliable method that can be used
for optimizing the loss caused due to rework and scrap. The systematic framework
of CAIV suggested in the paper with the help of a practical case study can help the
users in implementing the same in manufacturing industries to reduce the overall
loss. As observed the total average loss was brought down by more than 14% by
implementing the technique systematically. Also the hypothesis testing validated
the modality and credibility of the method.

References

1. Zhang, J., Li, W., Wang, K., Jin, R.: Process adjustment with an asymmetric quality loss
function. J. Manuf. Syst. 33(1), 159–165 (2014). https://doi.org/10.1016/j.jmsy.2013.10.001

2. Pandey, A., Pandey, N.K., Ahmed, H.: Review of symmetricity in Taguchi’ s loss function for
performance measurement to monitor cost of rejection. Trends Mech. Eng. Technol. 9(1), 59–
68 (2019)

3. Chen, C.H., Lai, M.T.: Determining the optimum process mean based on quadratic quality
loss function and rectifying inspection plan. Eur. J. Oper. Res. 182(2), 755–763 (2007).
https://doi.org/10.1016/j.ejor.2006.09.035

Framework and Case Study for Optimizing Target Value … 195

http://dx.doi.org/10.1016/j.jmsy.2013.10.001
http://dx.doi.org/10.1016/j.ejor.2006.09.035


4. Li, M.H.C.: Unbalanced tolerance design and manufacturing setting with asymmetrical linear
loss function. Int. J. Adv. Manuf. Technol. 20(5), 334–340 (2002). https://doi.org/10.1007/
s001700200160

5. Li, M.H.C.: Quality loss function based manufacturing process setting models for unbalanced
tolerance design. Int. J. Adv. Manuf. Technol. 16(1), 39–45 (2000). https://doi.org/10.1007/
PL00013130

6. Jeang, A.: Optimal parameter and tolerance design with a complete inspection plan. Int.
J. Adv. Manuf. Technol. 20(2), 121–127 (2002). https://doi.org/10.1007/s001700200133

7. Liao, C.N., Kao, H.P.: Supplier selection model using Taguchi loss function, analytical
hierarchy process and multi-choice goal programming. Comput. Ind. Eng. 58(4), 571–577
(2010). https://doi.org/10.1016/j.cie.2009.12.004

8. Shojaei, P., Seyed Haeri, S.A., Mohammadi, S.: Airports evaluation and ranking model using
Taguchi loss function, best-worst method and VIKOR technique. J. Air Transp. Manag. 68,
4–13 (2018) https://doi.org/10.1016/j.jairtraman.2017.05.006

9. Alexander, S.M., Dillman, M.A., Usher, J.S., Damodaran, B.: Economic design of control
charts using the Taguchi loss function. Comput. Ind. Eng. 28(3), 671–679 (1995). https://doi.
org/10.1016/0360-8352(94)00219-D

10. Dunaevsky, V.V.: Analysis of distortions of cylinders and conformability of piston rings.
Tribol. Trans. 33(1), 33–40 (1990). https://doi.org/10.1080/10402009008981927

11. Anoop, P., Harsh, V.: Using qc tools to investigate the problem of rejection of piston rings—a
case study of engine component manufacturing organization. Int. J. Sci. Technol. Res. 9(4),
2410–2416 (2020)

196 A. Pandey and M. Chaturvedi

http://dx.doi.org/10.1007/s001700200160
http://dx.doi.org/10.1007/s001700200160
http://dx.doi.org/10.1007/PL00013130
http://dx.doi.org/10.1007/PL00013130
http://dx.doi.org/10.1007/s001700200133
http://dx.doi.org/10.1016/j.cie.2009.12.004
http://dx.doi.org/10.1016/j.jairtraman.2017.05.006
http://dx.doi.org/10.1016/0360-8352(94)00219-D
http://dx.doi.org/10.1016/0360-8352(94)00219-D
http://dx.doi.org/10.1080/10402009008981927


Analysis of Load Capacity
of Functionally Graded Material
Structures

Shubhatma Sharma and Manish Bhandari

Abstract Functionally graded materials are made up of predefined combination of
ceramic and metals. The functionally graded materials (FGM) have been developed
as high temperature-resistant and heat-resistant materials in space engineering and
nuclear engineering. The FGM exhibits the resultant properties of ceramics and
metal. The ceramics are involved for resistance in a high-temperature environment,
while the metal contributes toward fracture toughness. The variation in strength and
other properties may arise from geometry and other variable material properties like
density. The studies related to energy-absorbing configurations in consideration
with graded properties are of a great interest these days in research areas. These
structural elements having graded properties have application in areas like vehicles,
ships, safety devices and other load carrying members. The idea behind the func-
tionally graded materials (FGM) is to have variable properties in a dimension
following a particular law. The main objective of this paper is to understand the
load capacity variations of such materials when graded in terms of different
parameters such as diameter and thickness. In this research paper, a study is con-
ducted on a FGM tapered frustum structure to identify the exact variation in the
load capacities of such members when graded in terms of diameter, thickness,
endurance strength, etc., in accordance with the empirical relations, the study on
which has been previously conducted, to make it useful for designing of such
members.
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1 Introduction

Functionally graded materials are made up of predefined combination of ceramic
and metals. The functionally graded materials (FGM) have been developed as high
temperature-resistant and heat-resistant materials in space engineering and nuclear
engineering. The FGM exhibits the resultant properties of ceramics and metal. The
ceramics are involved for resistance in a high-temperature environment, while the
metal contributes toward fracture toughness. The variation in strength and other
properties may arise from geometry and other variable material properties like
density. The fabrication of these materials might be a difficult task but can be
accompanied with the advance of manufacturing science and process technology.
With the advance of computer technology, numerical simulation and surrogate
optimization methods have been widely applied in the crashworthiness analysis and
design of tapered tubes. Mamalis and Johnson [1] considered thin-walled circular
cylinders and frusta. Based on the compression tests of thin-walled cylinders and
frusta, empirical expressions [2, 3] of the mean crushing load were firstly derived
for frusta with various semi-apical angle by fitting the results of frusta with various
crumpling modes. A theoretical model was proposed to analyze the extensional
mode of the frusta, and the mean force was correlated with the yield stress of
material, wall thickness, top diameter and semi-apical angle of the frusta. They
applied axial compression and obtained results for the quasi-static crumpling of
thin-walled circular cylinders and frusta. Mamalis et al. [4] studied extensible
plastic collapse of thin-wall frusta as energy absorbers and obtained the
energy-absorbing capacity results. Wierzbicki et al. [5] applied a two folding ele-
ments model to study the progressive crushing of tubes. The paper investigates the
antiplane shear problem of a dissimilar interfacial circular crack in cylindrically
anisotropic composites. Using the theory of analytical functions, a general solution
based on a complex variable displacement function is obtained, which is similar to
Lekhnitskii’s stress potentials for rectilinearly anisotropic material. For some cases,
the circular crack problems are reduced to Hilbert problems which are solved in a
closed form. The first three-term asymptotic expansions of the near crack-tip stress
field are given to identify the role of the curvature effect. The asymptotic solutions
are further compared with exact solutions. These solutions show that the leading
term exhibits an inverse square root stress singularity regardless of the material
properties. In order to compare the stress field near the crack tip for a curved crack
with that of a planar crack, a solution for a rectilinearly anisotropic body Nagel and
Thambiratnam [6] investigated the energy absorption response of tapered
thin-walled rectangular tubes numerically and compared with that of straight tubes.
Influences of various factors including wall thickness, taper angle, impact mass and
velocity were analyzed. Due to symmetry of the geometry, loading and deformation
modes, only one quarter of each of the straight tubes, double-tapered tubes and
frusta were modeled by applying suitable boundary conditions along each unloaded
edge of the quarter model. Such modeling technique serves to reduce computation
time and has been used in previous studies on the axial loading of thin-walled
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square columns. In 2007, Avalle and Chiandussi [7] introduced a tapered initiator to
a tubular component as the front structure or front longitudinal beam of a vehicle
body. Liu [8] conducted optimization of tapered thin-walled square tubes. Besides
improving load uniformity, another significant merit of tapered tubes is to resist
oblique loads. In fact, the energy-absorbing structures are always subject to oblique
or inclined loads in the real crashing events. The smaller end of tapered tubes is
generally toward the striker since the relatively weak end is easier to deform and
transfer less transverse force to bend the structure. Zhang et al. [9] applied dynamic
crushing load based on the circle arc model and presented uniform and density
graded cellular structures. Apart from the experimental analysis, a theoretical
analysis was also performed to predict the mean crushing force of multi-cell tubes
with graded thickness. Fan and Zou [10] found the effect of defects on dynamic
crushing properties of functionally graded honeycomb structures. Lu et al. [11]
considered axially graded tailor rolled square tubes and conducted axial crashing
analysis for both wall thickness and material strength.

In the current paper, axial load capacity has been analyzed of a conical frusta
made up of functionally graded material, and the results are presented in graphical
form with the help of equations that are previously established. The main objective
of this paper is to understand the load capacity variations of such materials when
graded in terms of different parameters such as diameter and thickness.

2 Classification of FGM Structures

The functionally graded materials can be classified as [10].

2.1 Thin-Walled Structures with Graded Diameter

These are employed mainly to improve the load uniformity of absorber and to
endure axial and oblique impact situations. This endurance strength is governed by
various factors including wall thickness, taper angle, impact mass and velocity, etc.,
while in action, the smaller end of tapered tubes is generally toward the striker since
it transfers less transverse force to the bend structure. The capacity of
energy-absorbing component can be further increased by adopting multi-cell
sections.

2.2 Thin Wall Structure with Graded Thickness

Unlike the former case, the materials with variable wall thickness are also employed
for improving energy absorption capacity. The structures can be produced using
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tailor rolled blank technology (TRB). The structures produced from TRB tend to
have comparable performance with light mass. These structures can be of two
types:

(a) Wall thickness is linearly distributed along the cross section width called single
surface gradient (SSG).

(b) Wall thickness is linearly distributed along the height called double surface
gradient (DSG). Apart from this, distribution of thickness can be linear as well
as nonlinear, and even the distribution direction can be axial or transverse.

2.3 Thin Wall Structures with Graded Properties

In order to obtain energy-absorbing structure with graded properties like strength
and hardness, tailor hot stamping (THS) is often used. By doing so, different
mechanical properties would be shown by different regions of same part. The
properties can be graded in accordance with the geometrical configuration and
loading directions.

2.4 Tailor Welded Wall Structure

Above mentioned graded properties might not reach the maximum advantage and
work only up to certain limit but if, metal sheets with different thickness, strength
and material types joined, lead to a much more feasible and ideal design strategy.
These can be joined by laser welding technique to have better stiffness, absorption
and crash behavior by optimal combination of all above. In these structures, the
deformation modes are more complex.

2.5 Cellular Materials with Graded Properties

The cellular materials having porous microstructure such as foams and honey
combs, having light weight can also be considered for high performance parame-
ters. The impact strength in such cases hugely depends on density. The performance
of these graded foams can be further increased if the density difference between
each layer is increased. Apart from foams, bamboo structure can also be employed
as self-optimizing graded structure, which has its fibers non-uniformly distributed
through the thickness. Metal hollow spheres (MHS), due to high uniformity of
internal topologies, are also employed as special foam to improve low density metal
materials. MHS foam can reduce plateau stress and is more advantageous in energy
absorption. The other category of cellular materials with properties includes
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honeycombs, showing different properties in different directions which results in
more complex influence of density gradient and structure response. Sandwich
structures with cross arranged graded honeycombs are best under blast loading
when high density is applied in upper layer and also under high velocity impacts.

3 Methodology

The early studies on the axial crushing of tapered tubes were performed by Mamalis
and Johnson [4] and Mamalis et al. [5] in the 1980s. Based on the compression tests
of thin-walled cylinders and frusta, empirical expressions of the mean crushing load
were firstly derived for frusta with various semi-apical angle by fitting the results of
frusta with various crumpling modes. A theoretical model was then proposed to
analyze the extensional mode of the frusta [10], and the mean force was correlated
with the yield stress ‘Y’ of material, wall thickness ‘t’, top diameter ‘D’ and
semi-apical angle ‘u’ of the frusta. A schematic diagram for the dimensions of a
thin-walled frustum is shown in Fig. 1. The FGM Frustram is made of zirconia
(ceramic) and aluminum (metal) grading.

Considering a sample of tapered section having wall thickness ‘t’, top diameter
‘D’, semi-apical angle ‘u’ and height ‘H’.

Load capacity [2, 3].
For FGM tapered section graded diameter:

P ¼ 7:925� r�
ffiffiffiffi

D
p

� ffiffi

t3
p ð1Þ

where
P—Load capacity (N)
D—Diameter of cross section (mm)
T—Thickness of sheet metal (mm)

Fig. 1 Thin-walled frustum

Analysis of Load Capacity of Functionally Graded … 201



r—Strength of material (N/mm2)
For a tapered section:

P ¼ Se� A ð2Þ

where Se = K1 � K2 � K3 � K4 � K5 Se’
P—Load capacity (N)
K1—Surface finish factor (0.68)
K2—Size factor (0.85)
K3—Reliability factor (0.897)
K4—Stress concentration factor (0.45)
K5—Axial load factor (0.8)
Se’—Endurance strength (N/mm2)
Se—Corrected endurance strength (N/mm2)

3.1 FGM Constituents

FGM Frustram is made of zirconia (ceramic) and aluminum (metal) grading for
microcomponents with properties of both aluminum and zirconia. This being a very
popular FGM has been used in many studies [12–14]. Multi-layer FGMs are
modeled using highly stable alumina/zirconia suspensions.

The properties of Zirconia and Aluminum are listed in Table 1.

4 Results

The following graphs show the variation and trend followed in the load capacity of
the FGM structure when used under grading different parameters keeping others
constant. This can be useful while designing the components under different
loading conditions.

Figure 2 shows the variation of load capacity with increase in diameter using the
empirical relationship (Eq. 1). The trend observed here shows that the axial load
capacity of the structure increases linearly with increase in diameter when other
parameters including thickness and compressive strength are kept constant and do

Table 1 Properties of
zirconia and aluminum [9, 14]

Ceramic Metal

Material Zirconia Aluminum

Elastic limit 635–690 MPa 150–180 MPa

Density 5.68 g/cm3 2.95 g/cm3

Poisson’s ratio 0.28 0.34
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not exhibit significant change. Figure 3 shows the variation of load capacity with
graded diameter when it is calculated with endurance strength equation considering
impact loading (Eq. 2), and it is observed that load capacity increases linearly with
a greater slope as compared to the previous case.

Figure 4 shows the variation of load capacity with graded thickness keeping the
diameter constant using empirical relation (Eq. 1), and it is observed that the load
capacity increases not linearly but with a greater slope which can be of great use in
applications where intense loading condition is present. Figure 5 shows the varia-
tion of load capacity of FGM material which has higher endurance strength
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(440 MPa) using Eq. (1), and it is observed that the initial value of load capacity
has increased the entire range of load capacity, keeping the thickness constant and
grading the diameter.
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5 Conclusions

1. Through reviewing a great number of published works, gradient characteristics
were found to provide more feasible and effective design for energy-absorbing
structures and materials. The structures and materials with graded properties
could absorb higher energy with less weight and in a more controlled manner for
various load conditions, keeping different combinations of graded properties
such as length, thickness, diameter and density.

2. It is evident from the above results that grading different parameters clearly
improves the load bearing capacity of the member subjected to loading. It hence
explains that the use of graded materials can actually be used in loading con-
ditions where high energy-absorbing capacity is required.

3. Recently, crashworthiness of advanced structures and materials with graded
properties raised enormous concerns. Introducing gradient to structures and
materials could considerably reduce weight and at the same time improve
performance by making reasonable designs of the gradient parameters.

4. In general, the introducing of gradients brings bigger flexibility and wider
design domain in related energy-absorbing structures and materials. The
crashworthiness performance of these structures and materials could definitely
be further improved by appropriate design optimization.

5. Apart from the manufacturing technologies, some modeling and computational
methodologies based on macro-micromechanics and topology optimization may
also be introduced to analyze and design graded structures and materials.
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Mechanical Property
and Microstructure Analysis of Laser
Beam Welded Aluminium (A6061)-
Titanium (Ti6Al4V) Dissimilar Sheet
Metals

Sudhin Chandran, R. Rajesh, and M. Dev Anand

Abstract Developing vogue in engineering, such as lightweighting, expanded
execution, and usefulness builds the utilization of complex material, crossover
fabric, and in this way, the requirement for fastening different metals. Al and Ti
compounds are generally utilized in the aviation and automobile industry because
of their appealing properties, like small density, intense conductivity, superior
strength, and solidness. Nonetheless, the fastening of Al and Ti combinations by
conventional welding techniques is troublesome because of the development of
bulk intermetallic mixes. Laser beam welding is efficient for titanium–aluminium
welding, a bigger pretence in aviation, automobile, electronics, and different sec-
tors. In this research, distinct 2 mm thickness A6061 and Ti6Al4V butt seams were
created by moving a laser supply on the Ti sheet’s top side. Titanium alloy Ti6Al4V
and aluminium amalgam 6061 were effectively joined by laser beam welding. The
mechanical and microstructural qualities of the welded joints were assessed. The
weld piece displays a blend of fine recrystallized particles of the aluminium com-
pound and titanium compound.

Keywords Laser beam welding � Titanium � Aluminium � Mechanical proper-
ties � Microstructure

1 Introduction

Developing production fields like aviation, automobile, and power generation calls
for particular items by integrating lightweight and recyclability characteristics. As
original material frequently flops to handle those necessities, a blend of at least two
materials can fulfill a particular manufacturing sector requirement [1, 2]. Divergent
joints can give application-oriented solutions. Specifically, Al–Ti lightweight
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crossover fabric has a broad scope of utilizations and likely possibilities in aviation,
automobile, and electronics businesses. A decrease in weight and fuel utilization
speaks to a fundamental necessity. Weight decrease is unequivocally requested for
vitality and typical asset savings [3]. However, Al propounds lesser density,
diminished expenses, and sheet framing properties. Ti composites display excep-
tional corrosion properties, biosimilarity, more excellent elasticity, and excellent
temperature conduct, which get them perfect contenders for usage in basically two
territories of utilization: corrosion-resistant facility and explicit strength active
assemblies [4, 5].

Al–Ti fabric is now utilized in few glides of planes, in which the Al honeycomb
is joined to the Ti outside layer. Another model is the seat-track in the airplane: it is
proposed to utilize Ti rather than Al for the creation of the jeopardized zone of the
seat trail, to forestall corrosion, which necessarily follows up on the components in
the cabin. The blend of an Al-compound with Ti6Al4V for airplane seat trail
appeared in Fig. 1a [6].

Mechanical joining strategies like riveting, screwing and press-joining are now
highly utilized because they do not demand metallurgical similarity among the
materials fastened. Al to Ti’s association develops troublesome while employing
the conventional fastening techniques because of their enormous distinction in
thermo-physical properties and development of expanded brittle intermetallic
compound layers. Figure 1(b) reveals the Ti–Al binary phase diagram [4, 7].

Welding of tinny sheet presents various difficulties to the welding of thicker
areas. Welding of tinny sheet necessitates superior positional precision and small
warmth contribution since weld infiltration is certifiably not a significant matter for
flimsy sheets; however, a lot of heat generation can prompt considerable contortion.
Welding of distinct materials is difficult because of the variety in both materials’
physical and substance properties [8, 9]. A few ways to deal with weld titanium to
aluminium have been crafted earlier [10]. Laser beam welding is one of the most
generally utilized welding strategies for a unique joint as of not long ago.

Fig. 1 a Traveller seat trail. b Ti–Al binary phase diagram
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Contrasted and ordinary weld techniques, laser beam welding have numerous
favourable circumstances, such as rapid accuracy, smaller weld globule, smaller
warmth influenced zone, and better controllability. The cementing time in a con-
stant laser beam welding is quicker than other methods [11, 12]. Laser welding can
give a considerable advantage to the welding of titanium (Ti6Al4V) and aluminium
(A6061) thin sheets with exactness and quick handling capability [13]. The pro-
cedure of the arrangement of Ti/Al dissemination holding joint quality relies upon
the metallurgical blend rate and the interface structure in the dispersion zone. It
can reach or even surpass the quality of pure aluminium after TiAl3 structures a
layer [14].

This article unveils an investigation of the laser welding of 6061 aluminium
sheet–titanium (Ti6Al4V) compound sheet, involving examining the mechanical
properties and the microstructure perceptions. They were regarded as the two
materials well on the way to be utilized in rocket construction [15].

2 Experimental Procedure

Distinct material joining of Ti4V6Al and A6061 sheets utilized in this investigation,
and the dimension of the sheets was 100 � 60 � 2 mm. The chemical composition
of the parent metal is recorded in Tables 1 and 2, separately. An imaginative and
promising procedure created the welds, likewise, alluded to laser offset welding.
The laser beam was moved on the Ti sheet top side with the expectation to produce
the keyhole. Ti parent metal was dissolved by direct irradiation, while Al parent
metal liquefied through warmth conduction through the interface. A drawing of the
welding design has appeared in Fig. 2a, b publicized the laser beam welding
equipment. Laser offset impacts the thickness of the interfacial IMC layer and the
mechanical property of the joint. With expanding laser offset, the thickness of the
interfacial IMC layer diminishes, and the joint’s rigidity rises [16].

The trial was planned depending on a three factor three-level factorial statistical
design. Laser power, welding speed and offset speak to the autonomous input
factors. The optimized laser parameters are 1800 W power, 2.2 m/min speed and
offset 0.3 mm. Metallographic samples were set up as indicated by standard
methodology. The joints were cross-separated oppositely to the welding course for
metallographic investigation. The joints’ microstructures were analysed with a
scanning electron microscope (SEM). SEM perception samples were cleaned with
standard pounding strategies and synthetically carved by Keller’s reagents solution.
Backscattered electron pictures of SEM were utilized to dissect the interfacial IMC
layer.

Table 1 Chemical constitution of parent metal titanium alloy (Ti6Al4V)

Ti C Fe N Al O V H Y Other

Balance 0.08 0.03 0.05 5.5–6.75 0.20 3.5–4.5 0.015 0.005 0.40
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The tensile test samples were set up as indicated by ASTM-E8 specification and
are led by utilizing a Shimadzu 20 kN tensile test set up to decide the peculiarity of
the materials and seam quality for the welded tests.

3 Results and Discussion

Figure 3 exhibits the cross-segment of the weld. The two regions reveal a welded
zone and heat influenced area. The titanium’s fusion was because of the exemplary
penetration mode welding while the aluminium merged for the warmth that was led
within the Al–Ti connection. The exchange of heat from Ti to Al delivered the
coherence among the Ti and the Al fusion areas. The microstructural investigation
showed a super-slim layer of intermetallic TiAl3 at the interface, which metallur-
gically connects Ti6Al4V and A6061 sheets. It is evident from the SEM micro-
graphs demonstrated that there is no fastening imperfection in the boundary. The
distortion groups close to the boundary region were essentially shaped in alu-
minium; this may be because of its temporary hardness. In any case, these groups
may likewise be the aftereffect of cold deformation in the Al sheet creation. This
outcome affirms that the interface is in a unique situation according to a metal-
lurgical perspective.

Figure 4a shows that the crack sample and a section of the crack surface are
shown. The tensile test strategy was chosen to decide weld strength, which was
acknowledged by utilizing a tensile testing unit. It very well may be noticed that the
fracture would, in general, spread in the vicinity of the welding joint. The tensile

Table 2 Chemical composition of base material aluminium 6061

Al Si Fe Cu Mn Mg Cr Zn Ti Other

Balance 0.40–0.80 0.70 0.15–0.40 0.15 0.8–1.2 0.04–0.35 0.25 0.15 0.15

Fig. 2 a Sketch of the welding configuration. b Laser beam welding equipment
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strength of the laser beam welded titanium–aluminium seams arrived at 205 MPa,
and it was near to the tensile strength of A6061 parent material.

Hardness is similar to the extent of the strength of the weld seam. The Vickers
test is a broadly used procedure since it is essential and detached. In the Vickers
hardness strategy indenting the sample test with a diamond indenter. It is a right
pyramid with a square foot and a state of 136° between various forms. The constant
load is exerted for a specific time and cleared while the tiny load is in position. It
indicates that the hardness of weldment is 290 HV. Figure 4b displays the hardness
trial samples.

4 Conclusions

The laser welding of tinny Al and Ti sheets was executed by concentrating the laser
beam on the titanium amalgam area. The microstructure, mechanical properties and
arrangement of the interfacial IMC layer of the distinct butt seam were reviewed.

(1) Welding of Ti6Al4V/A6061 distinct composites with 2 mm thickness by the
laser beam can deliver seams with great impression under welding states of
1800 W laser power, 2.2 m/min welding speed, and 0.3 mm laser offset at
titanium compound section.

A6061 Ti6Al4V

Fig. 4 a Tensile test break sample. b Hardness test specimen

A6061

Ti6Al4V 

Fig. 3 Microstructure of welded sample
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(2) The fastening method of Ti6Al4V/A6061 distinct amalgams by laser welding is
by developing intermetallic stage TiAl3 at the boundary.

(3) The metallurgy impacted the mechanical conduct of the weld. The break takes
place in the consolidated territory at an ultimate strength that was near to that of
A6061.
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Parametric Optimization
and Evaluation of RMDTM Welding
Performance for ASTM A387 Grade 11
Steel Plates Using TOPSIS-Taguchi
Approach

Dinbandhu and Kumar Abhishek

Abstract Continually increasing demands in pipeline welding concerning quality,
frequent usage of superior, heat-sensitive, and corrosion-resistant materials along-
side high assembly costs encourage the assessment of a welding process in detail.
The only way to conquer such problems was the adaptation of technologically
innovative welding methods that integrate the goodness of sophisticated power
supply units and advanced software configuration. One such method is regulated
metal deposition (RMDTM) welding. This work explores the influence of RMDTM

welding variables and optimizes them for the best output responses. For that,
voltage (V), current (A), and gas flow rate (GFR) were selected as welding vari-
ables, and their responses have been measured in terms of bead height (BH), bead
width (BW), heat-affected zone (HAZ), and depth of penetration (DOP) by taking
bead-on-plate trails on chrome moly steel plates. A novel optimization route based
on the integrated concept of the TOPSIS-Taguchi approach has also been proposed,
which delivers the optimal parametric setting as current = 100 A, voltage = 13 V,
and gas flow rate = 21 L/min.

Keywords RMDTM welding � Cr-Mo steels � TOPSIS � Optimization � DOP �
HAZ

1 Introduction

Regulated metal deposition (RMDTM) welding is a novel welding method com-
prehensively used by several manufacturers and fabricators for performing root pass
welding in oil and gas pipeline industries. As conventional methods of welding
were not able to comply with the expectations of fabricators in terms of productivity
and quality, Miller Electric Mfg. introduced this method and patented it in 2004.
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This technique is an improvement over the conventional shortcircuiting mode of the
GMAW process based on the manipulations of current and voltage waveforms that
govern and adjust the movement of liquified droplets from the filler metal (wire
electrode) to the weld pool. The manipulations in current and voltage waveforms
are accomplished through a newly developed inverter-based power supply unit that
houses computer-programmed innovative digital control devices. The RMDTM

welding technique offers numerous advantages over conventional welding methods
that can alleviate a welding firm’s quality, efficiency, and productivity. It delivers a
steady droplet deposition. Consequently, it becomes more convenient for the welder
to handle the weld puddle. It eliminates the condition of high–low misalignment
between pipe sections leading to effortlessly bridging the gap up to 4.8 mm. It
eradicates the need for backing gas while welding, leading to a noteworthy
enhancement in productivity and reduction in welding cost. The process works to
keep a uniform arc length regardless of the filler wire stick out, making it easier for
the new welders to master it with less training. It is impeccably suitable for the root
pass welds, producing a 3.2–6.4 mm thick throat, thus removing the necessity of a
GTAW hot pass. It has high travel speeds of 152.4–304.8 mm (6–12 in.) per
minute as compared to the speeds of conventional welding (3–8 in./min) and
GTAW (3–5 in./min). Therefore, the deposition rate increases. Due to the stable
weld puddle and smooth metal transfer, spatter-free and slag-free welds are pro-
duced. The sidewall splashing also gets decreased. Hence, the process ends the
possibilities of re-works like grinding, post-work cleaning on the finished weld
leading to improved productivity and quality with time and cost savings [1–8].

Nascimento and Vilarinho [9] welded carbon steel pipes using an advanced
GMAW welding method known as surface tension transfer (STTTM) welding. The
pipes, having an 8 inch diameter and 8 mm thickness, were welded in downhill
progression. For that, Ar + 25% CO2 gas was utilized as the shielding gas, whereas
ER70S-6, having 1.2 mm diameter, was employed as the filler wire. Mechanical
tests were performed along with the visual inspection of the welded samples to
check their feasibility in industrial applications. The obtained results were good,
yielding better outcomes than the traditional welding techniques. Sharma and
Dwivedi [10] used multipass-TIG and activated flux TIG welding processes for the
coalescence of dissimilar 304H ASS-P92 steel joints. A comparative study of these
two processes was done using mechanical properties, metallurgical features,
angular distortion, and bead morphology. The economic aspects of both processes
were also examined. Hilkes and Gross [11] discussed Cr-Mo steels’ welding
applications in the petrochemical and power generation sectors. Several experi-
ments were performed using SMAW, SAW, GTAW, FCAW, and GMAW on
Cr-Mo steels. The maximum service temperature of Cr-Mo steels was also dis-
cussed, along with an elaboration on their chemical composition. This paper also
spreads some light on the applicability of different welding consumables and
methods for Cr-Mo steels. A proper guideline on interpass temperatures and pre-
heating of these steels is also communicated. Sumesh et al. [12] welded carbon steel
plates through robotic GMAW integrated with Fronius power source and obtained
defect-free welds, welds with burn through and porosity defects. A decision tree
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algorithm has been incorporated to categorize the weld defects by establishing a
correlation between voltage and current signatures. Terner et al. [13] performed
welding operations on low-carbon steels and investigated the effects of input
parameters, namely current, shielding gas, voltage, and welding speed on the bead
geometry. Response surface methodology (RSM) was adopted for the experimental
design. The development of mathematical models was also done to envisage the
bead geometry, hardness, and heat input as a function of welding parameters and
obtain the optimal weld settings. Prajapati et al. [14] conducted bead-on-plate trails
for Cr-Mo grade 11 plates of steel using RMDTM welding and optimized the
welding parameters, namely voltage, current, and gas flow rate for HAZ, DOP, and
BW. L9 arrangement, along with the combined approach of gray-fuzzy-Taguchi,
was applied for obtaining optimal settings. The study reveals that RMDTM welding
is highly influenced by voltage.

The existing literature details the effect of several welding parameters on
low-carbon steels, stainless steels, and superalloys using some conventional pro-
cesses like GMAW and GTAW and advanced processes such as RMDTM, STT, and
CMT. But the literature is scarce on RMDTM welding of low alloy steels. Only a
few researchers have examined the HAZ and DOP of Cr-Mo steels for the RMDTM

welding. Hence, this work not only examines the outcomes of RMDTM welding
variables on Cr-Mo steels by assessing the heat affected zone (HAZ), depth of
penetration (DOP), bead width (BW), and bead height (BH) but also proposes a
novel optimization route using Taguchi-utility approach and adds on some salient
features of this advanced welding method in the existed literature database.

2 Materials and Methods

In this work, ASTM A387 grade 11 steel plates of 500 mm � 150 mm � 6 mm in
size have been incorporated as the base material. Using Miller’s ‘Continuum 500’
welding machine, bead-on-plate trails (Fig. 1) were performed on them.
‘MEGAFIL 237 M’, a metal-cored wire electrode, was used as the filler wire. To
do so, three input variables viz. current, voltage, and GFR were selected. These
control variables were assigned certain levels, as shown in Table 1. Then, the
design of experiments was modeled based on Taguchi’s L25 setup. The measured
output responses were HAZ, DOP, BW, and BH (Fig. 2). To measure these output
responses, the bead-on-plate samples were cut, polished, etched (Fig. 1), and placed
under a microscope individually. All the experimental trails with their respective
output responses have been represented in Table 2.
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2.1 TOPSIS Method

Technique for order preference by similarity to ideal solution, abbreviated as
TOPSIS, is a MADM technique used to find the best substitutes in the solution
space for a problem. Ching-Lai Hwang and Kwangsun Yoon proposed it in 1981
[15, 16]. The straightforward logic of the approach makes it easier for the user to
understand and implement. It measures the degree of closeness to the ideal solution
where the chosen/best substitutes should have the minimum separation distance
from the positive ideal solution. Meanwhile, it must be too far from the negative
ideal solution [17, 18]. The positive ideal solution consists of the best performance
values shown by any substitute for respective attributes. At the same time, the
negative ideal solution is a set of worst performance values [17, 19]. This method
has substantial application areas such as design and engineering, logistics, supply

Fig. 1 Cut and polished bead-on-plate welding samples

Table 1 Allocation of levels
to the welding variables

Welding variables Levels (L)

1 2 3 4 5

A 90 100 110 120 130

V 13 14 15 16 17

GFR 13 15 17 19 21
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chain management, marketing, manufacturing, due to its several advantageous
features. It is simple to understand, program, and use. It maintains the same number
of steps, regardless of problem size [20, 21]. The approach involves the following
steps for converting multiple attributes into a single response [17–19]:

Step 1: Formation of a decision matrix:

D ¼

A1

A2

�
Ai

�
Am

x11 x12 � x1j x1n
x21 x22 � x2j x2n
� � � � �
xi1 xi2 � xij �
� � � � �
xm1 xm2 � xmj xmn

2
6666664

3
7777775

ð1Þ

where Aiði ¼ 1; 2; . . .mÞ denotes the promising substitutes; xjðj ¼ 1; 2; . . . nÞ sig-
nifies the attributes relating to the performance of the substitute; j ¼ 1; 2; . . . n and
xij signify the performance of Ai for attribute Xj

Step 2: Normalization of decision matrix:

rij ¼ xijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPrn
i¼1 x

2
ij

q ð2Þ

where rij depicts the normalized performance of Ai for attribute Xj

Fig. 2 Assessment of output responses
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Step 3: Formation of a weighted normalized decision matrix:

V ¼ vij
� �

V ¼ wjrij

D ¼

y11 y12 � y1j y1n
y21 y22 � y2j y2n
� � � � �
yi1 yi2 � yij �
� � � � �
ym1 ym2 � ymj ymn

2
6666664

3
7777775

ð3Þ

where
Pn

j¼1 wj ¼ 1

Table 2 Experimental runs and their respective output responses

Trails Current (A) Voltage (V) GFR (L./
min.)

HAZ (mm) DOP (mm) BW (mm) BH (mm)

1 90 13 13 1.19 0.84 5.12 2.4

2 90 14 15 1.30 1.16 5.58 2.91

3 90 15 17 1.37 1.18 5.86 2.22

4 90 16 19 1.68 1.33 6.67 2.74

5 90 17 21 2.04 1.16 7.08 2.71

6 100 13 15 0.93 0.90 5.23 2.75

7 100 14 17 1.16 1.13 4.94 2.52

8 100 15 19 1.06 1.22 5.49 1.87

9 100 16 21 1.30 1.50 6.48 2.29

10 100 17 13 1.67 1.41 6.83 2.18

11 110 13 17 1.54 0.96 5.95 2.85

12 110 14 19 1.30 0.98 5.78 2.35

13 110 15 21 1.20 1.29 5.37 2.17

14 110 16 13 1.86 1.38 7.10 2.39

15 110 17 15 1.54 1.65 7.80 2.57

16 120 13 19 1.16 1.28 5.72 2.84

17 120 14 21 1.30 1.32 5.86 2.66

18 120 15 13 1.86 1.07 7.47 2.57

19 120 16 15 1.84 1.35 7.68 2.49

20 120 17 17 1.90 1.91 7.40 2.45

21 130 13 21 1.13 1.10 5.33 2.97

22 130 14 13 1.68 0.99 6.95 2.72

23 130 15 15 1.42 1.20 6.55 2.86

24 130 16 17 1.62 1.75 7.94 2.29

25 130 17 19 1.80 1.45 7.65 2.22
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Step 4: Finding the positive ideal (best) and the negative ideal (worst) solutions:

(a) The positive ideal (best) solution:

Aþ ¼ max
i

yijjj 2 J

� �
; min

i
yij j 2 J

0�� ��i ¼ 1; 2; . . . m
� �� 	

¼ yþ1 ; yþ2 ; . . .yþj ; . . . yþn
n o ð4Þ

(b) The negative ideal (worst) solution:

A� ¼ min
i

yijjj 2 J

� �
; max

i
yij j 2 J

0�� ��i ¼ 1; 2; . . . m
� �� 	

¼ y�1 ; y
�
2 ; . . .y

�
j ; . . . y

�
n

n o ð5Þ

where
J = {j = 1, 2 ,… n|j}: allied with the advantageous attributes
J′ = {j = 1, 2,… n|j}: allied with nonadvantageous attributes
Step 5: Distance measurement of substitutes from ideal solutions. The separation

distance of each substitute from the ideal solutions is measured by n-dimensional
Euclidean distance using the following equations:

Sþ
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
j¼1

yij � yþj

 �2

vuut i ¼ 1; 2; . . . m ð6Þ

S�i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
j¼1

yij � y�j

 �2

vuut i ¼ 1; 2; . . . m ð7Þ

Step 6: Evaluation of overall performance coefficient nearest to the ideal
solution:

Cþ
i ¼ S�i

Sþ
i þ S�i

; i ¼ 1; 2; . . . m; 0�Cþ
i � 1 ð8Þ

Figure 3 depicts the proposed optimization route.
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3 Result and Discussion

Experiments have been carried out as per L25 orthogonal array and experimental
data for the welding performance evaluation characteristics viz. HAZ, DOP, BW,
BH has been recorded and furnished in Table 2. Firstly, the aforementioned eval-
uation characteristics were normalized using Eq. 2. These normalized values are
presented in Table 3. In the present work, all the responses are assumed of equal
importance. Therefore, equal weight (0.25) has been assigned to each output
characteristic, and weighted values were calculated using Eq. 3 (Table 3). As the
aforementioned evaluation characteristics are conflicting, it is necessary to deter-
mine the positive ideal and negative ideal solutions (Table 4). In the present con-
text, lower values are preferable for HAZ, BW, and BH, so the lowest value of
these characteristics was considered a positive ideal solution and vice versa.
Similarly, for DOP, higher values are preferable; hence, the highest value of DOP
has been considered as a positive ideal solution and vice versa. Subsequently,

Fig. 3 Flow diagram of
TOPSIS for multi-response
optimization
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separation distance from the positive ideal solution and the negative ideal solution
has been assessed using Eqs. 6 and 7, respectively, and tabulated in Table 5. Then,
the closeness coefficient value was determined using Eq. 8, whose highest value is
preferable. To finish, Taguchi was implemented on the closeness coefficient to
assess the optimal welding combination [17, 22, 23]. The optimal welding com-
bination has been achieved as current = 100 A, voltage = 13 V, and gas flow
rate = 21 L/min. The predicted S/N ratio has also been computed to validate the

Table 3 Normalized and weighted values for the experimental data

N-HAZ N-DOP N-BW N-BH W-HAZ W-DOP W-BW W-BH

0.1883 0.109767 0.811502 0.45451 0.047064 0.027442 0.202875 0.113627

0.2247 0.207529 0.963869 0.6682 0.056167 0.051882 0.240967 0.16705

0.2495 0.215876 1.063028 0.38889 0.062379 0.053969 0.265757 0.097222

0.3752 0.276838 1.377213 0.592409 0.093802 0.06921 0.344303 0.148102

0.5532 0.207529 1.551729 0.579508 0.13831 0.051882 0.387932 0.144877

0.1150 0.124612 0.846745 0.596741 0.028745 0.031153 0.211686 0.149185

0.1789 0.199698 0.755446 0.501097 0.044721 0.049925 0.188861 0.125274

0.1494 0.233065 0.933027 0.275933 0.037343 0.058266 0.233257 0.068983

0.2247 0.347694 1.299869 0.413801 0.056167 0.086923 0.324967 0.10345

0.3708 0.307966 1.444079 0.375002 0.092689 0.076992 0.36102 0.09375

0.3153 0.142773 1.095932 0.64093 0.07882 0.035693 0.273983 0.160232

0.2247 0.150628 1.034201 0.435769 0.056167 0.037657 0.25855 0.108942

0.1914 0.260083 0.892685 0.371569 0.047858 0.065021 0.223171 0.092892

0.4599 0.29798 1.560509 0.45073 0.11498 0.074495 0.390127 0.112682

0.3153 0.42507 1.883383 0.521179 0.07882 0.106267 0.470846 0.130295

0.1789 0.255278 1.012842 0.63644 0.044721 0.063819 0.25321 0.15911

0.2247 0.269418 1.063028 0.558321 0.056167 0.067354 0.265757 0.13958

0.4599 0.176778 1.727391 0.521179 0.11498 0.044195 0.431848 0.130295

0.4501 0.283519 1.825879 0.489237 0.11252 0.07088 0.45647 0.122309

0.4799 0.568115 1.695169 0.473645 0.119978 0.142029 0.423792 0.118411

0.1698 0.18721 0.879435 0.696039 0.042438 0.046802 0.219859 0.17401

0.3752 0.153705 1.495268 0.583792 0.093802 0.038426 0.373817 0.145948

0.2681 0.222152 1.328104 0.645435 0.067015 0.055538 0.332026 0.161359

0.3489 0.476421 1.951599 0.413801 0.087222 0.119105 0.4879 0.10345

0.4307 0.328432 1.811642 0.38889 0.107681 0.082108 0.45291 0.097222

Table 4 Positive ideal (best)
and negative ideal (worst)
solutions

HAZ DOP BW BH

A− 0.13831 0.027442 0.4879 0.17401

A+ 0.028745 0.142029 0.188861 0.068983
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optimal combination. From Table 5, it has been observed that the predicted S/N
ratio is higher among the computed S/N ratios giving justification to the obtained
optimal combination (Fig. 4). Table 6 represents the mean response table, which
tells that the voltage is the most significant factor.

Table 5 Separation distance
from positive ideal (best) and
the negative ideal (worst)
solutions along with the
closeness coefficient and their
respective S/N ratios

S+ S− C+ S/N ratio P-S/N ratio

0.125124 0.305305 0.709304 −2.98336 0.389632

0.145643 0.261475 0.642259 −3.84579

0.124888 0.248421 0.665457 −3.5376

0.199897 0.158167 0.441729 −7.09689

0.255974 0.106956 0.294703 −10.6123

0.138736 0.298209 0.682487 −3.31812

0.109123 0.317905 0.744459 −2.56318

0.095192 0.294989 0.756032 −2.4292

0.153305 0.204479 0.571515 −4.85944

0.196398 0.16455 0.455884 −6.82291

0.17143 0.222615 0.564948 −4.95983

0.134535 0.252363 0.652272 −3.71142

0.089694 0.293692 0.766048 −2.31488

0.233274 0.126803 0.352156 −9.0653

0.295063 0.109338 0.270369 −11.3609

0.136516 0.255702 0.651938 −3.71587

0.131249 0.242639 0.648962 −3.75561

0.282509 0.076667 0.213453 −13.4139

0.294178 0.078822 0.21132 −13.5012

0.256829 0.143763 0.358876 −8.90111

0.145767 0.285329 0.661868 −3.58457

0.234734 0.126111 0.349488 −9.13135

0.194875 0.174153 0.471924 −6.52256

0.307504 0.126456 0.291401 −10.7102

0.283448 0.105106 0.270506 −11.3565

Table 6 Mean response
table for the signal to noise
ratios

Level Current Voltage GFR

1 −5.615 −3.712 −8.283

2 −3.999 −4.601 −7.710

3 −6.282 −5.644 −6.134

4 −8.658 −9.047 −5.662

5 −8.261 −9.811 −5.025

Delta 4.659 6.098 3.258

Rank 2 3 1
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4 Conclusion

The study uncovers the following conclusive findings:

i. This work proposes a multi-attribute optimization route utilizing the
TOPSIS-Taguchi concept to access the optimal parameter settings for RMDTM

welding of chrome moly grade 11 steel.
ii. The weld arc current at 100 A with a 13 V weld arc voltage and 21 L/min. of

the gas flow rate yield the optimal combination for the RMDTM welding of
chrome moly grade 11 steel.

iii. The proposed methodology may be incorporated into the welding industries to
assess the favorable welding condition. Besides accessing the favorable
welding condition, the proposed methodology may also be fruitful in offline
quality production and control and continuous quality improvement for
pipeline welding in the oil and gas sectors.
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The Magnetically Assisted Abrasive
Flow Machining Process: Review

Anil Jindal, Sushil Mittal, and Parlad Kumar

Abstract This paper presents an extensive review for the magnetically assisted
abrasive flow machining (MAFM) process. MAFM is used to superfinish advanced
materials such as metal matrix composites (MMCs), super alloys, ceramics. In the
MAFM process, the magnetic field can be generated using fixed or varied field
magnets. The research work highlighted broad classification of the MAFM process.
This study gives the detailed insight into experimental investigation involving
important process parameters such as magnetic flux, extrusion pressure, no. of
cycles, etc. and response parameters such as material removal rate (MRR), surface
roughness associated with MAFM. The key roles of MAFM in machining of
nanomaterials are discussed, and the advantages of MAFM are outlined. The
importance of MAFM process in the present scenario is highlighted. This paper will
provide extensive and better understanding of the MAFM process.

Keywords Magnetically assisted abrasive flow machining (MAFM) �
Abrasive flow machining (AFM) � Material removal rate (MRR) �
Surface roughness � Metal matrix composites (MMCs)

1 Introduction

MAFM is a process to finish the hard and complex geometry profiles with superior
finishing and accuracy. High-quality and limited dimensional tolerance parts uti-
lized in the aircraft, automobile, and shipbuilding industries require excellent sur-
face finish. Common materials used for machining process include tool steel and
cemented carbides. In case of MAFM process, the commonly used abrasive flow
materials are sintered mixture of aluminium, silicon carbide and iron powder.
Conventional methods like filling, lapping, honing, superfinishing, grinding, pol-
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ishing and buffing are used to modify the surface texture produced by manufac-
turing process [1, 2]. Abrasive flow machining (AFM) process came into existence
in 1960. AFM process improved the surface roughness from 2 to 0.2 µm are in
inner finishing of turbo engines, aerospace [3]. To further optimize the finishing
operation, unconventional machining process like MAFM is gaining attention due
to their ability to supply better surface finish than the conventional processes.
MAFM is a process in which a magnetic flux is used as a machining force. This
force directs the abrasive particles towards the target surface. The efficiency of the
method is controllable by the electrical current to stop the over-finishing of surface
roughness with careful monitoring of the process [4]. Therefore, MAFM has been
used for accuracy of surface finishing due to many advantages like self-adaptability,
controllability and self-sharpening [5] (Fig. 1).

2 Process Parameters of MAFM

In MAFM process, the common process parameters are:

a. extrusion pressure
b. no. of cycles
c. magnetic flux density
d. work piece materials
e. mesh size of abrasives
f. concentration of abrasives

The common response parameters are:

a. Surface roughness (Ra)
b. Material removal rate (MRR) (Fig. 2).

Fig. 1 Media flow in MAFM [6, 7]
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The work done by several researchers signify the feasibility, effectiveness and
economic aspect of MAFM in various manufacturing domains. Ramesh Babu et al.
(1998) investigated the effect of varied input parameters on the surface quality of
chrome steel work piece. It was observed that roughness and hardness of the work
piece influencing the surface finish significantly [10]. Yamaguchi and Shinmura
proposed an indoor magnetic abrasive finishing process for quality finishing of
inner surface of the tubes. It was observed that surface texture is filled with
micro-scratches, and this feature exhibits that the MAFM process provides
smoothing with high MRR [11]. It is studied that different researchers had done

Fig. 2 Process parameters of MAFM [8, 9]
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experiment for understanding the results of different input parameters on surface
finishing during MAFM process.

Studies of the main features of the MAFM process to form the model for
kinematic process were performed and investigated for the outcome of input
parameters like rotational speed of electromagnet, abrasive particles size and current
intensity in output parameters, namely edge and surface finishing. The comparative
study performed for the traditional grinding and superfinishing method to elucidate
the nanomachining capabilities of MAFM process (Fig. 3).

The analysis of the principle and property of the unbounded MAPs on chrome
steel (SUS 304) by cylindrical MAFM process was conducted. It was explained that
how Ra and MRR affected by the process parameters as well as their mechanism. It
was found that steel grit produces superior finishing than that of iron grit when
mixed with SiC abrasive [12]. The study of the principle of electrolytic magnetic
abrasive finishing (EMAF) was conducted in 2003. The analysis conducted for the
impact of various process parameters with different range in Ra and MRR. The
experimental result also shows that with a high electrolytic current, EMAF process
produces excellent finishing characteristics [13].

In 2004, experiments conducted on stainless steel during MAFM process using
Taguchi design experiment and located the optimum input parameters. It was
explained that how Ra affected by input parameters, namely voltage, revolution
speed of the electromagnet, abrasive particles size and dealing gap. The design

Fig. 3 Ishikawa cause–effect diagram for MAFM process [12]
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made of the force transducer for inspection of the finishing process and fabricated to
calculate the force during MAFM process [14] (Fig. 4).

In 2012, introduction of a hybrid machining as cylindrical electrochemical
magnetic abrasive machining (C-EMAM) is employed in cylindrical surface for
effective surface finishing which is hard by other machining processes. It was
observed that for magnetic steel, how Ra and MRR are influenced with the
electro-chemical dissolution and magnetic abrasion, respectively [15]. It was
observed that to enhance the finishing quality, magnetic field should be used [16].

3 Advancements in MAFM Process

Singh et al. [17] investigated the abrasive flow machining assisted by the magnetic
field for the parametric optimization using Taguchi method. It was found that
aluminium and stainless steel work pieces showed poor surface finishing with
magnetic-assisted abrasive flow machining, but brass work piece showed very good
surface finishing with magnetic-assisted abrasive flow machining.

Chahal et al. [18] investigated the abrasive flow machining of Al-6061 alloy
assisted with the electrochemical machining. It was also recommended to use
hybrid abrasive flow machining to finish complex geometrical shapes for obtaining
the superfinishing.

It was reported that the magnetic-assisted abrasive flow machining of H13 tool
steel. The cutting tool used was SiC, Al2O3 abrasive particles with hydraulic oil. It
was found that the increase in the magnetic field intensity and number of abrasive
particles increases MRR and surface finishing of the H13 tool steel. It was rec-
ommended that the magnetic-assisted abrasive flow machining should be used for
finishing harder materials [19–21] (Fig. 5).

Mittal et al. [23] investigated the AFM process. The orthogonal array was used
to examine the effect of different input parameters on the performance of the
process, whereas the analysis of variance (ANOVA) was used to check the sig-
nificance of the different input parameters. Based on the orthogonal array and
ANOVA technique, the relation between input and output parameters was estab-
lished. It was found that the extrusion pressure and no. of cycles are the two
significant factors in case of AFM process (Fig. 6).

Fig. 4 Effect of magnetic
flux in MAFM process [14]
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Mittal et al. [25] found that extrusion pressure helps in increasing the surface
finishing and MRR of the AFM process.

Sankar et al. [26] reported the nanomachining of surgical stainless steel using
abrasive flow machining. It was found that the AFM process successfully removed
the hard recast layer of the work piece and significantly improved the surface
finishing.

Ya et al. [27] reported that the AFM process is very useful in achieving good
surface finishing and MRR of hollow steel work pieces. Zhang et al. [28] found that
the MAFM process is an advanced non-conventional machining for achieving
smooth surface finishing for hard materials which is practically not possible with

Fig. 5 Ferromagnetic
particle in MAFM process
[22]

Fig. 6 Structural model of
the unbounded magnetic
abrasive particles [24]
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conventional machining. Tan et al. [29] reported that the AFM process helped in
reducing the cutting time of the material.

Gao et al. [30] investigated the abrasive flow machining of blisk for obtaining
surface uniformity. The blade surface of blisk used for aerospace was machined
using abrasive flow machining. The work piece material was made up of steel. The
SiC abrasive particles with hydraulic oil were used for machining. The testing was
conducted using 3D surface profiler. The guide blocks were provided in addition to
the fixture in abrasive flow machining. The surface uniformity of the blisk was
improved after abrasive flow machining.

Gao and Wu [31] reported the abrasive flow machining of bearing ring raceways
for obtaining precision polishing using 3D printing and CNC machining. It was
found that the assistance of 3D printing and CNC machining to the abrasive flow
machining improved the surface finishing of the bearing ring raceways and pro-
vided the precision polishing of the work piece.

Mihotovic et al. [32] investigated the AFM process for complex automotive
parts. The AFM process significantly improved the surface finishing of the work
pieces. It was proposed to use abrasive flow machining for machining complex
geometrical work pieces.

Sankar et al. [33] reported the abrasive flow machining of Al alloy work pieces
at microlevel/nanosurface level. The abrasive flow machining significantly
improved the surface finishing of the work piece.

Subramanian et al. [34] investigated the AFM process for biomedical implants. It
was found that the decrease in working pressure increases the surface finishing and
MRR for the given work piece. It was recommended to adopt the abrasive flow
machining for finishing the biomedical implants.

Kavithaa and Balashanmugam [35] investigated the abrasive flow finishing of
pharmaceutical components such as prosthetic implants and extrusion die used for
biomedical industries. It was found that the abrasive flow machining has signifi-
cantly increased the surface finishing of the prosthetic implants and biomedical
components.

Tan et al. [36] investigated the comparative study between soft abrasive flow and
three-phase (solid–liquid–gas) abrasive flow machining using bubble collapsing. It
was found that the bubble collapsing results into the increase of abrasive flow
velocity resulting into superior efficiency of three-phase (solid–liquid–gas) abrasive
flow machining as compared with soft abrasive flow machining. The surface fin-
ishing was greatly improved using three-phase (solid–liquid–gas) abrasive flow
machining.

Sylvain et al. [37] reported the combined chemical—abrasive flow machining
for work piece Inconel 625 for supersurface finishing. It was found that the com-
bined chemical—abrasive flow machining process successfully removed the
semi-welded particles and significantly improves the surface finishing of the work
piece.

Venkatesh et al. [38] found that ultrasonic-assisted AFM process can be used for
the finishing of long and non-straight internal and external holes.
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Sankar et al. [39] investigated the modelling of viscoelastic medium and sim-
ulation of microholes superfinished by abrasive flow machining process for work
piece surgical stainless steel (316L). The abrasive flow finishing process not only
removes the hard recast layer from the inner wall of microhole but also finishes
outer sharp edges.

Kursad and Omer [40] investigated the effect of abrasive types on the work piece
DIN 1.2379 tool steel. It was found that abrasive media prepared using B4C and
SiC gave more surface finishing and improvement as compared with Al2O3 and
Garnet.

Ling et al. [41] investigated the numerical simulation of abrasive flow machined
90° elbow pipe made up of carbon steel using solid–liquid two-phase machining. It
was found that increasing the inlet velocity of abrasive flow increases the dynamic
pressure in the curved path of the work piece which improves the surface finishing
of elbow pipe. The technology of finishing elbow pipe provides support and
development for the AFM process. Qing et al. [42] found that more intense is the
collision and friction of abrasive flow with the wall, finer will be the surface
polishing of the nozzle.

Yeo and Nagalingam [43] reported the abrasive flow machining of additive
manufactured work piece. It was found that abrasive flow machining of aluminium
alloy work piece successfully removed surface irregularities and resulted into
smoother surface.

4 Conclusions

Many engineering components such as aerospace panels, automobile nozzles, dies,
I.C. engines part such as piston cylinder surface are manufactured by using Al/SiC/
B4C metal matrix composites. These components have wide range of applications
in aerospace, automobile, defence and electronic industries due to their high
hardness, wear resistance and reduced weight. The main problem in these com-
ponents is their machining due to their high value of hardness. This problem further
becomes more severe in case of machining of internal sides of a cylindrical hole or
any other irregular shape. The literature suggests that over the years, different
methods have been developed for such hard and difficult to machine components.
Out of these methods, magnetic abrasive flow machining is considered as a best
suitable finishing process for simple as well as complex geometries.

In the recent past, magnetic abrasive flow machining process has been used by
researchers for machining of different metals such as stainless steel, brass, alu-
minium, etc. and metal matrix composites such as aluminium metal reinforced with
ceramics such as SiC, B4C, etc. The existing research studies suggest that the use of
magnetic abrasive flow machining has significant effect on the material removal rate
and surface roughness of the work pieces. The various irregularities occurred on the
surface of work piece after micro-EDM machining was successfully removed using
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magnetic abrasive flow machining. The magnetic abrasive flow machining process
is useful for machining of Al/SiC/B4C hybrid MMCs also. This technology is
useful for superfinishing of complex geometries.

5 Future Scope of the Work

MAFM process may be suitable for superfinishing of the medical parts and
biomedical parts. Various medical and biomedical devices such as pacemakers, hip
joints, knee joints can be super finished using MAFM. The magnetic abrasive flow
machining can also be used in combination with the advanced machining tech-
nology to obtain highly customized surface profiles and finishing. The MAFM can
greatly reduce the time, effort and money in superfinishing the intricate profiles with
maximum accuracy.
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Comparison of Static and Harmonic
Response of Structural Steel
and Aluminium Alloy Automotive Shock
Absorbers

Abhishek Sharma, Surendra Kumar Yadav, Anshul Yadav,
Virendra Kumar, and Anil Kumar

Abstract In this study, two different materials, i.e. structural steel and aluminium
alloy 6061, are used as potential shock absorber materials, and their performance is
calculated using FEA analysis. The stresses, deformations, fatigue life and vibra-
tional analysis of both the shock absorbers are compared. It is concluded from this
study that the shock absorber made of structural steel shows excellent stress
resistance even at heavy loads and the fatigue life of steel is higher than that of
shock absorber made of aluminium. However, both the materials show approxi-
mately equal vibrations when the loading is applied. The study suggests that both
these materials can be used in the shock absorber. However, because of high
strength and high fatigue life characteristics, shock absorber made of structural steel
should be preferred over shock absorber made of aluminium.

Keywords Finite element method � Shock absorber � Fatigue life � Vibrational
analysis

1 Introduction

A shock absorber reduces vibration by dissipating energy, smooths vehicle motion
and ensures that vehicle’s tires remain in contact with the road. The basic working
principle of the shock absorber is energy conversion and dissipation. The energy
that causes vibration (kinetic energy) is converted into heat energy, and then this
heat is released in atmosphere through heat exchanging mechanism. Both hydraulic
and pneumatic shock absorbers are available. Hydraulic shock absorbers use oil as
fluid while pneumatic shock absorbers carry air that is heated and exhausted to the
outer atmosphere [1]. In the absence of this heat dissipation mechanism, if only
spring is used to absorb energy that is induced by bumps or uneven road, the
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vehicle will continue to bounce and will have continuous vibration until all the
potential energy that was stored by spring is released. This will cause a very bumpy
and unsmooth drive. To ensure controlled and smooth drive, a dampening system in
the form of the shock absorber is used. The fluid present in this system is forced
into small restricted openings known as orifices. This pushing of the fluid increases
hydraulic resistance that converts kinetic energy into heat energy [2].

In actual sense, the shock absorber is an oil pump. It has two mounts, upper and
lower mounts. Upper mounts connect with vehicle’s frame, while lower mounts
connect with the axle. The upper mount is connected with piston road which is
connected with the piston. When the wheel of a vehicle comes in contact with a
bump or anything that induce vertical vibration in it, the spring starts to coil and
uncoil. This transfers energy to shock absorber. The moving piston pushes fluid into
the orifices that are present on the piston, and because of the relatively small size of
orifices, a small amount of fluid passes through and that too under very high
pressure. This causes the piston to slow down as a result of which spring motion is
slowed down [3]. A complete cycle is comprised of two parts, i.e. compression
cycle and extension cycle. Compression cycle is also known as bump cycle, while
the extension cycle is known as the rebound cycle. Compression cycle starts when
the piston moves downwards and compresses fluid that is below the piston. During
the extension cycle, the piston moves upwards towards the pressure tube and
compress fluid that is above the piston [4]. Modern shock absorbers adjust
according to the velocity of the vehicle. The faster it moves, the more resistance the
shock absorber will provide [5–[12].

2 Computational Details

ANSYS has a built-in material library where there are a vast number of materials
that are categorized based on its physical properties and general behaviour. We
selected two materials for our analysis and compared its effects. The two materials
selected in our analysis were structural steel and aluminium alloy. The simplified
geometry is shown in Fig. 1a. In this study, relatively midsized mesh elements were
used with quadratic elements type to reduce the computational power requirement.
This reduces the overall simulation run time. Image of the mesh and its details are
shown in Fig. 1b.

Since shock absorbers are usually connected to the chassis on one side and tire
on the other side, one can assume that one side of the shock absorber is fixed and
there is a force acting on the other side of the shock absorber. The horizontal/lateral
movement is restricted by applying remote displacement and making the motion in
x- and z-direction as well as rotation in all the axes.
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2.1 Static, Fatigue and Vibration Analysis

In static analysis, results were analyzed for the following parameters: total defor-
mation, von Mises stresses, equivalent strain, the factor of safety (based on tensile
yield stress and shear yield stress). Total deformation shows the magnitude of
displacement/deformation of the resultant vector. This includes the combined effect
of all three axes. Von Mises stresses were evaluated because it is industry standard.
Both shear and tensile factor of safety were analyzed to see if the model is safe in
both tensile and shear stress conditions. Because shear yield strength is 57% of the
total tensile yield strength, it’s a good idea to check if the model could withstand
such stresses. Fatigue analysis was analysed using Goodman criteria. Fully reversed
force method was used, which means that the force will oscillate between −100%
and +100%. Five parameters were checked to see the behaviour of the model,
namely life, damage, the factor of safety, biaxiality indication and fatigue sensitivity
analysis. All the other analyses settings are the same as static analysis except that in
vibration analysis. We used three different damping ratios: 0.2, 0.25 and 0.3.
Analyses were performed to predict the harmonic response of the model under these
damping ratios. Three parameters were analysed, which are amplitude/phase angle
versus frequency, vibration-induced deformation and vibration-induced stresses.

3 Results and Discussion

3.1 Static Analysis

Based on the boundary conditions and material as structural steel, the solver pre-
dicted that the maximum total deformation obtained was 9.72 mm. Based on the
boundary conditions and material as aluminium alloy, the solver predicted that the
maximum total deformation obtained was 25.8 mm. The contour of the deformation
is shown in Fig. 2.

Based on the material properties of structural steel and the boundary conditions,
the predicted maximum von Mises strain was 0.6 � 10−4. Based on the material
properties of aluminium alloy, and the boundary conditions, the predicted

Fig. 1 a 3D view of shock absorber, b image of generated mesh in ANSYS
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maximum von Mises strain was 1.55 � 10−3. The contour of von Mises strain is
shown in Fig. 3.

Based on the material properties of structural steel and the boundary conditions,
the predicted minimum factor of safety is 2.21. This factor of safety is based on
tensile yield stress criteria. Based on the material properties of aluminium alloy, and
the boundary conditions, the predicted minimum factor of safety is 4.5. This factor
of safety is also based on tensile yield stress criteria. The contour of the factor of
safety is shown in Fig. 4.

Fig. 2 Contour of total deformation produced in a structural steel, b aluminium alloy

Fig. 3 Contour of equivalent elastic strain produced in a structural steel, b aluminium alloy
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Based on the material properties of structural steel and the boundary conditions,
the predicted minimum factor of safety is 1.92. This factor of safety is based on
shear yield stress criteria. Based on the material properties of aluminium alloy, and
the boundary conditions, the predicted minimum factor of safety is 2.3. This factor
of safety is also based on shear yield stress criteria. The contour of the factor of
safety is shown in Fig. 5.

Fig. 4 Contour of the factor of safety based on tensile stress in a structural steel, b aluminium
alloy

Fig. 5 Contour of factor of safety based on shear stress of a structural steel, b aluminium alloy
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3.2 Fatigue Analysis

Fatigue analysis was performed to predict the performance of a shock absorber
under cyclic loading condition. Because shock absorbers are always subjected to
cyclic loadings, fatigue analysis is one of the key criteria to scrutinize the
mechanical design of a shock absorber. The minimum strain-life cycles are 2 � 105
cycles. The least value lies on the inside of the spring (internal diameter). This is
due to the maximum stress concentration levels in the same region. Repeated higher
stresses in the region cause strain hardening, thus making the model prone to
failure. The minimum strain-life cycles are 5.33 � 105 cycles. The least value lies
on the inside of the spring (internal diameter). This is due to the maximum stress
concentration levels in the same region. Repeated higher stresses in the region cause
strain hardening, thus making the model prone to failure. Life based on properties
of the material and the specified boundary conditions are shown in Fig. 6.

The minimum fatigue factor of safety is depicted in Fig. 7. The minimum factor
of safety is 0.76. This lies in the region of higher stress concentration. The mini-
mum factor of safety is 0.95. This lies in the region of higher stress concentration.

3.3 Harmonic Analysis

Harmonic analysis is done to find out the response behaviour, total deformation and
total vibration-induced stresses. The amplitude versus frequency response of the
design is depicted in Fig. 8 for structure steel and specified boundary conditions.
The results indicate that at lower frequencies, the amplitude of vibration is higher,

Fig. 6 Contour of life based on fatigue analysis of a structural steel, b aluminium alloy
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for higher frequencies, the amplitude is low. This is represented by an asymptotic
curve. One can also understand that for higher damping ratio, the amplitude of
vibration is lower and vice versa. The amplitude versus frequency response of the
design is depicted in Fig. 8 for aluminium alloy and specified boundary conditions.
The results indicate that at lower frequencies, the amplitude of vibration is higher,
for higher frequencies the amplitude is low. This is represented by an asymptotic
curve. One can also understand that for higher damping ratio, the amplitude of
vibration is lower and vice versa.

The phase angle versus frequency response of the design is shown in Fig. 8 for
structural steel and specified boundary conditions. The results indicate that at lower
frequencies, the phase angle of vibration is higher, for higher frequencies, the
amplitude is low. This is represented by an asymptotic curve. One can also
understand that for higher damping ratio, the phase angle of vibration is lower and

Fig. 7 Contour of factor of safety based on fatigue analysis of a structural steel, b aluminium
alloy

Fig. 8 Amplitude versus frequency response a structural steel, b aluminium alloy
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vice versa. However, after around 18 Hz, this trend is the opposite. The phase angle
versus frequency response of the design is given in Fig. 9 for aluminium alloy and
specified boundary conditions. The results indicate that at lower frequencies, the
phase angle of vibration is higher, for higher frequencies the amplitude is low. This
is represented by an asymptotic curve. One can also understand that for higher
damping ratio, the phase angle of vibration is lower and vice versa. However, after
around 11 Hz, this trend is the opposite.

The complete results of the analysis done in the study are given in Table 1.

4 Conclusions

Two different materials were analysed for the spring shock absorber under different
criteria to find the best material among the two. Under static criteria, aluminium
shows higher von Mises, higher strain and higher deformation than structural steel,

Fig. 9 Plot of phase angle versus frequency response of a structural steel, b aluminium alloy

Table 1 Results of the analysis on structural steel and aluminium alloy

Parameter Aluminium alloy Structural steel

Von Mises stress (MPa) 10.5.5 71

Equivalent strain (mm/mm) 0.00153 0.0006

Total deformation (mm) 25.787 9.71

Tensile factor of safety 4.5 2.21

Shear factor of safety 2.3 1.92

Stress life (cycles) 5.33 � 105 2.086 � 105

Damage 1875.6 4794.5

Biaxiality −0.999 to 0.99 −0.999 to 0.994

Fatigue sensitivity at 50% 106 106

Fatigue sensitivity at 150% 8525 46,776

Fatigue factor of safety 0.948 0.762
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but the factor of safety for aluminium is higher for this shock absorber than the
structural steel. The total deformation is higher (25 mm) but is still within a rea-
sonable range. Fatigue criteria suggest that aluminium alloy shows a higher strain
life (0.5 million cycles compared to 0.2 million cycles) and higher fatigue factor of
safety (0.95 compared to 0.76), but the sensitivity analysis suggests that even an
increase in 50% loading will result in a huge reduction in life. The simulations
suggest that at 150% loading condition, the structural steel gives 5.5 times more
available life than aluminium alloy. Since an automotive vehicle is always subjected
to variable loading conditions, structural steel will give a higher life cycle, in other
words, run more miles than aluminium alloy shock absorbers. Vibration analysis
suggests that aluminium alloy will present higher vibration-induced deformations
and less vibration-induced stresses than structural steel. This suggests that the alu-
minium alloy will have smoother but bumpy (vertically) ride. Structural steel,
however, presents lower deformation (stiffer ride) but relatively higher vibrational
induced stresses which are detrimental to the structural integrity of shock absorber.
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A Review Paper on Metal 3D Printing
Technology

T. Nancharaiah

Abstract Metal additive manufacturing (AM) is also referred to as 3D printing and
rapid prototyping. It is a revolutionary technology that produces 99.99% dense
parts directly from 3D CAD data using the powder bed fusion process known as
direct metal laser sintering (DMLS). Metal 3D printing is an ideal process for
complex oil and gas components, custom medical guides, part-consolidated aero-
space parts and tough functional prototypes. This paper reviews about the intro-
duction to metal 3D printing. It covers the basic principles of SLM and DMLS, the
key benefits and limitations of the technology.

Keywords Additive manufacturing � 3D printing � SLM � DMLS

1 Introduction

Additive manufacturing (AM), also known as 3D printing, is a process of joining
materials to make objects from 3D model data, usually layer upon layer, as opposed
to subtractive manufacturing methodologies. Metal AM processes can be broadly
classified into two major groups—powder bed fusion-based technologies (PBF) and
directed energy deposition (DED)-based technologies. Both of these technologies
can be further classified based on the type of energy source used. In PBF-based
technologies, thermal energy selectively fuses regions of powder bed. Selective
laser sintering/melting (SLS/SLM), direct metal laser sintering (DMLS) laser cusing
and electron beam melting (EBM) are main representative processes of PBF-based
technologies. Under PBF process, DMLS is an additive manufacturing (AM) or
rapid prototyping (RP) process that uses metal powder and a high power laser to
sinter together a useable part. This method is capable of producing very dense parts
but in order to achieve gas or pressure tightness, post-treatment is often required.
Most trade names such as laser sintering, cusing, etc. are describing the same
process but not different technologies. The process is very similar to an existing AM
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process called selective laser sintering (SLS), both SLS and DMLS are conceptually
the same process, but instead of using polymers or coated metal powders in the case
of SLS, DMLS uses uncoated pre-alloyed metal powders as the sintering material.
The electron beam melting (EBM) technology uses a heated powder bed of metal in
a vacuum that is then melted and formed layer by layer using an electron beam
energy source similar to that of an electron beam welding/electron microscope. In
DED-based technologies focused thermal energy is used to fuse materials (powder
or wire form) by melting as they are being deposited. Laser engineered net shaping
(LENS), direct metal deposition (DMD), electron beam free form fabrication
(EBFFF) and arc-based AM are some of the popular DED-based technologies.
Many researchers are working on DMLS process to develop the new materials and
process parameters in laser powder bed fusion.

Marattukalam et al. developed the parameters for selective laser melting of
Zr59.3Cu28.8Al10.4Nb1.5 (trade name AMZ4), allowing crack-free bulk metallic
glass with low porosity. The phase formation was found to be strongly influenced
by the heating power of the laser. X-ray amorphous samples were obtained with
laser power at and below 75 W. The hardness and Young’s modulus in the
as-processed samples were found to increase marginally with increased fraction of
the crystalline phase [1]. N. P. Calta et al. worked on the effect of pulsed laser used
during the powder bed fusion (L-PBF); additive manufacturing (AM) process on
Inconel 718 (IN718) material properties has been investigated. Argon gas atomized
(AGA) IN718 powder is characterized in terms of flow, density, particle size dis-
tribution, morphology and ultimate tensile strength [2]. Konstantinos Georgila et al.
studied about the geometry of an auxetic, re-entrant honeycomb structure made
from Inconel 718 (IN718) and was optimized with respect to the process parameters
of laser melting process using a Renishaw AM250 after which the quasi-static
behaviour was analysed under tensile loading. Two different PBF process param-
eters were used with two different laser energy densities to manufacture the auxetic
structures with three different strut thicknesses (0.3, 0.6 and 0.9 mm) in 2 building
orientations (XY and ZX plane). Finite element analysis was also done in order to
compare the stress–strain curves and the deformation mode obtained from
numerical modelling and experiment, and a good agreement was observed [3].
L. Delcuse et al. reviewed the effects of major process parameters on build quality
(porosity, residual stress and composition changes) and materials properties (mi-
crostructure and micro segregation), and to serve as a guide on how these param-
eters may be modified to achieve specific design goals for a given part on laser
powder bed fusion [4]. J. P. Oliveira et al. studied the influence of process
parameters during laser powder bed fusion on the microstructure, tensile strength,
and build time of 316L parts is studied. By increasing both, scan speed and hatch
distance, an improved productivity while maintaining acceptable properties was
achieved. The samples produced with the lowest energy density had 32% elonga-
tion compared to 45% for the samples produced with standard process parameters.
This study clearly indicates that the build time can be improved while maintaining
good mechanical properties by adjusting the process parameters [5].
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2 Working of Metal 3D Printing

The basic fabrication process for SLM and DMLS is very similar. It works as:

i. The build chamber is first filled with inert gas (e.g. argon) to minimize the
oxidation of the metal powder, and then, it is heated to the optimal build
temperature.

ii. A thin layer of metal powder is spread over the build platform and a high
power laser scans the cross section of the component, melting (or fusing) the
metal particles together and creating the next layer. The entire area of the
model is scanned, so the part is built fully solid.

iii. When the scanning process is complete, the build platform moves downwards
by one layer thickness and the recoater spreads another thin layer of metal
powder. The process is repeated until the whole part is complete.

iv. When the build process is finished, the parts are fully encapsulated in the metal
powder. Unlike polymer powder bed fusion process (such as SLS), the parts
are attached to the build platform through support structures. Support in metal
3D printing is built using the same material as the part and is always required
to mitigate the warping and distortion that may occur due to the high pro-
cessing temperatures.

When the bin cools to room temperature, the excess powder is manually
removed and the parts are typically heat treated while still attached to the build
platform to relieve any residual stresses. Then the components are detached from
the build plate via cutting, machining or wire EDM and are ready for use or further
post-processing (Figs. 1 and 2).

Fig. 1 Schematic of an SLM/DMLS printer
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3 Difference Between SLM and DMLS

Selective laser melting (SLM) and direct metal laser sintering (DMLS) are two
metal additive manufacturing processes that belong to the powder bed fusion 3D
printing family. The two technologies have a lot of similarities: both use a laser to
scan and selectively fuse (or melt) the metal powder particles, bonding them
together and building a part layer by layer. Also, the materials used in both pro-
cesses are metals that come in a granular form.

The differences between SLM and DMLS come down to the fundamentals of the
particle bonding process (and also patents). SLM uses metal powders with a single
melting temperature and fully melts the particles, while in DMLS the powder is
composed of materials with variable melting points that fuse on a molecular level at
elevated temperatures. SLM produces parts from a single metal, while DMLS
produces parts from metal alloys. Both SLM and DMLS are used in industrial
applications to create end-use engineering products. There are other additive
manufacturing processes that can be used to produce dense metal parts, such as
electron beam melting (EBM) and ultrasonic additive manufacturing (UAM). Their
availability and applications are limited (Fig. 3).

Fig. 2 Classification of 3D printing

Fig. 3 SLM/DMLS printing process
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4 Characteristics of SLM and DMLS

In SLM and DMLS, almost all process parameters are set by the machine manu-
facturer. The layer height used in metal 3D printing varies between 20 and 50
microns and depends on the properties of the metal powder (flowability, particle
size distribution, shape, etc.).

The typical build size of a metal 3D printing system is 250 � 150 � 150 mm,
but larger machines are also available (up to 500 � 280 � 360 mm). The
dimensionally accuracy that a metal 3D printer can achieve is approximately
±0.1 mm.

Metal printers can be used of small batch manufacturing, but the capabilities of
metal 3D printing systems resemble more the batch manufacturing capabilities of
FDM or SLA machines than that of SLS printers: they are restricted by the
available print area (XY-direction), as the parts have to be attached to the build
platform.

The metal powder in SLM and DMLS is highly recyclable; typically less than
5% is wasted. After each print, the unused powder is collected, sieved and then
topped up with fresh material to the level required for the next built. Waste in metal
printing though comes in the form of support structures, which are crucial for the
successful completion of a build but can increase the amount of the required
material (and the cost) drastically.

5 Benefits and Limitations of Metal 3D Printing

It is important to understand that metal 3D printing is a powerful tool that comes
with many unique benefits. Yet, its current limitations do not always make it the
best option when it comes to manufacturing of metal parts. Here it summarized the
most important advantages and disadvantages of metal 3D printing. Use them to
understand where metal 3D printing stands today and where it is headed in the near
future.

5.1 Benefits of Metal 3D Printing

(a) Geometric complexity at no extra cost.
(b) Optimized lightweight structures.
(c) Increased part functionality.
(d) Merging assemblies into a single part.
(e) Simpler manufacturing supply chains.
(f) Excellent material properties.
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5.2 Limitations of Metal 3D Printing

(a) Higher cost than traditional manufacturing.
(b) Limited economies of scale.
(c) A unique set of design rules.
(d) Post-processing is almost always required.

5.3 Applications of Metal 3D Printing

The key industrial applications of metal 3D printing are space industry, health care,
automotive, industrial tooling and product development.

(i) Space

Creating lightweight structures is of paramount importance for the space industry.
The current cost of launching a kilogram of payload into space is approximately
$10,000–$20,000. So, metal 3D printing of topology optimized parts has great
potential here. For example, to provide micro-antenna products, Optisys used
DMLS/SLM to reduce the number of discrete pieces of their tracking antenna arrays
from 100 to only 1. With this simplification, Optisys managed to reduce the lead
time from eleven months to two, while achieving a 95% weight reduction (Fig. 4).

Fig. 4 Antenna arrays
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(ii) Health care

The ability to create organic structures, personalized to the anatomy of every
individual, makes metal 3D printing a very appealing solution for the medical
industry. Today, medical implants from biocompatible materials (such as titanium)
are one of the major uses of metal 3D printing.

Back in 2007, Dr. Guido Grappiolo was the first surgeon to implant a 3D-printed
hip cup implant. With the help of Lima Corporate and Arcam, he designed the
Delta-TT Cup, a titanium implant with a lattice structure that accelerates patient
rehabilitation and bone growth. A decade later, more than 100,000 of these hip cups
have been implanted successfully to patients.

(iii) Automotive

The adoption of metal 3D printing as a manufacturing option for end parts in the
automotive industry is increasing rapidly. For the time being, high performance and
racing are the main applications of metal 3D printing.

The TU Delft Formula Student team used DMLS to manufacture their
topology-optimized bracket for their formula car. This bracket is the main con-
nection point between the wheel and the chassis, and it is designed to withstand
forces up to 400 kg. The re-designed titanium bracket has half the weight and twice
the strength of an equivalent part machined out of steel (Fig. 5).

(iv) Industrial tooling

Metal 3D printing is used today to create industrial tools with added functionality.
These advanced tools can greatly increase the productivity of other processes.

For example, metal moulds with internal conformal cooling channels can be
manufactured using DMLS/SLM 3D printing. These cooling channels can be

Fig. 5 Titanium bracket
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printed to any shape and closer to the part than subtractive methods can accomplish.
A printed metal mould can cost about $10,000, which is considerable compared to
the $4,000 that the same mould would cost if it was CNC machined. The increased
cost brings significant performance improvements. Users reported injection cycles
that are shorter by 60–70% with almost no scrap (Fig. 6).

(v) Product development

The main applications of metal extrusion today are the manufacture of metal pro-
totypes. When compared to other in-house solutions, the time savings offered by
metal extrusion can greatly reduce the time-to-market of new engineering products.
Lumenium is a start-up that develops innovative internal combustion engines. They
were seeking a faster and more cost-effective approach to prototyping their engine
parts. Traditionally, their development cycle is approximately 3.5 years. By
incorporating metal extrusion in their workflow, they estimated that they reduced
their development time by 25% to 2 years and 9 months (Fig. 7).

6 Conclusions

Metal additive manufacturing is an ‘additive’ technology that works by fusing
together very fine layers of metal powder using a focused laser beam. This powder
bed fusion process can produce complex geometries which might not have been
possible using traditional manufacturing techniques. The fundamental mechanics of
the two metal additive manufacturing processes, SLM and DMLS are discussed and
highlighted the main advantages and limitations of the metal 3D printing tech-
nology. There is a scope to study the effect of various processes parameters,

Fig. 6 Metal moulds
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properties of metal powders and various post-processing techniques on the char-
acteristics of the 3D printing parts. Also new metal powders can be developed for
various applications. Finally, it can conclude that metal 3D printing technologies’
importance and social impact increase gradually day to day on human life, economy
and modern society.
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Dimensional Tolerance Analysis
of Mechanical Assemblies
with Symmetric and Asymmetric
Tolerances
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Abstract Geometric and dimensional tolerances are the key factors for the proper
assembly of the parts, their manufacturability, and design functions. Hence, these
need proper evaluation. This paper presents automatic tolerance analysis of the
dimensional tolerances by using modified worst-case and root sum square (statis-
tical) methods. This helps in reducing production and assembly time, error and
human interaction, leading to lower manufacturing cost. In contrast to the original
worst-case and root sum square methods which consider only symmetric tolerances
without sensitivity, the modified methods can handle the asymmetric tolerances and
also consider sensitivity. The influences of the lower and upper tolerance bounds of
the manufactured dimensions on the assembly lower and upper bounds are shown
in the form of percentage contributions on graphs in the modified models. In the
modified models, linear and nonlinear problems are defined by using the Taylor
series expansion which is implemented in the MATLAB. Finally, a perspective
overview for future research of automatic tolerance analysis for the other problems
is presented.
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1 Introduction

Tolerance is the quantity of dimensional variation of an element in a mechanical
assembly, which reduces the manufacturing cost without adversely affecting the
performance. Tolerance is essential as by nature, material behaviour and producing
processes are not precise; therefore, the two factory-made elements cannot be
identical to each other. Hence, there will always be some variation within the
factory-made elements. Drawings with properly applied tolerances are very effec-
tive tool to have uniform interpretation of an assembly and effective pricing.
Therefore, tolerance analysis is vital not solely to verify the flexibility of elements
to assemble but the quality of assembled elements. Manual tolerance identifications
can increase the variability in elements or assembly tolerance build-up that
successively affects the standard of the elements or the assembly. Therefore, the
automatic tolerance analysis of the assemblies is very important to decrease
the design complexities and the prices of the products/assembly and to minimize the
human interaction also. Numerous researchers have given the different ways for
tolerance analysis. Various computer-aided tolerance (CAT) packages are devel-
oped for automatic tolerance specification and accumulation of assembly variables.
D. E. Whitney [1] classified the mechanical assemblies made of different compo-
nents into three categories, which are mechanisms, structures, and distributive
systems. Zhang et al. [2] presented a concise study to the statistical tolerance and
clearance analyses of mechanical assemblies. They proposed an approach for
tolerance analysis by using an effective CAT analysis software VisVSA. The
presented approach is based on the Monte Carlo simulation which gives the
assurance of the preciseness of the assembly specifications and generation of
optimal tolerance distribution. Chen et al. [3] described four methods of 3D tol-
erance analyses and also presented a comparison among them. The proposed
methods by them are the tolerance map (T-Map), direct linearization method
(DLM), unified Jacobian–Torsor model, and matrix model. Mohan et al. [4] rep-
resented a procedure for automatic generation of the direction of controls of the
mechanical assemblies or parts using a CAD model. The input to the set-up is a
STEP file containing the information about the geometry of parts or assemblies. The
directions of controls (DoCs) loops are correlated with each other based on their
orientations. Hence, the junction nodes are used to include the orientations with the
DoC chains so that they can be joined into a constraint feature graph. Khodagyan
and Movahhedy [5] introduced a mathematical methodology for automatic toler-
ance accumulation in mechanical assemblies on the basis of fuzzy logic. They
developed this approach for asymmetric tolerance analysis for assembly models
with variability in the part tolerances by using the WC and the RSS models. Qin
et al. [6] described an approach based on description logic SROIQ (D) for auto-
matically designing the tolerance types and generation of geometric tolerance zones
(GTZs) in the CAD system. Zhong et al. [7] proposed an approach based on
ontology for automatic assembly tolerance types generation to decrease the vari-
ability of parts in an assembly and also to support the semantic conformity in
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designing the assembly tolerance specifications. Cheng and Tsai [8] developed a
Lagrange multiplier method for optimum statistical tolerances accumulation to
minimize the manufacturing costs subject to the constraint on dimensional chains
and the machining efficiency. Greenwood and Chase [9] presented the worst-case
and the root sum square models to solve nonlinear problems for dimensional
tolerance analysis of the assemblies with symmetric and bilateral limits. Haghighi
et al. [10] developed an automatic GDT generation method in which identification
of critical tolerance loops is required. According to their approach, the global
constraints (relationships of the assembly features), the local constraints (relation-
ships of the component features), and the direction of controls are required to
develop the tolerance chains. Movahhedy and Khodaygan [11] implemented the
worst-case and the statistical approaches for asymmetric tolerance analysis of
mechanical assemblies. They also analysed the effect of the individual component
dimensions on the upper bounds and the lower bounds of the critical dimension of
the assembly. Mullins and Anderson [12] proposed that the geometric constraints
recognition in a mechanical assembly is required to illustrate the effects of the
variations in the dimensions of that assembly. They presented a method based on a
search algorithm along with a graphical representation for the recognition of such
assembly constraints in a 3D CAD model of the assembly. Shen et al. [13]
addressed some methodologies to generate minimum or maximum tolerance charts
automatically. But this approach is limited to only one-dimensional (1D) worst-case
tolerance analysis in mechanical assemblies. Sambhoos et al. [14] presented a
methodology on the basis of a relationship model of parts for assembly design
variation. It takes assembly mating relationships at the feature level referred as an
assembly mating graph. They classified the mating relationships as observed rela-
tionships, unobserved relationships, and interference relationships.

This paper presents a mathematical model for dimensional tolerance analysis by
using the worst-case and also the statistical procedure. The basic purpose of
dimensional tolerance analysis is to get a robust design. Any process is considered
good when it can be employed at an early design/development stage, because it is
possible to change the nominal geometry of a mechanical assembly at an early
stage. The worst-case (WC) methodology needs complete interchangeability (100%
acceptance rate). It means that the accuracy of the result obtained from the WC
methodology is required to be within the functional requirements of the assembly,
and the success probability of the assembly is to be 100 per cent. In contrast, the
statistical or root sum square (RSS) methodology needs less than 100% acceptance
rate. In this methodology, it is assumed that errors within the components are
independent and normally distributed. Variance is often used to calculate the
assembly preciseness as the deviations/variations from the geometry are identical
for every statistically independent direction. The calculation method in the RSS
methodology is less strict to confirm that the most of the products are inside the
scope of the functional requirements of the assembly. The results provided by the
WC methodology are too pessimistic, whereas the results provided by the RSS
methodology are highly optimistic. In the above two methods, the precise assembly
function (dependent variable or dimension) can be defined as a linear function in
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terms of the part dimensions (independent variables). As in a journal bearing, the
clearance is decided by the independent variables: the shaft and bearing diameters.
The spring stiffness of a helical spring could be an assembly function, whereas the
coil diameter, wire diameters, and the number of turns are independent variables. If
we tend to use these methods for tolerance analysis, some consideration should be
given to the limits or bounds of the tolerance of the manufactured dimensions.
These two methods are very popular for tolerance analysis in mechanical assem-
blies due to their simplicity, but they are limited to (i) linear assembly functions and
(ii) symmetrical tolerances. Unfortunately, many assemblies have unilateral and
asymmetrical tolerances, which the fail to handle.

In this work, the WC and RSS methods are modified to accommodate nonlinear
assembly functions and asymmetrical and unilateral tolerances. The modified
methods are implemented in MATLAB and illustrated with two examples. For each
example, a bar graph of influence of individual part dimensions on the assembly
variable in terms of the percentage contribution has been shown. This shows the
potential influence of every part variations on the assembly variation.

2 Methodology

2.1 Calculating the Assembly Variation Using Linearized
Method

In this section, the worst-case (WC) and the statistical (RSS) models for tolerance
analysis for the linear and nonlinear problems have been reviewed briefly to provide
a background for developing the modified methods.

Worst-Case Analysis Model. Generally, this method is used for tolerance
analysis when various parts are combined to make an assembly. In the WC analysis,
we add or subtract maximum or minimum tolerances related to the nominal
dimensions of the component/part to illustrate the possible worst conditions. Thus,
said tolerance accumulation makes an assembly at its minimum or maximum
acceptable dimensions. The WC analysis is used when the assembly has a critical
interface with another part feature that is not allowed to obstruct significantly. By
critical, it means that it is a consumer requirement or a safety issue. The standard
WC model is given in Eq. (1) in the form of the sum of all part dimensions at min/
max values (called as the assembly/design function) by Khodagyan and
Movahhedy [5].

X ¼ �X1 � X2 � X3. . .� Xn ð1Þ

where X is the assembly or design variable, X1, X2, X3…Xn are the manufactured
(independent) variables.
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The design function is sometimes represented in the form given in Eq. (2):

X ¼ g X1;X2;X3. . .Xnð Þ ð2Þ

For nonlinear problems, it can be challenging to define the design or assembly
function. However, for a small change in the dependent or assembly dimension, the
nonlinear problems can be defined by using the Taylor series in the WC tolerance
analysis, as proposed by W. H. Greenwood and K. W. Chase [9] and is given in
Eq. (3).

DX ¼
Xn
i¼1

@g
@Xi

DXi þ 1
2

Xn
i¼1

@g
@Xi

Xn
j¼1

@g
@Xj

DXiDXj þ � � � ð3Þ

In the WC tolerance analysis, only first-order terms and absolute terms are used.
The general WC tolerance analysis equation can be expressed as given in Eqs. (4)
and (5):
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where Ti is the tolerance of ith manufactured/independent variable or dimension and
@g
@Xi is the sensitivity. For a nonlinear problem, we have to assign some fixed values
to each partial derivative as these derivatives define some specific sensitivities. Each
part dimension and its tolerance limits will induce these sensitivities on the
assembly or critical dimensions and their tolerance limits. If components/parts are
manufactured within specifications, then it is guaranteed that assemblies will be
within the specifications by using the WC analysis.

Statistical Analysis Model. The statistical tolerance analysis method, also
known as root sum square (RSS) method, is based on the approximation of pop-
ulation parameters. By assuming that all the component dimensions are independent
and normally distributed, an approximation of the assembly function using Taylor
series expansion results in Eq. (6), as given by W. H. Greenwood and K. W. Chase
[9]:

TX ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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� �2

T2
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@Xn

� �2

T2
n

" #vuut ð6Þ

Currently, the statistical tolerance analysis model is very popular method.
However, in this method, even if all the components/parts of an assembly are within
the specifications, the defective assembly may result. That is why it is conceptually
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unattractive to many designers. However, the probability of occurring this is very
less. Further, the assumptions that the manufactured variables are independent and
normally distributed are generally not obvious in actuality. The main capabilities of
the RSS method for tolerance analysis are the ease of automation and the ability to
simplify even the most complex design functions.

2.2 Modified Tolerance Analysis Models

The tolerance analysis methods which are discussed above are relevant to sym-
metric tolerances only. The modified methods (WC and statistical methods) for
tolerance analysis are presented in this section which can handle unilateral toler-
ances and asymmetric tolerances as well.

The modified relations (given in Eqs. (7 and 8)) to estimate the tolerance limits
for the worst-case and statistical methods can be expressed on the basis of Eq. (4)
as follows:

UTLj;LTLj ¼ 1
2

Xn
i¼1

@gj
@Xi

����
���� ULi þLLið Þþ k

@gj
@Xi

� �
ULi � LLið Þ

� �
ð7Þ

where k ¼ þ 1 for UL
�1 for LL

�

UTLj;LTLj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where k ¼ þ 1 for UL
�1 for LL

�

where the index i is for manufactured dimensions or independent variables, the

index j is for assembly or dependent variables, @gj
@Xi

	 

is the sensitivity coefficient,

UTL, and LTL are the upper and the lower tolerance limits of the specified design
or assembly variable, respectively.

2.3 Percentage Contributions of Each of the Individual
Component Tolerance on a Specific Assembly Variable

Tolerance analysis of an assembly presents two graphical representations: the
sensitivity and the percentage contribution, which shows how the part tolerances
influence the assembly variations. The sensitivity representation shows the
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sensitivity of the assembly function to component dimensional variations. This
sensitivity is a percentage of the potential impact of dimensional variations of all the
parts on a particular assembly function. On aggregation of all the percentage
contributions, Eq. (9) results

P1 þP2 þP3 þ � � � þPn ¼ 100% ð9Þ

Percentage contribution (Pi) is the proportion value of each of the individual part
dimensions. This percentage contribution is the measure of existing effects of each
of the part tolerance on the variations of an assembly variable.

Percentage contribution (%WC) of each of the component tolerances on the
upper tolerance limit (UTLj) and lower tolerance limit (LTLj) of assembly function
are given in Eqs. (10) and (11), respectively.
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Percentage contribution (%RSS) of each of the component tolerances on the
upper tolerance limit (UTLj) and lower tolerance limit (LTLj) of assembly variable
are given in Eqs. (12) and (13), respectively.

%RSS onUTLj ¼
@gj
@Xi

��� ��� ULi þLLið Þþ @gj
@Xi

	 

ULi � LLið Þ

h i2
Pn

i¼1
@gj
@Xi

��� ��� ULi þLLið Þþ @gj
@Xi

	 

ULi � LLið Þ

h i2 � 100 ð12Þ

%RSS onLTLj ¼
@gj
@Xi

��� ��� ULi þLLið Þ � @gj
@Xi

	 

ULi � LLið Þ

h i2
Pn

i¼1
@gj
@Xi

��� ��� ULi þLLið Þ � @gj
@Xi

	 

ULi � LLið Þ

h i2 � 100 ð13Þ

3 Case Study

To illustrate effectiveness of the modified WC and RSS methods, the following
examples are given.
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3.1 Example 1: Thermos Flask

As shown in Fig. 1, it is an insulating storage vessel that keeps the contents to
remain cooler or hotter than its surroundings. It is made up of two different flasks
that are placed one within another and are attached at the neck. The space between
these two flasks is partially vacated to create partial vacuum. Because of this
vacuum, the heat conduction or convection is reduced.

Our aim is to maintain the gap X within some limits so that there can be a proper
insulation between the two flasks to reduce heat conduction or convection. This X is
called the critical dimension or the assembly variable. The other dimensions are X1,

X2, and X3, where X1 is the overall thickness of the flask wall, X2 is the inner flask
wall thickness, and X3 which is the outer flask wall thickness. These are the
manufactured dimensions (Table 1).

The assembly function can be written as follows:

X ¼ X1 � X2 � X3 ð14Þ

Fig. 1 Thermos flask
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4 Result and Conclusion

It is clear from Table 2 that the results of tolerance accumulation of an assembly
with asymmetric tolerances of the manufactured variables can cause the asymmetric
tolerance limits for an assembly function.

The influence of each of the manufactured variable made on the UTL and LTL
of the assembly or design function (X) is shown in terms of the percentage con-
tributions using the modified worst-case method in Fig. 2a, b, respectively.
Figure 3a, b shows the same using the modified RSS method. It is clear from these
graphs that X1 is most influential on X for proper vacuum.

Table 1 Manufactured variables with tolerances and sensitivities for thermos flask model

Variables Values (mm) Sensitivities UL (mm) LL (mm)

X1 10 +1 0.042 0.039

X2 2 −1 0.037 0.036

X3 1.5 −1 0.037 0.036

Table 2 UTL and LTL of assembly variable (X) by using the modified WC and RSS methods

Tolerance analysis method UTL (mm) LTL (mm)

Modified WC 0.114 0.113

Modified RSS 0.0933 0.0922
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Fig. 2 a Influence of Xi on UTL and; b on LTL of X using the modified WC method
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4.1 Example 2: One-Way Clutch Assembly

This is a two-dimensional assembly made up of four parts: rollers, springs, a hub,
and a cage as shown in Fig. 4. In this example, the design or assembly variable is
the contact angle (h) between the roller and the cage, which is nonlinear.

We can define this assembly variable (h) as a nonlinear function of the inde-
pendent variables X1, X2, X3, and X4 by the trigonometry as follows:

Adjacent,AB ¼ X2 þ X3 þX4
2

� �
and hypotenuse AC ¼ X1 � X3 þX4

2

� �
(15)

h ¼ Cos�1 X2 þ X3 þX4
2

X1 � X3 þX4
2

 !
ð16Þ

where X1 is the diameter of the cage, X2 is the height of the hub, X3 is the diameter
of the upper roller, and X4 is the diameter of the lower roller. The nominal values of
these variables with their tolerance limits are given in Table 3.

The sensitivities for the cage, hub, and rollers are calculated automatically by
putting the values of the independent variables and by doing partial derivation of
the assembly function w.r.t. each independent variable, respectively, as given in
Eq. (17).

@h
@X1

¼ 0:1032;
@h
@X2

¼ �0:1039;
@h
@X3

¼ �0:1035;
@h
@X4

¼ �0:1035 ð17Þ
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Fig. 3 a Influence of Xi on UTL and; b on LTL of X using the modified RSS method
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5 Result and Conclusion

The results obtained for the upper and lower tolerance limits of contact angle (h) by
using the modified WC and statistical methods are given in Table 4. The influence
of each of the manufactured variable made on the UTL and LTL of the design
variable (X) is shown in terms of the percentage contributions using the modified
worst-case method in Fig. 5a, b, respectively. Figure 6 a, b shows the same using
the modified RSS method.

Fig. 4 One-way clutch assembly

Table 3 Nominal dimensions, sensitivities, and tolerance limits of independent variables for
one-way clutch model

Variables Values (mm) Sensitivities UL (mm) LL (mm)

X1 101.60 0.1032 0.155 0.135

X2 55.29 −0.1039 0.16 0.14

X3 22.86 −0.1035 0.01 0.015

X4 22.86 −0.1035 0.01 0.015

Table 4 UTL and LTL of the design variable (h) using modified WC and RSS methods

Tolerance analysis method UTL (rad) LTL (rad)

Modified WC 0.0336 0.0326

Modified RSS 0.0307 0.0307
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From Figs. 5a and 6a, we can say that the variables X1 and X2 are the critical
dimensions to the contact angle (h) for calculating the upper tolerance limit of that
variable, while X3 and X4 have the lower contribution in influencing the assembly
variable (contact angle). Figures 5b and 6b are showing the same results for cal-
culating the lower tolerance limit of the contact angle (h).

6 Conclusions and Future Scope

In the present work, modifications in the worst-case and root sum square methods
have been reported, which makes these methods to perform the tolerance analysis of
assembly variables with nonlinear assembly function and asymmetric/unilateral

Fig. 5 a Influence of Xi on UTL and; b on LTL of h using the WC method

Fig. 6 a Influence of Xi on UTL and; b on LTL of h using Statistical (RSS) method
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tolerances. The effectiveness of the modified methods has been illustrated with
simple examples. In this work, the modified worst-case and root sum square
methods are presented for the automatic tolerance analysis for the UTL and the LTL
of the assembly variable w.r.t. the manufactured variables with asymmetric toler-
ances. In these new methods, sign of the sensitivities is also considered showing
that how sensitive is the critical dimension w.r.t. the variations in each part
dimensions. The influence of the manufactured dimensions on the critical dimen-
sion has been also presented in terms of percentage contributions in the form of bar
charts for the tolerance limits. These contributions show that how an assembly
variable is affected by each part tolerances. A linear problem of the thermos flask is
presented in which the critical dimension is the gap between two coaxial flasks. The
tolerance limits of the design variable or assembly function and the percentage
contribution of each individual dimension which are given with the linear and
asymmetric tolerances are also presented in this work. Another tolerance analysis
for a nonlinear example of a one-way clutch model has also been done in this work
in which the assembly variable is the contact angle between the roller and the cage.
Here, the magnitude of the sensitivities of the individual-independent variable may
differ from 1 because of nonlinearity that affects the assembly variable. It is also
shown how the individual dimension affects the assembly variable by the per-
centage contribution of those dimensions in the form of bar charts.

Thus, the benefits of the presented approach are that it is easy to automate and
also it can model both the symmetric and the asymmetric tolerance limits.

In future work, this can be further extended in the field of automatic tolerance
analysis for the other problems as follows:

• Tolerance analysis of free-form surfaces.
• Geometric tolerance analysis for the assemblability based on geometric condi-

tions, for design functions and for minimum manufacturing cost using an
effective tolerance cost model.
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Investigation of Dielectric Dependency
on CNTFET Characteristics in Ballistic
Regime

Argha Sarkar, Raja Suresh, N. Padmavathy, and Chinna Aswini

Abstract Carbon nanotube (CNT)-based field effect transistor is replacing the bulk
metal oxide field effect transistor. Herein, the cylindrical carbon nanotube field
effect transistor is considered to study the effect of different dielectrics on the
characteristics of carbon nanotube field effect transistor. Different dielectric mate-
rials like Teflon, silicon nitride, zirconium dioxide, hafnium dioxide and titanium
dioxide are analyzed, and the comparative analysis is done with respect to several
parameters like carrier injection velocity, conductance, drain-induced barrier low-
ering, transconductance, subthreshold swing and voltage gain. The overall inves-
tigation is made considering the parameters such as nanotube diameter (0.6 nm),
gate insulator thickness (1.5 nm) for all the dielectrics, Vth (0.32 V), gate and drain
control parameters (1 and 0), series resistance (0), at temperature 300 K, with final
gate and drain voltages as 2 and 1 V. The impacts of dielectric materials on such
parameters are investigated in FETToy and the relationship is understood.

Keywords Cylindrical CNTFET � Dielectric � Carrier injection velocity �
Transconductance � FETToy
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1 Introduction

Last few decades, silicon technology has achieved substantial growth. Scaling of
devices may lead to the rise of short channel effects, power leakage. The silicon
made transistors undergo low reliability, performance degradation and will con-
sume more power [1].

The authentication of the circuit operation will depend on the ON and OFF states
of the device in the digital logic integrated circuits. In MOSFET’s scaling will rise
to short channel effects like higher leakage current, more subthreshold swing
(SS) and drain-induced barrier lowering (DIBL). The device temperature and
leakage current are directly proportional to each other in nanodevices. The leakage
current should always be low for a device as the leakage current increases the OFF
current of the circuit which will lead to an increase in the device temperature.

To overcome the scaling limitation and to reduce leakage, current dielectric
materials instead of silicon dioxide (SiO2) should be used [2]. Instead of silicon
dioxide the high-K dielectrics is preferable as an insulator in nanotechnology due to
the reason of direct tunneling of electrons from insulator to substrate leading to
more power dissipation [3].

For the channel materials of FET’s carbon nanotube is one of the potential
materials. CNT’s [4] are made up of graphene, which are allotropes of carbon. The
basic properties of the carbon nanotube are resulted by the way the graphene sheet
is folded [5]. It has strong sp2 bonding. There are single wall CNT, double wall
CNT and multi-wall CNT’s [6]. It has good tensile strength and excellent electrical
and mechanical properties [7].

CNT’s can show both metallic and semiconducting properties based on their
chirality value.

C ¼ na1 þma2 ð1Þ

where n, m = chirality parameter and a1, a2 are the chirality vectors.
If (n = m) or (n − m = 3i), where i is an integer shows metallic properties else

semiconductor [8]. The characterization of CNT is divided into two types zigzag
and armchair.

• Zigzag: n 6¼ 0, m = 0 or n = 0, m 6¼ 0
• Armchair: n = m.

2 Cylindrical CNTFET

Importantly, two types of CNTFET structures are there (i) planar structure and
(ii) vertical structure. Here, Fig. 1 depicts the cylindrical or coaxial CNTFET,
which is a single wall vertical CNTFET structure [9].
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Cylindrical CNTFET with constant thickness 1.5 nm and (at temperature 300 k)
the distinct dielectric materials like Teflon (2.1), silicon nitride (7), hafnium dioxide
(15), zirconium dioxide (25) and titanium dioxide (35) are considered, and the brunt
of these changes are studied for various specifications like drain-induced barrier
lowering (DIBL), (gm) transconductance, (gd) output conductance, (Av) voltage gain
and subthreshold swing (SS).

3 Mathematical Analysis in Ballistic Regime

Though silicon dioxide has low subthreshold swing it cannot be used as a dielectric
material because carbon nanotube field effect transistor is having high DIBL and
lower gm, gd, Av. The proposed solution is the usage of high dielectric material to
the gate insulator [10, 11]. These dielectric materials are considered for the simu-
lation and analyzed in the FETToy. Different dielectric materials with dielectric
values are shown in Table 1.

Fig. 1 2D capacitive model of transistors in ballistic regime

Table 1 Proposed dielectric
materials and their relative
dielectric values

Oxide name Chemical
formula

Dielectric
constant

Teflon (C2F4)n 2.1

Silicon nitride Si3N4 7

Zirconium
dioxide

ZrO2 15

Hafnium dioxide HfO2 25

Titanium dioxide TiO2 35

Investigation of Dielectric Dependency … 277



3.1 Transconductance (gm)

The mathematical formula of transconductance is given by [11, 12].

gm ¼ l Cox
L

� �

Vds
L

� � ð2Þ

where Cox = oxide capacitance
L = channel length,
µ = carrier mobility.

From Table 3 it is clear that as the dielectric value increases the gm also
increases, as it is directly proportional to each other.

It is clear that transconductance (gm) is proportionate to the dielectric constant.
Transconductance determines the dominance of Vgs over Id. It is the ratio of output
and input of device. It decides the carbon nanotube FET signal amplification.

3.2 Voltage Gain (Av)

From Table 1, it is observed the dielectric increases. The ratio of gm to gd is the
voltage gain of CNTFETs. It is directly proportional to the dielectric constant. It
implies that if the dielectric increases the voltage gain will also increase. For
amplification of signal, high voltage gain is desirable.

3.3 Carrier Injection Velocity (Vinj)

As the dielectric value increases, the carrier injection velocity also increases. From
Tables 2 and 3, it is found that Vinj increases with inflation in dielectric values.
When Vinj is high the transistor will regulate high on current.

3.4 Output Conductance (gd)

It is the ratio of change in drain current to the change in the drain source voltage at
constant Vgs.

Output conductance (gd) is the reciprocal of the output resistance (ro) and is
basically the ratio of change in drain current to change in drain source voltage Vds at
constant Vgs and is represented as
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gd ¼
R
IdR
Vds

ð3Þ

It is observed in Table 3 that if the dielectric increases, the gd will also increase
which will, in turn, increase the drain current [12].

3.5 Subthreshold Swing (SS)

The SS in CNTFET is given by the above formula [12].

SS ¼ j d log10 G
dVg

j�1 ð4Þ

For SS, 60 mV/decade at room temperature is the lowest theoretical limit [13].
The transistor shrinking depends upon SS. The behavior of subthreshold swing is
observed in Table 3.

Table 2 Parameters and their effects on the different dielectrics

Dielectric Parameters

Increases Carrier injection velocity Vinj (m/S) ▲
Increases Drain-induced barrier lowering DIBL (mV/V) ▼
Increases Subthreshold swing SS (mV/dec) ▼
Increases Transconductance gm (S/m) ▲
Increases Output conductance gd (S/m) ▲
Increases Voltage gain (Av) ▲

Table 3 Considered parameters and their dielectric values

Parameters Dielectric

Teflon
2.1

Silicon
nitride
7

Hafnium
dioxide
15

Zirconium
dioxide
25

Titanium
dioxide
35

Vinj (m/S) 3.576e + 05 5.713e + 05 5.245e + 05 4.163e + 05 3.751e + 05

DIBL (mV/
V)

3.98 −728.81 −794.66 −251.01 117.97

SS (mV/
dec)

179.54 136.81 110.92 61.99 −1056.16

gm (S/m) 3.119e−05 8.388 2.848e−05 5.710e−07 2.404e−08

gd (S/m) 3.99e−16 2.345e−07 1.490e−04 1.552e−04 1.552e−04

Av 779.61 357.66 0.19 0.00 0.00
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3.6 Drain-Induced Barrier Lowering (DIBL)

The formula for DIBL is given as [14],

DIBL ¼ VTH LowVDSð Þ � VTH HighVDSð Þ
HighVDS � LowVDS

ð5Þ

At higher VDS, DIBL creates short channel effect because of the reduction in
VTH of the transistor. The parameters effect and their corresponding dielectric
changes have been mentioned briefly in Table 2.

4 Results and Analysis

By using the nanoHUB platform [15], the overall simulation is done. By consid-
ering different types of dielectric material, the device parameters like drain-induced
barrier lowering, carrier injection velocity, transconductance, subthreshold swing
and voltage gain output conductance have been analyzed and their corresponding
values are shown in Table 3.

The drain current and gm/Id versus gate voltage plots are depicted in Figs. 2,
3 and 4. The considered parameters are: nanotube diameter 0.6, gate insulator
thickness as 1.5 nm for all the dielectrics, Vth is 0.32 V, gate and drain control
parameters as 1 and 0, series resistance is 0, at temperature 300 K, with final gate
and drain voltages as 2 and 1 V.

Fig. 2 Graph of OFF current for drain current versus gate voltage for different dielectrics
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Fig. 3 Graph of ON current for drain current versus gate voltage for different dielectrics

Fig. 4 Graph for gm/Id versus gate voltage for different dielectrics
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5 Conclusion

In this investigation, different dielectrics are considered for the comparative anal-
ysis. It is clear that drain current increases for higher dielectric material. The ON
current must be higher for higher dielectric materials. Increased transconductance
implies a higher gain in the case of higher dielectric materials. Different CNTFET
parameters are analyzed with respect to different dielectric materials. Finally, it is
found that higher dielectric materials are the most suitable for fabricating CNTFETs
in the ballistic regimes.
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Comparative Study on Heat Transfer
of Plastic Injection Molding Process
for Quality Enhancement

Rupesh Kumar Khutey and Chhabi Ram Matawale

Abstract From the decades, injection molding is one of the favored manufacturing
methods used in manufacturing industries. In this method, the granular plastic is fed
through hopper, and the presence of pressure the melted plastic material is injected
into the cavity and acquired final products. It is very useful for mass production
processes with variety of applications such as automobile, toy, bottle, chair, com-
puter part, etc. There are some inappropriate functions where injection molding
process may fail such as injector stroke is not enough, material packing is high,
cooling is not enough, and white mark appears on surface of product. Therefore, the
molded part may classify into four categories—part design, mold design, machine
performance and method conditions. With optimum design of these categories, the
performance of injection molding process may increase. The main aim of this paper
is to compare the mode of heat transfer, cooling time, product quality of different
plastic materials used in injection molding process as well as the design parameters
are summarized for optimal design of injection molding process for product quality
and performance enhancement.

Keywords Injection molding �Mold flow � Heat transfer � Cooling time � Cooling
channels

1 Introduction

Today’s world, plastic material has become an essential material for all kind of
daily-life household application. That makes plastic material more preference and
focused material in various manufacturing industries. It is having several advan-
tages such as lightweight, easily transportable, corrosion resistance, low cost, high
durability as well as their application in the mobile industry, automobile industry,
toy, bottle, electric industry, etc. In this context, the injection molding process is
one of the methods which manufacture the plastic product and fulfill the human
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requirement. Injection molding process is one of the mass basis production pro-
cesses with minimum production time and cost. In this process, generally the
polymer materials such as polystyrene (PS), acrylonitrile butadiene styrene (ABS),
polypropylene (PP), polyamide (PA), polyethylene (PE), polyvinylchloride
(PVC) are used as raw material. Plastic injection process is similar to casting
process.

1.1 Injection Molding Working Principle

In this process first, raw materials (pellets or granules form) send to hopper, here
present of drive unit (electrical power) heat is generated and raw material melted in
the plastic injection molding machine and then injected into a mold or chamber
under high pressure. There, the material is cooled, solidified and afterward released
by opening the two halves of the mold. This technique results in a plastic product
with a predetermined, fixed form as shown in Fig. 1a To facilitate production, the
parts that play a role in the plastic injection molding process must be carefully
designed.

1.2 Heat Distribution

The thermal behavior within the injection chamber can be illustrated as shown in
Fig. 1b. Melt temperature is an effective parameter which effects to the quality of
product and process an injection molding process. It is very difficult to scaling and
controlling because of thermal dynamic condition in injection molding process. In
heating process, other parameter affected to the melt temperature such as screw
rotational speed, back pressure, injection velocity, material parameters, etc. Melt
temperature is not directly controlled; it is controlled by barrel and nozzle heater
temperature. It results that heat distribution control is very much important for the
better performance and good-quality product.

Fig. 1 a Typical injection molding machine with different parts. b Melt preparation phase
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2 State of Art of Literature

Injection molding is one of the effective processes for the production of plastic
part. In this regard, many of researchers looked in the field of numerical simulation
and validated with experimental result and some of involved in analytical analysis.
Simulation process reduces the analysis time, cost, etc. Chao-Tsai Huang et al. [1]
represented the deviation between experimental and numerical simulation in
injection molding to find the shrinkage behavior of design part with different
dimension on the basis of these parameters (cooling time, filling time, mold tem-
perature, packing pressure, and melt temperature). The shrinkage is approximately
equal for both numerical simulation and experiment and calibrated reduced by 56%.
Huszar et al. [2] used thermoplastic (polypropylene, polystyrene and fiber-filled)
material and investigated selection of gate location for minimizing warpage and
injection pressure. Hnatkova et al. [3] used irregular shape of ceramic powder
(aluminum oxide) for evaluation of critical solid load (CSL). Stearic acid (SA) is
used as a binder, which increases the CSL and also affected the pseudoplastic flow
that is reducing the viscosities and increases the shear rate. CSL affected the torque
and shear stress in injection molding. Daver and Demirel [4] investigated thermal
and structural analysis in a bottle made of polyethylene terephthalate material by
injection stretch blow molding. It is represented based on different thermal condi-
tion and finds high burst strength and high top-load strength. Jahan et al. [5]
investigated the thermal performance and optimum design parameter of cooling
channel in injection molding, and result indicates channel cooling time and maxi-
mum von Mises stress minimized. Jahan et al. [6] investigated mathematical sim-
ulation and topology optimization techniques for reducing the cycle time an
injection process; they investigate the stainless steel (15-5 PH1) power on circular
channel with different diameter, pitch and channel centerline to mold wall distance.
Result has shown that channel diameter increases than cycle time reduces.

Masses et al. [7] presented the effect the heat transfer in mold–polymer interface
of an injection molding and find the increase the cycle time than air gap present
between mold and polymer. Acrylonitrile–butadiene–styrene (ABS) mostly used as
a polymer in the industry, instrumentation and other application, it has high
strength, hardness, rigidity, toughness and impact strength, viscosity grade, struc-
tural and mechanical properties [8–10]. It also improves the shrinkage phenomena
[11]. The PA polymer is directed to improve properties such as fracture mechanism
and tensile strength [12] surface quality and flexural strength [13], chemical and
thermo-morphological [14], cooling rate and conductivity [15]. Among all type of
plastic, polyethylene is one of the crucial plastic material which is mostly used in
injection molding process and shown good tensile strength, surface hardness, wear
resistance [16], resistance to stress relaxation [17], various crystalline structures in
injection mold [18], thermal behavior [19], dynamic packing factor in injection
molding [20], the molecular interactions between components [21], the environ-
mental influence in injection molding [22]. Polypropylene (PP) plays an extremely
important role in polymer. Research has been studied on PP properties, optimum
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parameter for warpage and shrinkage [8] implements energy consumption [9]. In
injection molding process, the mechanical properties determine that is tensile
strength and modulus [10] fiber length and fiber orientation [23] improved fiber–
matrix interface [24] improved thermal insulation performance [25] are the new
approach to product quality and environmentally friendly technique [26]. In
injection molding process, polymer used polystyrene and different type of method
developed for investigate the pure and blended solvent on the hydrophobic
plasma-treated polystyrene [27] rearrangement of particles size by the gating
arrangement [28], effect of melt temperature in thin-walled injection molding [29],
importance role of the adhesion of polymer–mold interface [30]. Control approach
on thin skin, small-uniform cell size to better surface quality [31], interactions of
cell behavior with nanotopography without biochemical [32]. Polymer is one of the
materials which not only used in injection molding process but also used as coating
material such as titanium diboride (TiB2), diamond-like carbon (DLC) titanium
nitride (TiN), titanium oxide (NiO), titanium aluminum nitride (TiAIN), chrome
carbon nitride (CrCN), and perflurooctyltriethoxysilane (PFOS/Ni) [33].

3 Comparative Study

Here we have compiled that the work has been done so far that represented in
Table 1. The comparative study of process parameters and their responses.

4 Result and Discussion

From the exclusive state of art and comparative study, we found that there is plenty
of literature available on injection molding process considering different materials,
analysis methods, experimental and numerical simulation. The parameter which
affects the quality and molding efficiency as reported by researcher are cooling
system design, cooling rate and time, surface roughness, shrinkage and warpage.
These parameters could improved with some of the materials such as polypropy-
lene, polystyrene (PS), and acrylonitrile butadiene styrene (ABS).

Figure 2 represents the number of research article published year by year from
2010 to 2020. On an average, 1800 research articles are published in a year, and day
by day it is increasing that shows the interest of researchers, scientists as well as
industry demands. Figure 3a represents the different types of plastic materials used
for injection molding process. The most preferred plastic materials are polymers
which are acrylonitrile butadiene styrene (ABS), ethylene vinyl acetate (EVA),
paraffin wax (PW), stearic acid (SA), polyamide (PA), Nylon 6, polypropylene (PP),
polystyrene (PS), polyvinyl chloride (PVC), polyethylene(PE), polyether ether
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ketone (PEEK) and stainless steel powder. Figure 3a shows that the polypropylene
(PP), polyamide (PA), and polyethylene(PE) are the largely used material in injec-
tion molding. Figure3b represents the types of analysis adopted by the researchers.
Mainly, the researcher and academician have concentrated on material analysis,
design analysis and thermal behavior of the molding system as well as material used.
In this three analysis, materials analysis are very effective and most preferred.

Table 1 Comparative study of injection molding process parameters

S.
No.

Parameters Responses Type of
analysis

Material used Outcomes References

1 Cooling
system

Improved Numerical Polymer
(938 kg/m3,
1800 J/kg K,
0.25 W/m K)

Desirable affect
given by using
cooling channels

2018 [34],
2019 [35],

Improved
conformal
channels

Analytic and
CAE
simulation

Polystyrene Cooling time is
reduced to 23%

2 Surface
roughness

Improvement Experimental Stainless steel
powder

Heating rate,
weight losses

2018 [20],
2012 [19]

Increased
quality

Simulation Polypropylene
copolymer

Amplitude,
functional,
hybrid and
spatial, surface
characteristics

3 Shrinkage Reduced Experimental Polybutylene
terephthalate
(PBT)

Conventional,
microcellular,
glass and
wollastonite
fiber filled

2019 [1],
2017 [28],

Minimized Simulation Acrylonitrile–
butadiene
styrene/
polypropylene

Different
parameter
affected the
packing
pressure, mold
temperature

4 Bond
quality

Improved Experimental Polyamide 12
(PA12)

Bond quality,
media-tightness

2016 [29]
1996 [18]

Optimum Experimental Methyl
methacrylate
(PMMA)

Nanoparticles
enhance the
quality of
product
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5 Conclusions

The principal aim of this paper is to compare the different materials and there design
parameters which affected by the heat transfer in injection molding process. The
reported experimental and analytical result indicates various parameters like
shearing action, surface roughness, cooling rate, shrinkage, etc. These parameters
are improved in some of the materials such as polypropylene, polystyrene (PS), and
acrylonitrile butadiene styrene (ABS). The most preferred polymer materials such
as polypropylene (PP), polyamide (PA), and polyethylene (PE) are used by
researchers. Based on the literature, materials analysis is very effective and most
preferred analysis method. However, to improve the heat transfer cooling channel
system is also used having different geometrical dimensions in many fields. Many
researchers and academician have paid attention on the design of confirming

Fig. 2 Number of research article published year-wise [Source sciencedirect.com (till date
02-08-2020)]

Fig. 3 a Polymer used. b Analysis performed
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cooling channel and method of heat transfer. These factors are very much important
for improvement of final product quality and efficiency.
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Corrosion Behaviour of Aluminium
6061/MWCNT Composite Prepared
by Double Stir Casting Method

T. Arunkumar, K Aditya Sreevatsa, Dinesh R. Krishnan,
and Ram Subbiah

Abstract In the last two decades, carbon nanotubes (CNTs) have been attracted the
interest of material researchers owing to their extremely desirable mechanical,
thermal and electrical properties. However, the main challenge is to control the
cluster formation and homogeneous distribution within molten alloy due to strong
surface attraction between CNT particles, and it has a high aspect ratio. Herein,
aluminium 6061 alloy with various weight percentages of pre-synthesized
MWCNT (0, 0.5, 1 and 1.5%) is prepared by double stir casting techniques. The
corrosion rate of the prepared samples was studied by both salt spray and elec-
trochemical methods in 3.5% NaCl solutions. Besides, the surface morphology of
tested samples was analysed by scanning electron microscope (SEM). The corro-
sion rate of the samples has significantly reduced with the addition of MWCNT.
However, the higher amount of CNT (1.5%) is slightly increasing the corrosion rate
than 1% of CNT contain composites due to cluster formation and improper mixing.

Keywords Aluminium 6061 � Multi-Walled carbon nanotubes � Stir casting �
Corrosion

1 Introduction

As technology is flourishing at a rapid pace in the engineering field, the require-
ments of customers are met by more durable and economical engineering materials.
Currently, metal matrix composites (MMCs) have high demand in automobile,
aircraft, marine and defence applications due to its greater properties [1]. Owing to
modest mechanical properties, medium strength to weight ratio, facile heat treat-
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ment process and corrosion resistance, usage of aluminium 6061 alloys is propi-
tious materials for structural and functional applications [2]. Although it has quite a
good lineup of properties, the passive oxide surface layer dissolves and accelerates
the corrosion rate when exposed to highly acidic or alkaline conditions [3]. To
avoid this, the aluminium metal matrix composites (AMMCs) are introduced in
order to increase the corrosion resistance in high-temperature atmospheres without
losing the material properties [4]. Nowaday’s, researchers are concentrating the
aluminium material to improve the whole properties for multipurpose applications
so that aluminium is reinforced with superior nanoparticles like CNT, SiC, B4C and
Al2O3,. [5]. Generally, nano-ceramic materials like Al2O3, SiC and B4C were used
as reinforcement with aluminium to improve the mechanical and tribological
properties; conversely, these nanomaterials have higher density and lower strength
to weight ratio than CNT [6]. In recent years, the aluminium/CNT composites have
been extensively studied by researchers all over the world. Numerous previous
studies have shown that CNT material has a major influence on mechanical
properties. Srivastava et al. [7] reported that microhardness increased with the
accumulation of CNT; on the other hand, Perez-Bustamante et al. and Liao et al.
recorded that the accumulation of CNT is significantly decreased the mechanical
properties when reinforcement is above 2% of CNT [8, 9]. It is due to attractive Van
der Waals interactions between CNT and aluminium and forms the clusters [10]. In
addition, the strengthening effect of the composite is increasing with the reduction
of CNT diameter which is up to 1.5 weight % accumulation of CNT content;
however, it is overturned when the accumulation of CNT range between 2 and 5
weight % [11]. There are various methods to fabricate the aluminium/CNT com-
posites such as sintering, infiltration, casting. Among these, stir casting (SC) is
commonly used in aluminium metal matrix manufacturing industries because of its
simplicity and its economic consideration [12].

Altogether, until now, not many researchers performed corrosion investigations
on aluminium/CNTs composites. Therefore, in this work, aluminium 6061 is
reinforced with various weight percentages of pre-synthesized MWCNT (0, 0.5, 1
and 1.5%) by stir casting method. Further, corrosion behaviour of this composite is
investigated by salt spray and electrochemical analysis. Finally, the precise amount
of MWCNT is explored by comparing the corrosion rate of these samples.

2 Materials and Methods

Aluminium 6061 has been selected as base metal, and pre-synthesized MWCNT
used as reinforcement material for these studies [13]. Besides, magnesium and
hexachloroethane (C2Cl6) are used as wetting agents and degasser, respectively.
The nanocomposite is fabricated from stir casting equipment with the following
procedure. Initially, aluminium 6061 is heated at 650 °C, then C2Cl6 is added in
molten liquid to degases from alloy. At the same time, MWCNT nanoparticles are
preheated at 100 °C to avoid oxidation. Then, this preheated MWCNT nanoparticle
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is mixed with molten aluminium liquid and stirred at 300 rpm constant speed for
10 min. Later, it is allowed to cool down to semi-solid state around 450 °C. Then,
again reheated above the melting point around 750 °C and stirred at 300 rpm
constant speed for 10 min. This double stir casting procedure may improve the
homogeneous distribution of MWCNT nanoparticles in molten aluminium alloy.
Finally, this molten composite was then poured into a preheated mould box and
solidified naturally. Then, these solidified composites have been extracted and
machined as per ASTM standards for corrosion studies. To find the issue of the
long period of corrosion evaluation, a salt spray test was carried out as per the
standard ASTM B117-09. For this test cased composite was machined 10 mm
10 mm � 6 mm and kept in a salt spray chamber at 35±2 °C, in 3.5% NaCl
solution for 30 days. Electrochemical corrosion equipment (Biologic—model
SP300) where Ag/AgCl electrodes (saturated KCl) were taken as the reference
electrode, platinum (Pt) wire as counter electrode and the prepared samples as the
working electrode was used to carry out the potentiodynamic polarization mea-
surements as per ASTM G102-89. Before commencing the experiment, the
well-polished specimen is allowed to stabilize in the electrolyte for 15 min. The
measurement range was between −0.25 V and +0.25 V from the OCP at a scan rate
of 0.001Vs−1 [14]. The surface topographies of the salt spray tested samples were
obtained using the SEM method (ZEISS SUPRA 55) as per ASTM D4541 [15]. To
assure the accuracy of the results, all the measurements were repeated at least thrice.

3 Results and Discussion

The long-period corrosion evaluation of the samples was explored using Eq. 1, after
30 days in a salt spray environment, where W = weight loss in milligrams;
D = metal density in g/cm3; A = area of the sample in cm2; T = time of exposure of
the metal sample in hours. The corrosion rate is significantly reduced with the
addition of MWCNT with aluminium alloy as shown in Table 1.

Rate of corrosion in millimeter per year¼ 87:6 � W
D � A � T

ð1Þ

The corrosion rate of stir casted base alloy is 8.232 µm/year, and when
MWCNT is reinforced with base alloy, the corrosion rate is decreased up to
2.139 µm/year. It is revealed that 1% of MWCNT has improved the corrosion
resistance by 74.02% from base alloy. On the other hand, 1.5% of the MWCNT
reinforced sample has protected the base alloy by 56.80%; this reduction may due
to inhomogeneous distribution or cluster formation of extensive MWCNT content
into molten liquid. Besides, the surface morphology of the salt spray tested base
alloy and 1% of MWCNT reinforced samples as shown in Fig. 1. It is clearly
enlightened that the base alloy has higher oxide formation than AL +1% MWCNT
samples because MWCNT is restricted to the oxide layer formation. Figure 2 shows
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superimposed polarization curves of Al 6061, i.e. base metal alloy and its MWCNT
reinforced composite in 3.5% NaCl electrolytes. It is observed that there is a linear
region on both the anodic and cathodic legs in the Tafel extrapolation near the Ecorr.
The positive movement of Ecorr confirms that MWCNT has protected the base alloy
and provides superior corrosion resistance.

Likewise, the current density of the corrosion (Icorr) shifted leftwards, i.e.
decreases, which reduces the corrosion rate. It is observed from the Tafel curves
that accumulation MWCNT samples have lower corrosion rates, i.e. higher cor-
rosion resistance than base alloy. Also, anodic, cathodic and Icorr currents display
their lowest values in the polarization curve of MWCNT reinforced samples
causing the corrosion resistance to spike up. The electrochemical corrosion eval-
uation of the samples in 3.5% NaCl electrolytes was explored using Eq. 2.

Rate of corrosion mm=yearð Þ ¼ 0:00327 � Equivenent weight � Icorr
Aluminium Density

ð2Þ

The corrosion rate of 1%MWCNT reinforced composite is 1.9 µm/year (Table 1),
and it is protected thematerial by 85.13% from a base alloy (7.98 µm/year). It is due to

Table 1 Corrosion rate of the samples in a 3.5% NaCl solution

Description
of the
sample

Salt spray Polarization

Rate of
corrosion
(µm/year)

Protected
efficiency
(%)

I corr (µA
cm−2)

E corr

(V)
Rate of
corrosion
(µm/year)

Protected
efficiency
(%)

Base alloy 8.232 – 7.50E-01 −1.072 7.98 –

Al + 0.5%
MWCNT

4.252 48.34 3.07E-01 −1.118 3.27 59.02

Al + 1%
MWCNT

2.138 74.02 1.11E-01 −1.088 1.19 85.13

Al + 1.5%
MWCNT

3.556 56.80 2.50
E-01

-1.052 2.67 66.59

Fig. 1 SEM images of the salt spray tested samples a base alloy b Al + 1% MWCNT
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MWCNT has restricted the oxide layer formation by separating oxides from the alloy
and reduced the rate of corrosion [16]. Nevertheless, a higher amount of MWCNT
(1.5%) having less corrosion resistance than 0.5% and 1% of MWCNT reinforced
samples. In this case, I corr and Ecorr moves towards the base alloy due to chloride ions,
Al2O3 formations, attractive Van der Waals interactions between MWCNT and alu-
minium, clusters formations and improper mixing.

Impedance spectrum shows (Fig. 3) large capacitive and inductive loop at high
and low frequencies. The constant phase element (CPE) is depicted by the
high-frequency capacitive arc, whereas the inductive loop relates to the roughness
of the solid surface and due to unbalanced mixing of particles. The 1% of MWCNT
reinforced sample has a larger diameter of the semicircle than other samples, which

Fig. 2 Tafel plots of the
samples in 3.5% NaCl
solution

Fig. 3 Impedance spectrum
of the samples in 3.5% NaCl
solution
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confirm that it has higher corrosion resistance. The corrosion rate of the samples by
both salt spray test and electrochemical test values gives a similar result as shown in
Fig. 4. Altogether, 1% of MWCNT reinforced samples have higher corrosion
resistance than other samples.

4 Conclusion

Aluminium 6061 with various percentages of MWCNT is successfully fabricated
by a double stir casting method. The effect of MWCNT reinforced composite is
investigated by both salt spray and electrochemical method in 3.5% NaCl solution.
The test results revealed that the MWCNT is a very good candidate to restrict the
oxide layer formation and safeguard the material from corrosion. Besides, the
precise amount of MWCNT reinforcement (1%) with aluminium alloy significantly
controls the corrosion rate of up to 85.13%. Furthermore, the higher amount of
MWCNT (1.5%) with aluminium by double stir casting method decreases the
corrosion resistance due to improper mixing and cluster formation.
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A Review on Recent Developments
in Kenaf, Sisal, Pineapple, Bamboo
and Banana Fiber-Reinforced
Composites
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Gowrisankar B. Kurup, and Greshma Susan Reji

Abstract Fibers that are produced from various geological processes, plants and
animals are natural fibers. These fibers affect the polymer property, when they are
used as reinforcement for composite materials. The increased awareness on dev-
astating effect of synthetically developed materials toward nature has resulted in the
development of eco-friendly and sustainable materials. Natural fibers are weak on
its own; so, they are used as reinforcement in polymers. Here, we have discussed
about natural fibers like kenaf, sisal, pineapple, bamboo and banana. Also, the
sources and properties of each of these natural fibers have been widely considered.
We have studied these natural fibers as reinforcement for some types of composites.
Likewise, the mechanical properties of these five natural fibers and their applica-
tions are also discussed. The differences in reported mechanical properties and
dispersed information are the issues concerned with natural fibers. Selection process
of natural fibers becomes even more complex due to lack of standardized methods
by consumers and producers to analyze, extract, treat and post-process the natural
fibers. In fact, these are major issues that hinder the general utilization of natural
fibers in various application. To mark this gap, this paper addresses the various
mechanical properties and latest potential applications of the natural fibers in
different commercial industries for the advancement of eco-friendly products with
an intention to replace the synthetic fibers with efficient and economically effective
products.
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1 Introduction

Over the past few years, there has been an increase in demand for sustainable
products. Innovative techniques to recycle, social impact and sustainable marketing
methods have prompted society to use sustainable and degradable products [1].
Composite materials consist of natural fibers, and their arrangement influences the
properties of materials. For reinforced composites, different fibers such as carbon
fiber, glass fiber and natural fibers are used and as polymer matrices, namely plastic,
metal, resin or rubber [2]. Natural fiber consists of plants fiber which includes leaf
fiber (sisal, pineapple and abaca), main components (hemp, jute and kenaf), reed
and grass fibers (corn, wheat and rice), seed fibers (coir, kapok and cotton), bast
fibers (kenaf, jute, ramie, hemp and flax) and each and every other sort (roots and
wood) [3]. In contrast to synthetic fibers, after its purpose, natural fibers can be
burned without any CO2 emission and improved recovery of energy which results
in positive carbon credits and reduction in global warming [4]. For this research, we
have considered kenaf, sisal, pineapple, bamboo and banana fibers. The sources and
mechanical properties of all these fibers have been discussed. These fibers are used
as reinforcement for different composites which is studied here. Also, the appli-
cations of all these fibers have been concentrated. Figure 1 shows the basic con-
stituents of natural fiber-reinforced composites.

Fig. 1 Basic constituents of natural fiber-reinforced composites [1]
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2 Source and Properties of Fibers

2.1 Kenaf

The main source of kenaf fiber is hibiscus [5]. The scientific name is Hibiscus
cannabinus L. The fiber length in mm is 6. The fiber diameter is about 20–30 lm.
The density of kenaf fiber is 1.2 g/cm3. The main properties of kenaf are its
excellent durability [6]. The main kenaf production countries of the world are India
(45%), China, Malaysia and USA [7, 8]. For the production of rope and paper, the
primary fiber used was kenaf, and it is considered as one of the substantial fiber in
bast type [6]. Kenaf plants are rugged. They are really tough and stiff. They are
highly immune to the effects of bug sprays. The kenaf plant has its origins from
Asia, Africa, America and a few regions in Europe. They are present here on Earth
for over a period of 4000 years. The inner and outer core and flowers are used to
extract the fiber. The majority of the dry weight of the stalk is constituted by the
inner core (60%), and the rest of the dry weight is from the bast (40%), also known
as external fiber [9]. After harvest the plants are sent to a fiber separator, the tail
section is entirely used in the pulping process. To isolate the extracted fibers from
the influence of external substances like pectin or wax, they are treated using
bacterial or synthetic method. These fiber strands are converted to finely woven
textures. These fibers are completely biodegradable and hence are nature friendly.
In ancient times, the Egyptians used these fibers to make vessels, Nowadays, they
are used for manufacturing sacks, strings and ropes [6].

2.2 Sisal

Agave (Agave sisalana) is the source of sisal. This fiber has length up to 1000 mm,
and fiber diameter lies between 200 and 400 lm. The density of fiber is 1.2 g/cm3.
The characteristic features of the sisal fibers are its hardness, high strength,
stretchability, coarse nature, durability, its resistance toward moisture absorption,
saltwater deterioration and its surface, which readily accepts variety of dyes. Due to
these abilities, the sisal fiber is considered as one of the top reinforcement fibers.
Sisal fiber, which is mainly produced in Brazil, is one of among the most used
natural fiber. Native to Mexico, the mother plant is a rosette and can grow up to 2 m
height. In its 6–7 years of life, it gives about 210–260 leaves for industrial use [5].

2.3 Pineapple

The source of pineapple leaf is ananasmagdalenae. The fiber length of pineapple
fiber is up to 200 mm, and fiber diameter is 106 lm [9]. The density of fiber is
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1.5 g/cm3. The main properties of pineapple fiber are its saltwater resistance and
wear resistance. Philippines is one of the main pineapple producer of the world
[10]. The source plant of pineapple leaf fiber is an easily accessible one and is also
one of the most developed. The pineapple fiber is a waste by-product of pineapple
processing. The plant which can reach up to 2 m height grows mainly in the
tropical region and has a group of 20–30 leaves each about 6 cm wide [9]. Almost
90–100 tons pineapple leaves can be produced from a hectare. Comparing all
natural fibers, very good mechanical properties are shown by pineapple leaf fibers
[10]. These fibers are multicellular, and they are extracted from the pineapple leaf
strands through scrapers.

2.4 Bamboo

Bambusoideae is the scientific name of grass pulp, which is the source of bamboo.
Fiber length is up to 90 mm, and fiber diameter is about 10–20 lm. The density of
the fiber is 0.85 g/cm3. The countries that vastly produce bamboo include Japan,
Ecuador, China, India and Chile. Bamboo possesses some excellent properties like
high durability and stability, excellent flexibility. They show great resistance to UV
radiation. Bamboo fiber is otherwise called common glass fiber because of the
arrangement of strands in the longitudinal ways. Bamboo is abundantly found in
China; around 400 species are discovered [7]. Because of its better quality, hard-
ness, low weightiness and easy availability, bamboo fibers are used as a major
reinforcement for different polymeric materials. The extracted bamboo fibers are
used for manufacturing various composites in a wide variety of businesses [11].
Bamboo has been customarily utilized for making houses, spans, customary vessels
and so on.

2.5 Banana

Plantain or Musa acuminata is the source of banana fiber. The fiber Length of
banana is 5000 mm and diameter is 10 lm. The density of the fiber is 1.35 g/cm3.
The main properties are better fineness and spinnability, very strong, less elastic,
shiny in appearance, light and less absorption. The main producer of banana are
Thailand, South East Asia, India and Bangladesh [12–14]. Banana fiber is a waste
by-product of banana cultivation at the present time. For industrial usage, banana
fibers can be extracted without any extra cost. The fiber length strongly influences
the properties of the fiber. As banana fibers have good potential, it can be developed
into strong biocomposite materials [7, 8, 11]. Due to its durability, ability to stretch,
affinity for certain dyestuff and resistance against saltwater, banana has been the
forerunning material traditionally for making twines. Banana is also used as an
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eco-friendly strengthening agent that has properties which can replace fiber glass
and asbestos in composites in many industrial uses.

3 Mechanical Characteristics of Natural Fibers

While choosing the composite, whether it should be used for structural applications
or else for mechanical properties play an important role. Natural fibers are generally
used as reinforcement in composites because they are lighter. It has better Young’s
modulus and tensile strength compared to the polymer matrix, so there is no need
for additional treatment of reinforced composites. Table 1 shows the mechanical
properties of natural plant fibers. Graphical analysis of mechanical properties is
shown in Fig. 2a–c. Mechanical properties including tensile strength, Young’s
modulus and elongation at break are considered here.

4 Natural Fiber as Reinforcement for Composites
Materials

4.1 Kenaf Fiber Composite

Kenaf fiber could be used as reinforcement in a variety of composites, due its
superior properties. Epoxy-based FRP (fiber strengthened polymer) composites
have generally high thermal steadiness. Be that as it may, it shows helpless split
development obstruction that limits its mechanical applications. Organoclay is an
organically modified phyllosilicate, derived from a naturally occurring clay mineral.
As organoclay is incorporated in the composite, it displays improved flexible
properties by allowing a higher limit for fiber stacking [19]. Delamination, for-
mation of voids and air bubbles and fiber pull out are the major failure mechanisms
in reinforced composites. Highly stable polymeric structure and a lower damping
factor are shown by kenaf reinforced epoxy composites [20].

Table 1 Mechanical properties of natural fibers [15–18]

Fiber Tensile strength
(MPa)

Young’s modulus
(GPa)

Elongation at
break (%)

References

Kenaf 612.5 41 2 [16]

Sisal 681 15.5 2.45 [17, 18]

Pineapple 898.5 71 2 [17, 18]

Bamboo 566 53 4.65 [19]

Banana 721.5 29.5 5.5 [17, 18]
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4.2 Sisal Fiber Composite

The various properties of polystyrene composites reinforced using sisal fibers are
observed on basis of the fibers length and content. It has been represented that
benzoylation on the fiber improves the fiber arrange connection and thusly extended
the quality amazingly [5, 9]. The properties were seen to be essentially self-ruling of
fiber length regardless of the way that the extraordinary unbending nature exhibits
fringe change at 10 mm fiber length [20, 21].

4.3 Pineapple Fiber Composite

Pineapple leaf fiber (PALF)/polypropylene (PP) composite, PALF/PP fiber shows
unrivaled elasticity than other normal fiber strengthened composites. Thusly, PALF/
PP fiber can be a potential regular fiber fortified composite for different applica-
tions. PALF might be utilized in manufacture of eco-friendly composite items for
diversified applications furthermore, and henceforth, manufactured strands can
undoubtedly be supplanted with PALF [22]. The usage of pineapple leaf fiber in
composite material is another wellspring of materials which can be monetary,
eco-friendly and furthermore recyclable. Treatment using alkali can be done to
improve various properties. The mechanical properties of the composite can be
further improved by incrementing the fiber stacking [20].

Fig. 2 a Tensile strength of natural plant fibers [15–18] b Young’s modulus of natural plant fibers
[15–18]. c Elongation at break of natural plant fibers [15–18]
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4.4 Bamboo Fiber Composite

These composites have a potential for building applications [23]. When contrasted
with slick epoxy, the flexural modulus for bamboo fiber composites was consis-
tently higher and monotonically increments with fiber length and substance.
Nearness of bamboo filaments could give critical protection from break develop-
ment, subsequently changing the general disappointment mode from absolutely
fragile to malleable. Bamboo strands demonstrated solid holding with the epoxy
lattice in the composite [20]. Fiber breakage, network splitting, debonding and fiber
pull out are significant deformation types.

4.5 Banana Fiber Composite

Banana fiber is discovered to be a decent support in polyester resin. Excellent
flexural strength and flexural modulus are exhibited by banana fiber-reinforced
polyester composites. Composites have most extreme mechanical quality, and it
tends to be utilized as a substitute material for customary fiber strengthened
polymer composites. Banana fiber can be utilized as strengthened specialist effec-
tively in the composite business as an economical structure material. Crossover
epoxy composites displayed predominant mechanical properties [20, 24].

5 Applications

Natural fibers find application in almost every day-to-day activities. It finds uses
from household activities to even automobile, aerospace and marine industries [25].
Kenaf fibers are utilized in automotive development, bundling, furniture, materials,
mats, paper mash, material for packing, carry baggage and cases for mobiles [5, 26].
Sisal fibers can be used in various industrial sectors like transportation, construction
and automobile. It also finds many uses in our day-to-day life like reinforcement in
steel wire links, used for making ropes [27]. It is used to manufacture paper. It also
finds application in the manufacturing of roofing sheet, panels, doors and shutting
plates [9, 26, 28]. Pineapple fibers of treated and surface-adjusted strands are uti-
lized for making transport line rope, air pack and progressed composites [7, 29].
Other application includes textile, sports item, baggage, automobiles, cabinets, mats
and furniture. Fibers of bamboo are used in the production of seats, other furniture
and panels. Banana fibers are utilized in low-cost production of paper [30]. They are
also used in carpets and mattresses, cloth, ropes, twines, panel and handicraft
production. They are also be very useful in sound proofing and insulation [13, 31,
32]. Table 2 and Fig. 3 show the usage of natural fibers and wood for composites in
automotive industries in Europe 2012 (total fiber volume of 80,000 tons).
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6 Conclusion

The increased concern and awareness of the society toward environmental con-
servation has turned out to be one of the main reasons for the selection of natural
fibers as the reinforcement in polymer composites. When these fibers are physically
and chemically treated, they can be effectively used as a supplement for the existing
materials. The results shows that the mechanical properties are increased by various
chemical treatments. The adhesion between the fiber and the matrix are also
improved by the same. Usage of natural fibers results in cheap composite manu-
facturing costs. The impact of chemical processes on natural fiber properties is also
considered. The kenaf fiber shows low-density and high-specific mechanical
properties. The fibers of sisal have high tensile intensity, resistance toward salt-
water, alkali and acid deteriorations and toward abrasion. It also shows high
tenacity. Pineapple fiber shows very good mechanical, physical and thermal
properties. It is known that bamboo fiber is light, stiffer and stronger when com-
pared to glass fiber thus making it a very good substitute. Studies showed that

Table 2 Usage of natural fibers for composites in Europe 2012 (total fiber volume of 80,000 tons)
[27]

Fiber Percentage of natural fiber used (%)

Wood 38

Cotton 25

Flax 19

Kenaf 8

Hemp 5

Others (mainly banana, jute, coir, sisal,
pineapple, bamboo and abaca)

7

Fig. 3 Natural fiber composite usage in Europe 2012 [27]
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banana fiber has very good durability, ability to stretch, affinity for certain dyestuff
and resistance against saltwater; banana has been largely used in manufacturing
even from early times and is used even now. It was found that among the mentioned
fibers, pineapple showed highest tensile strength and Young’s modulus. Also, it
was observed that banana fiber had the highest elongation at break. With these
results, it is understood that in the coming years, natural fibers will be extensively
used for the making of composites as they are the non-polluting, harmless,
renewable as well as sustainable source of fiber.
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Studies on Erosion and Oxidation
Behaviour of Cobalt-Based Coatings

Prashant Kumar Singh and Pallvita Yadav

Abstract This work aims to investigate the performance of different cobalt-based
coatings such as Stellite 6 (St6), WC-Co (W1) and Stellite 21 (St21) on the different
grades of boiler steel. The different grades of boiler steel chosen for this purpose are
SAE213-T91(BS1), SAE213-T12 (BS2) and SAE 208 (BS3). Coating powders
were deposited on the selected substrate materials under different impact angles (30º
and 90º) using the detonation gun spray method. The properties of the coatings
were assessed using an optical microscope, microhardness tester and surface
roughness tester. In addition, an erosion and oxidation study of the coating was also
carried out for quality check of the coatings. The erosion test was performed at
room temperature as well as an elevated temperature of 400 ºC. The cyclic oxi-
dation of different coated samples was carried out in air at 900 ºC for 50 cycles of
1 h duration. The result shows that at room temperature, the erosion resistance of
W1 coated boiler steel substrate is higher than that of steel substrate coated with St6
and St21 powder. But, at an elevated temperature of 400 ºC, their resistance to
erosion resistance decreases significantly which may be due to the phase softening.
St6 and St21 coatings are found to be successful in lowering the oxidation rate of
SAE 213-T91 boiler steel. This may happen due to the formation of a protective
Cr2O3 phase along with CoCr2O4 phase in the oxide scale.
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1 Introduction

In India, the primary sources of electric power generation are coal-based power
plants. Among the plant’s various divisions, the boiler is the most crucial and
critical part [1]. The boiler parts are mainly manufactured by boiler tube steels such
as SAE213-T2, SAE213-T9, SAE213-T12, SAE213-T22, SAE213-T91, SAE213-
T122 steel, SAE 208 steel. The main constituents of these steels are Cr, Mo and C,
and thus, they offer superior mechanical properties required in boiler application.
The particles of fly ash impact on the boiler tubes surface. The boiler tube com-
ponents are affected by erosion wear, oxidation and hot corrosion due to these ash
particles [2], which reduces the service life of the boiler component, and hence, the
power station unit must then be shut down to repair the damaged components or
parts [3]. Therefore, it is desirable to combat the erosion wear and oxidation of the
coal-fired boiler components to avoid forced outages [4].

Coating technology is the rapidly growing technology; in this work, the proper
material was selected and developed on steels for coatings to improve the resistance
against environmental degradation [5] such as erosion wear, oxidation and hot
corrosion. Among the various coating deposition methods, detonation gun spraying
is the most promising thermal spraying method of coating deposition. This method
of coating is cost effective, versatile and well-established method of coating
deposition [6]. It also offers better bond strength, hardness and density due to lower
porosity in the coating. This happens because of its low-flame temperature (less
than 4000 K) and high velocity of coating particles (around 1000 m/s) [7–11]. In
order to produce coatings, several type of coating powders has been used by various
researchers for improving erosion, corrosion and oxidation resistance of boiler tube
materials. Ceramic-based coatings offer high hardness and superior temperature
resistance and thus applicable for those components which requires wear resistance
combined with oxidation and hot corrosion resistances [7–9]. Cobalt-based coatings
are commonly used to enhance the material’s erosion resistance because of their
greater hardness and toughness as compared to steels [12, 13] and thus require more
systematic study. According to Rateick et al. [14], WC-Co cermet coating has
shown better erosion performance and concluded the combined effect of ductile–
brittle fracture erosion mechanism. Prakash et al. [15] and Singh et al. [16, 17]
investigated the high-temperature oxidation behavior of Stellite 6 coated Ni
superalloy and observed the development of CoCr2O4 oxide scale in all the envi-
ronments that act as a barrier against oxidation environment.

The present study aims to assess the comparative performance of different
cobalt-based coatings (St6, W1 and St 21) on the various grades of boiler steels
(BS1, BS2 and BS3). The coatings were deposited on the substrate material under
different impact angles (30º and 90º) using detonation gun spraying. The coated
steel substrate’s erosion resistance was checked at an elevated temperature of 400º
and room temperature. The oxidation test of the coated sample was performed at
900 °C for 50 cycles of 1 h duration. Based on the result, the better combination of
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boiler tube steel and best suited co-based coating is recommended, which can
counter the erosion and oxidation problems in a boiler environment.

2 Materials and Methods

In the present experimental work, different grade of boiler steel, namely BS1, BS2
and BS3 low alloy steel, was used as the substrate material. These steels were
procured in the form of tube having 10 mm wall thickness. Optical emission
spectroscopy (OES) was used to obtain the elemental composition (wt%) of various
grades of boiler steel where Cr is major alloying element in BS1 and BS2 steel. The
total alloying elements in BS3 steel are less than 1%. Using the detonation gun
spray method, the St6 (Si-1, C-0.25, Fe-1, Ni-3, Mo-5.5, Cr-29, Co-60.25), W1
(C-1, Si-1, W-4, Cr-28, Co-66) and St21(C-5.5, Co-12, W-82.5) coating powders
were sprayed on boiler steel substrates. The average particle size of St21 and St6
coating powder is 53 ± 20 µm, whereas WC-Co powder is 45 ± 20 µm.

Microhardness measurement of as sprayed coating sample was performed using
recommended microhardness tester (HMV-2000, Shimadzu, Japan). The micro-
hardness reading was taken at 10 different locations across the cross section for each
coating, and their average value is reported.

The surface roughness measurement of each coated specimen was performed
using stylus-type surface roughness tester (Taylor Hobson, Surtronic, UK). In the
surface roughness measurement, a cut-off length of 4.0 mm and a traverse length of
0.8 mm were used. Each measurement was replicated five times to improve the
accuracy of the result.

Air jet erosion test rig was employed for solid particle erosion test of uncoated as
well as coated steel samples. Every sample was cleaned before the start of each
cycle by using an ultrasonic bath. The process parameters were chosen as per
ASTM standard [18] and reported in Table 1. The erosion test was continuously
conducted until a steady-state erosion rate was reached [19]. As per ASTM stan-
dard, the erosion rate was calculated [20].

Table 1 Parameters for conducting the erosion test of different samples

Sample size 25 mm � 25 mm � 5 mm (90o impact angle)
and 25 mm � 20 mm � 5 mm (30o impact angle)

Erodent material Alumina sand (50 lm)

Particle velocity 40 ± 3 m/s

Air pressure 0.3 bar

Erodent discharge rate 10 g/min

Test duration Cycles of 5 min

Impact angle 30o and 90o

Test temperature Room temperature (32–35 °C) and 400 °C

Nozzle diameter 1.5 mm
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The study on the cyclic oxidation behavior of the coated and uncoated steel
samples was carried out in a thermal cyclic furnace at an elevated temperature of
900 °C. Every oxidation test cycle consists of maintaining the specimen in the
furnace for 1 h at a constant temperature of 900 °C, followed by 20 min of cooling
at atmospheric temperature. The total weight of the boat along with the specimen
was measured with precise limit of 10−5 g using an electronic weighing balance.
The completion of whole process is said to be one cycle of oxidation test, and the
same procedure was repeated for 50 cycles.

3 Results and Discussion

3.1 Measurement of Microhardness, Surface Roughness
and Porosity of D-Gun Sprayed Coatings

The microhardness, average surface roughness and porosity of various coated
sample are reported in Table 2. It can be observed that among the various coatings,
W1 coated BS1 boiler steel shows the highest hardness (998 ± 20 HV), whereas
St21 coating on BS3 boiler steel substrate shows the lowest value of microhardness
(503 ± 16 HV). The higher hardness of W1 coated steel is due to the presence of
large amount of WC hard phase in the coating. The average porosity measured
along the cross section of the sample was found to be highest in St21 coated BS2
boiler steel substrate (1.8 ± 0.35%), and lowest porosity (1.2 ± 0.43%) is
observed in BS1 boiler steel substrate coated with St6 powder. The lower values of
porosity in case of later might be attributed to lower particle size and melting
behavior of the powder particles. The measured value of average surface roughness
was found to be highest in case of W1 coated BS2 boiler steel substrate
(6.9 ± 0.71 lm), and the lowest value of surface roughness (5.3 ± 0.45 lm) is
observed in St6 coated BS1 boiler steel sample.

Table 2 Average microhardness, average surface roughness and porosity of different coated
samples

Powder/
substrate

Average microhardness
(HV)

Average surface roughness
(lm)

Porosity
(%)

W1/BS1 998 ± 20 5.9 ± 0.86 1.4 ± 0.13

W1/BS2 635 ± 10 6.9 ± 0.71 1.7 ± 0.08

W1/BS3 528 ± 17 6.7 ± 0.75 1.6 ± 0.10

St6/BS1 974 ± 25 5.3 ± 0.45 1.2 ± 0.43

St6/BS2 615 ± 11 6.3 ± 0.62 1.5 ± 0.27

St6/BS3 538 ± 18 6.4 ± 0.25 1.5 ± 0.85

St21/BS1 918 ± 28 5.5 ± 0.18 1.3 ± 0.38

St21/BS2 620 ± 20 6.4 ± 0.89 1.8 ± 0.35

St21/BS3 503 ± 16 6.5 ± 0.41 1.6 ± 0.55
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3.2 Steady-State Erosion Behavior of Coated Substrate

Steady-state erosion rate of different coated substrate for different impact angle (30º
and 90º) at room temperature and at higher temperature (400 °C) is depicted in
Fig. 1. It can be observed that the steady-state erosion rate of W1 coated substrate is
smaller for 30o impact angle as that of 90o impact angle. The higher erosion rate is
due to the presence of a higher proportion of brittle and hard phase of WC in the
coating at a 90o impact angle. The similar results were observed by Wentzel and
Allen [21]. They explained that the overall wear rate is moved toward higher impact
angles with an increase in the amount of WC phase in the WC-Co alloy. Further,
the erosion rate of W1 coated substrate at elevated temperature (400 ºC) is found to
be higher in comparison to room temperature irrespective of impact angle. But, the
increase in erosion rate at elevated temperature in comparison with room temper-
ature erosion rate is found to be smaller in coating performed at 90o impact angle as
compared to 30o impact angle. According to Milman et al. [22], the higher erosion
rate at elevated temperature is because of softening occurs in WC and Co binder
phases. At room temperature, W1 coated boiler steel substrate encounters lower
erosion rate than boiler steel substrate coated with St6 and St21 powder. But, at
higher temperature, the erosion rate of W1 coated substrate is found to be higher in
comparison to St6 and St21 coated boiler steel substrate.

Fig. 1 A histogram demonstrating the steady-state erosion rates of various BS1 and BS2 boiler
steel coatings sprayed by D-Gun method at room temperature and 400 °C
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Similar to the W1 coated substrate, the erosion rate of St6 and St21 coatings are
observed to be higher at 90o impact angle than at 30o impact angle under room
temperature condition. But, at elevated temperature of 400 ºC, the erosion rates are
found to be higher at 30o impact angle than at 90o impact angle. This is due to
transition of erosion mechanism from brittle to ductile mode at elevated temperature
of 400 ºC.

3.3 Oxidation Behavior of Coated Boiler Steel Substrate

The histogram shown in Fig. 2 represents the overall weight gain of the uncoated
and coated boiler steel substrate after subjecting to oxidation in air at 900 °C for 50
cycles of 1 h heating and 20 min cooling. It can be observed from the figure that
W1 coated BS1 and BS2 boiler steel substrate shows the highest overall weight
gain among the other coated steel substrate. This is because of formation of
non-protective layer or scale of CoWO4 in the W1 coating. However, BS1 and BS2
boiler steel substrate coated with St6 shows the significant resistance against oxi-
dation at 900 °C in comparison with other coated sample. The reason for the higher
resistance to oxidation of the St6 coated steel substrate is due to the formation at
900 °C of protective oxides of chromium and cobalt.

Fig. 2 A histogram illustrating the overall weight gain of different uncoated and coated boiler
steel substrate
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4 Conclusions

W1, St6 and St21 coatings were deposited on BS1, BS2 and BS3 boiler steel
substrate by detonation gun spraying method. The erosion behavior of the coated
and uncoated steels is evaluated at room temperature and 400 °C. The
high-temperature oxidation behavior of all these coated steels was also analyzed.
Based on the result obtained, following conclusion was derived from the present
experimental study.

• BS1 boiler steel substrate shows better erosion resistance as compared to other
boiler steel substrate irrespective of impact angle under room temperature as
well as at elevated temperature of 400 °C.

• The erosion rate at 400 °C compared to that at room temperature of the W1
coated steel substrate is found to be significantly higher. This is due to the
presence of high proportions of brittle and hard WC phase in the coating at
higher temperatures.

• St6 and St21 coated BS1 and BS2 boiler steels samples show lower oxidation
rate as compared to other coated steel. This is because of formation of protective
Cr2O3 phase along with the spinel of CoCr2O4 in the oxide scale.

• The St6 and St21 coatings have shown better performance under erosion tests at
400 °C as well as under oxidation test at 900 °C. These coatings may not be
very effective at room temperature, but may be very useful in the boiler envi-
ronment at temperature exceeding 500 °C as they will provide the requisite
protection against erosion–oxidation.
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Free Vibration Analysis of Laminated
Curved Beams Using Fifth-Order Shear
and Normal Deformation Theory

P. V. Avhad and A. S. Sayyad

Abstract In the present study, a fifth-order shear and normal deformation theory is
applied for the free vibration analysis of laminated composite straight and curved
beams. The present theory considers the effects of transverse shear and normal
deformations, i.e., thickness stretching. Hamilton’s principle is used to obtain the
equations of motions, and Navier’s solution technique is used to obtained natural
frequencies of simply supported laminated curved beams. Non-dimensional fun-
damental frequencies of laminated straight and curved beams are obtained for
different aspect ratios, radius of curvature, and modular ratios. The present results
are compared with other theories wherever possible and found in good agreement.

Keywords Laminated � Curved beam � Fifth order � Free vibration

1 Introduction

Analysis of laminated composite beams is becoming a popular area of research
because of its their attractive properties such as stiffness-to-weight ratio and high
strength. It is widely used in the different areas like aerospace, civil, automotive,
mechanical, and shipbuilding industries. Khdeir and Reddy [1] have investigated
the free vibration of the laminated beams with various aspect ratios and boundary
conditions. Wu and Chiang [2] have developed the finite element model of uniform
circular arches. Ye et al. [3] have developed the spectral sampling surface method
for the vibration analysis of laminated curved and sandwich beam. Luu et al. [4]
have studied the free vibration analysis of circular curved arches by considering all
the effects of the axis extensibility, shear deformation, and rotary inertia. Sayyad
and Ghugal [5] have used trigonometric shear and normal deformation theory to
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investigate the bending, buckling, and vibration of the laminated composite and
sandwich beam. Qin et al. [6] have studied the higher-order shear deformation
theory for the analysis of free vibration of laminated composite curved beams with
various curvature and boundary condition. Sayyad and Avhad [7] have presented
the static analysis of curved FGM and sandwich beams.

The objective of the present study is to develop a new higher-order beam theory
considering the effects of transverse normal deformation which is neglected by
many researchers in their studies. It is also observed that many researchers have
used third-order polynomial in the displacement field of theory. Whereas, for the
accurate description of laminated beam, it is necessary to expand the displacements
up to fifth-order polynomial. Therefore, in the present study, a fifth-order shear and
normal deformation theory are applied for the free vibration analysis of laminated
composite straight and curved beams. Hamilton’s principle is used to obtain the
equations of motions, and Navier’s solution technique is used to obtained natural
frequencies of simply supported laminated curved beams. Non-dimensional fun-
damental frequencies of laminated straight and curved beams are obtained.

2 Modeling of Laminated Curved Beams

The laminated beam has length L, and rectangular cross section b � h where b is
the width (b = 1), h is the total thickness (Cartesian coordinates: 0 � x � L;
−b/2 � y � b/2; −h/2 � z � h/2), and R is the radius of curvature. The lami-
nated beams are compiled with N numbers of layers (Fig. 1).

3 Displacement Field

Displacement field of the present theory is as follows [7].

Fig. 1 Laminated curved beam
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4 Equations of Motion

Equations of motion are derived using Hamilton’s principle [8].

d
Zt2
t1

ðUþK � VÞ dt ¼ 0 ð4Þ

where U, V, and K denote the strain energy, potential energy, and kinetic energy. t1
and t2 are the initial and end time, respectively.
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where d denotes the variation operator and q is mass density. The dot-superscript
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ing the stress resultant rigidity coefficients are obtained and I i¼1to15ð Þ are inertia
coefficients.
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5 Navier’s Solution

Natural frequencies of simply supported laminated beams are obtained by using
Navier’s solution technique [8].

u0 ¼
X1
m¼1

um cos
mpx
L

sin xtð Þ; w0 ¼ wm

X1
m¼1

wmsin
mpx
L

sin xtð Þ

/x ¼
X1
m¼1

/xm cos
mpx
L

sin xtð Þ; /z ¼
X1
m¼1

/zmsin
mpx
L

sin xtð Þ

wx ¼
X1
m¼1

wxm cos
mpx
L

sin xtð Þ; wz ¼
X1
m¼1

wzmsin
mpx
L

sin xtð Þ

ð12Þ

where um; wm; /xm; wxm; /zm and wzm are the unknown coefficients to be deter-
mined and x is the natural frequency. Substitution of Eq. (12) into the equations of
motion (6) through (11) leads to the following eigenvalue problem.

K½ � � x2 M½ �
 �
Df g ¼ 0 ð13Þ

where K is the stiffness matrix, M is the mass matrix, and D is the amplitude vector.
Nontrivial solution of Eq. (13) gives the natural frequencies of simply supported
laminated curved beams.

6 Numerical Results

In this section, numerical examples are presented and accuracy of present theory in
free vibration of simply supported functionally graded curved beam. Material
properties for ½0�=90�� and ½0�=90�=0�� are E1/E3 = Open, G13 = 1.378, G23 = 0.5,
l13 = 0.25, l31 = 0.01, and q ¼ constant. For simplicity, numerical results are
presented in the following non-dimensional form.

�x ¼ xL
h

ffiffiffiffiffi
q
E3

r
ð14Þ

Table 1 shows non-dimensional free vibrations of the straight laminated com-
posite beams. Its shows that present results have good agreement with previously
published results. Table 2 shows non-dimensional free vibrations of the laminated
curved beams with various aspect ratios and radius of curvature. As the aspect ratio
increases (L/h), the non-dimensional natural frequency increases Figs. 2 and 3.
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Table 1 Non-dimensional fundamental frequency of S-S laminated straight beams

Lamination
Scheme

E1/E3 Source L/h

5 10 20 50 100

0°/90° 10 Present 4.1481 4.6041 4.7481 4.7913 4.7976

40 Present 5.6638 6.7936 7.2175 7.3536 7.3738

Sayyad and
Ghugal [5]

6.185 6.999 7.275 7.377 7.413

Khdeir and
Reddy [1]

6.128 6.945 – – –

0°/90°/0° 10 Present 5.9131 7.7141 8.5226 8.8018 8.8441

Sayyad and
Ghugal [5]

6.787 8.165 8.682 8.861 8.876

Khdeir and
Reddy [1]

6.789 8.176 8.690 8.853 8.876

40 Present 7.4545 11.846 15.438 17.259 17.577

Sayyad and
Ghugal [5]

9.245 13.675 16.450 17.638 17.647

Khdeir and
Reddy [1]

9.208 13.614 – – –

Table 2 Non-dimensional fundamental frequency of [0°/90°] and [0°/90°/0°] laminated curved
beams

E1/E3 R/h Theory L/h

5 10 20 50 100

[0°/
90°]

10 5 Present 4.1649 4.6124 4.7481 4.7856 4.7899

10 Present 4.1585 4.6105 4.7505 4.7909 4.7962

20 Present 4.1538 4.6079 4.7499 4.7917 4.7975

50 Present 4.1505 4.6058 4.7490 4.7916 4.7977

100 Present 4.1493 4.6050 4.7486 4.7915 4.7977

40 5 Present 5.6826 6.8074 7.2195 7.3458 7.3625

10 Present 5.6760 6.8039 7.2222 7.3534 7.3719

20 Present 5.6706 6.7996 7.2208 7.3545 7.3738

50 Present 5.6667 6.7962 7.2190 7.3542 7.3740

100 Present 5.6653 6.7950 7.2183 7.3540 7.3740

[0°/
90°/
0°]

10 5 Present 5.9013 7.6986 8.5054 8.7840 8.8262

10 Present 5.9101 7.7102 8.5183 8.7973 8.8396

20 Present 5.9123 7.7131 8.5215 8.8007 8.8430

50 Present 5.9129 7.7139 8.5224 8.8016 8.8439
(continued)
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Fig. 2 Natural frequencies of [0°/90°] laminated curved beam with different aspect ratios and
material properties

Table 2 (continued)

E1/E3 R/h Theory L/h

5 10 20 50 100

100 Present 5.9130 7.7140 8.5225 8.8017 8.8440

40 5 Present 7.4396 11.8230 15.4071 17.2242 17.5421

10 Present 7.4508 11.8408 15.4304 17.2503 17.5687

20 Present 7.4536 11.8453 15.4363 17.2569 17.5753

50 Present 7.4544 11.8466 15.4379 17.2587 17.5772

100 Present 7.4545 11.8468 15.4382 17.2590 17.5775
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Fig. 3 Natural frequencies of [0°/90°/0°] laminated curved beam with different aspect ratios and
material properties
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7 Conclusions

This study highlights the application of a fifth-order shear and normal deformation
theory for the free vibration analysis of laminated composite curved beams. The
present theory considers the effects of transverse shear and normal deformations.
Hamilton’s principle is used to obtain the equations of motions, and the eigenvalue
solution is obtained using Navier’s solution technique. Non-dimensional funda-
mental frequencies of laminated straight and curved beams are obtained and
compared with other theories wherever possible and found in good agreement.
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Luminous Concrete as Green Building
Material

Manisha Sharma, Tanpreet Singh, and Sahibdeep Singh Setia

Abstract People are moving from rural to urban area for better livelihood.
Skyscrapers are built in metropolitan cities due to economic development and
demand of space has been increased than the land available, especially in those
countries with peak population. This unprecedented growth of concrete jungle leads
to increase in the vertical progression of space and reducing the spacing between
buildings causing the obstruction in the white light in interior space of the building.
Natural lighting design building is a way of sustainable development. Luminous
concrete is an emerging and environmental-friendly material that has light trans-
missive property. It is fibre-reinforced concrete with optical fibres infused uni-
formly distributed inside its body. In this review paper, brilliant properties of light
guiding optical fibres arranged in concrete are developed and various tests of
concrete are discussed altogether. The cost analysis and payback time of luminous
concrete are also justified for its usefulness as a constructional energy efficient,
aesthetical beautiful on sustainable ground. This paper finally inferred that the
optimum percentage of optical fibre was 4% to be successfully used as a structural
member, for architectural aesthetic purpose and as an eco-friendly sustainable
material to use in green building.

Keywords Luminous concrete � Sustainable development � Green concrete �
Optical fibre � Compressive strength � Cost analysis

1 Introduction

Concrete is the wonderful material which is consumed for this growing world. It is
used by Romans anciently and is progressing aesthetically and structural point of
view. It is a revolutionary material for the civil engineers and researchers. Initially,
concrete members are used as structural member but now the tradition is changed,
concrete members are also used for decorative purpose. Luminous concrete is a
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novel material which changes the image of concrete in terms of creativity and
sustainability. It is similar to traditional concrete but with light crossing capacity.

Rapidly growing industrial and economic growth is a threat to sustainable
development. Today, more efforts have been done to make building sustainable and
less energy consuming. Advancement in structural engineering has increased the
height and complexity of the structure, and the new concept of high rise building
which is labelled as ‘pigeon holes’ or ‘vertical castle’ results in closely packed
building and reduces the spacing between them [1]. This leads to a major problem
of natural light into the interior place of the building and increases the power
consumption. According to US Energy Information Administration (EIA) in 2014,
15% of consumption of electricity was contributed by the residential and com-
mercial sector [2]. So, luminous concrete is a material that can reduce the demand
of artificial light in the building and give a better living environment. Luminous
concrete is first seen in 1935 in Canada. Then after, around 1998 architect Bill Price
dig into the concept of luminous concrete and conducted some strength test on few
samples while working at Rem Koolhaas’s OMA. In 2001, Hungarian architect
Aron Losonzi is the first one who led the concept of luminous concrete and patented
with name called LitraCon and made it commercial.

Translucent is often misunderstood that it is translucent by its own. According to
oxford dictionary, ‘translucent’ means something which allows light to cross
throughout but not completely clear. Translucent concrete is combination of two
materials, one from construction area, i.e. concrete, and second one is from sensing
field, i.e. optical fibres (Fig. 1a). By combination of their advantages, the luminous
concrete is prepared. Strands of optical wires are cast in the design mix concrete to
transmit light. Optical fibres are a flexible material which is slightly broader than
hair. Optical fibre works on total internal reflection (TIR) principle by which light
signal can be transmitted from one end to another end with almost zero loss of
energy, as can be seen in Fig. 1(b). Optical fibre is made up of inner cylinder
having glass or plastic usually known as core of high refractive index, cladding
which is having little lower refractive index and then coating. In luminous concrete,
optical fibre is used without cladding as the concrete around the fibre acts as
cladding for it.

2 Method of Manufacturing

The procedure of production of luminous concrete is very much alike normal
concrete but only optical fibres are spread inside the concrete mix. Optical fibres are
added by some percentage and batched by the volume. Thickness of optical fibres
varies from 2 to 3 mm. Separate mould is prepared from tin or wood in which two
sides are fixed and other two parallel sides are drilled at a suitable uniform distance
(Fig. 2a). Optical fibres are placed in that holes in a single direction before pouring
concrete mix in the mould. Pouring of concrete is most delicate step of manufac-
turing of luminous concrete as shown in Fig. 2(b). It is demoulded carefully after
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28 h and extra edges of fibres are cut out. After that finishing of surface is done.
Then it undergoes for curing process.

3 Effect of Optical Fibre on Concrete Properties

3.1 Compressive and Flexural Strength

The compressive test is another property of luminous concrete which makes it
prominent to use effectively. To study the effect of plastic optical fibre of 1 mm
diameter on the compression strength of concrete, 0, 0.25, 0.75, 1.25% of plastic
optical fibre (POF) was used. The results were compared in Fig. 3 showing the
increasing pattern of compressive strength due to presence of optical fibre which
behave as prestressed component [3].

Loss of compressive strength was observed with infusion of optical fibre at 0–
4%. For M20 and M25 grade of concrete, 15.2% and 7% have reduced with 4% of

Fig. 1 Working of optical fibre; 1(a) Optical fibre 1(b) Total internal reflection

Fig. 2 Preparation of luminous concrete; 2(a) Mould and optical fibre 2(b) Mould with optical
fibres and concrete mix
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POF. The target strength was achieved at 2% for M20 and 1.25–2.50% for M25 [4].
Another study was carried out with 0.06–1.59% POF ratio and with different
diameter and spacing of POF. The study observed that compressive strength
increases with increase in percentage of POF. Although with increasing pattern of
strength 1.59% mix shows lower strength than 1.43% mix due to closely spaced
fibres which might weaker the sample by lesser interconnecting distance at the time
of macrocrack propogation under compressive load [2], 10% reduction in com-
pressive strength was found when 4% POF was added in concrete [5]. The com-
pressive strength increases with increase in spacing between the fibres and the
flexural strength of translucent concrete is more than normal concrete as the POF
enhances the tensile property of the concrete [6]. When the POF is incorporated in
concrete at 1–5%, the target strength was achieved till 4% whereas strength at 5%
was 3% less than the target strength [7].

Researcher investigated the pattern of compressive strength of conventional
translucent concrete with optical fibres and compare with translucent concrete with
additional material such as rice husk ash (RHA) and steel fibre (SF). For conven-
tional as well as RHA and SF translucent concrete, the compressive strength goes
down with increase of optical fibre ratio. Despite of decreasing pattern of com-
pressive strength in both cases, at 1.5% and 2% of optical fibre there was a sudden
increase in compressive strength and it was more than the compressive strength of
normal concrete. They also observed the values of compressive strength of RHA
and SF translucent concrete is much more than conventional concrete translucent
concrete [8]. The physical properties of luminous concrete incorporating POF of
2 mm and 3 mm diameter as 2%, 4% and 6%. The bulk density of hardened
translucent self-compacting concrete (TSCC) mix incorporated limestone powder
and recycled glass aggregates as 30% and 20% of cement and fine aggregates (FA),
respectively, with controlled concrete mix and observed declined pattern from 0.22
to 3.39% with increasing POF volume regardless its diameter. Compressive
strength and flexure strength test results showed the same declined pattern as 8–
24% and 9–24% decrease in translucent concrete strength as compared to controlled
concrete at 28 days cured specimens [9]. Compressive strength of luminous con-
crete increases with POF ratio till a certain limit and the flexural strength of
luminous concrete is greater than normal concrete [10]. The incorporation of 3 mm
POF in translucent concrete with 36 (OFRC-36) and 49 (OFRC-49) number of fibre

Fig. 3 Factors of
sustainability
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strand was studied. Compression and rebound hammer strength of translucent
concrete with OFRC-36 is higher than other but OFRC-49 had strength less than
conventional concrete [11].

3.2 Light Transmissibility

Light transmissibility is one of the key functional properties of luminous concrete
which determines the amount of light passes through it. Light transmittance can be
measured with the help of light dependent resistor, lux meter, etc. Light trans-
missibility increases with increase in percentage of POF. 74.24% of increase has
been observed with increase of POF ratio from 0.06 to 1.43%. At 1.59%, the
amount of light passed by the luminous concrete decreases with respect to 1.43% of
POF [2]. It was found that light transmittance is proportional to the number of
fibres, i.e. volume of optical fibres. It also get effected by many other factors such as
natural environment, arrangement and spacing of POF, optical fibre failure. These
factors can influence the results despite of equal volume of optical fibre [3]. Optical
fibre of 1 mm when infused in the concrete at ratio of 1–4% of volume of concrete
showed 3.3–13.1% of light transmitted through the sample [12]. Lesser spacing
raise the intensity of light passed through the translucent concrete as the numbers of
fibres are more with same percentage when optical fibre of lesser diameter is used
[6]. Studies have been done on light transmissibility of luminous concrete for
different surface area of wall. Concrete with 36 strands of optical fibre shows indoor
light intensity of 40% and 31.7% for 0.450 sqm and 0.36 sqm, respectively, with
respect to outdoor light intensity. Similarly, concrete with 49 strands shows 43.29%
and 34% for 0.450 sqm and 0.36 sqm of wall [11]. The intensity and distance of
source light also affect the light transmitted through luminous concrete.
Transmittance is checked at varied distance 100, 200, 300 and 400 mm for different
dia of POF 2 and 3 mm. The position of light source and light-dependent resistor
influences the amount transmission of light. As the distance increases, the light
transmission decreases. More transmittance of light is observed by 2 mm dia
samples than 3 mm dia. This showed that lesser diameter of fibre results in more
number of optical fibre causing more amount of light transmitted through the
concrete [13]. It was also found that when the luminous concrete was checked
under external radiation of sunlight, maximum intensity of light was observed at
afternoon session than morning and evening [7]. Comparison of glass rod and
optical fibre was studied at different spacing of fibres. It was concluded that the
optical fibre allows more light to pass through it as compared to the glass rod due to
its principle of total internal reflection. The amount of light transmissibility
decreases with the spacing of the fibres [14].
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3.3 Ultrasonic Pulse Velocity Test

The study showed that the luminous concrete with 0.06–1.59% of POF shows
homogeneous concrete. For 7 days curing period, results were below 4 km/s which
mean that the quality of concrete was good to very good but slight porosity is there
but after 7 days curing period, i.e. for 14 days, 21 days and 28 days, the quality of
concrete seems excellent as the results were above 4 km/s [2]. The quality of
translucent concrete and normal concrete was compared and it was found that the
quality of both concrete is fairly good and translucent concrete exhibit same
properties as traditional concrete [15]. Uniformity and homogeneity of concrete
were checked at 2.5% and 4% of POF. Experimental results show that for con-
ventional concrete, ultrasonic pulse velocity was 4.75 km/s whereas for 2.5% and
4% of POF, it was 4.56 km/s and 4.52 km/s which indicates very good quality of
concrete [16].

3.4 Cost and Packback

The initial manufacturing cost of luminous concrete is high but the whole life cost
of structure is reduced by the use of luminous concrete [17]. Experiment conducted
shows that the payback time for a wall of 20 blocks (0.45 m2 areas) for residential
use was 4.3 years and for commercial use was 2.7 years. This payback period is
much less than the benefits of the luminous concrete [7]. A study also found that the
cost of translucent concrete is 5 times more than conventional concrete. Payback
period of translucent concrete is 1.1 years for residential building and 1.7 for
commercial building [11].

4 Advantage and Disadvantage

The advantages of translucent concrete are that it can transmit light which makes it a
green material by utilizing the natural light, saving energy by using fewer lights to
meet the lighting demand and environment friendly [18]. Large-scale use of
translucent concrete makes the pattern visible from distance. It gives a good aesthetic
view to the structure. As optical fibre is used in translucent concrete for light trans-
mission, it is heat insulator and becomes more effective in colder region [19]. Despite
of many advantages, it has some disadvantages as it is novel material and requires a
lot of research to grow. The main disadvantages are that the production cost of
translucent concrete is high due to presence of optical fibre. The manufacturing
process requires skilled labour, proper supervision, and maintaining quality control
throughout the process. It is very important to ensure the integrity of optical fibres that
the damage or breakage in the fibre would be obstacle in light transmittance.
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5 Future Expectation

Luminous concrete is one of the green materials which uses sunlight as the source
of illumination. Sustainability consists of two factors; one is environmental and
second is economy (Fig. 3). Translucent concrete is a novel material which is
costly. Lots of researches have been going to reduce its manufacturing cost and
make it affordable product [20]. To give better life for generations to come, sus-
tainable development plays a key role. Luminous concrete needs to be designed by
keeping environmental as well as economical concern in mind, which makes it
viable and true green material.

6 Conclusion

Luminous concrete is a new technique with light carrying capacity without
changing its insulation capacity. It is energy saving material with artistic finish. It is
fabricated for structural and non-structural component with different designs. It is a
combination of two versatile materials (optical fibres and concrete) which gives
new prospective and creative possibilities to multitudes of people. The compressive
strength of luminous concrete is almost similar or greater than the normal concrete
which makes it advantageous to use as a construction material. The huge increase in
ratio of optical fibre influences the compressive strength of luminous concrete.
Therefore, light transmitting property cannot be increased incessantly.
Manufacturing of luminous concrete is a tedious process, needs skilled labour and a
costly process. Furthermore, studies are requiring to enhance the strength parameter
and to lower its production cost by addition of some other recycled or waste
material, etc. It is a magnificent material which can be used for decoration, con-
struction and architecture purpose. The probability of luminous concrete to emerge
as a good eco-friendly material is multitudinous and it reflects the idea of energy
saving material with light transmitting property. The light transmittance was
increased by using plastic optical fibres (POF) in concrete. This light transmittance
can be further be increased by inserting more percentage of optical fibre in concrete
elements and can be used efficiently in green buildings. It can ensure natural light
inside the buildings throughout the day.

Inviting optical fibre in mix concrete the initial production cost of luminous
concrete is high as compared to nominal mix concrete during its preparation but the
recovery period of luminous concrete is less as compared to its advantages, as
various types of glowing pattern can be prepared with this concrete. Addition of
other (waste and recycled) material can strengthen the properties like compressive
stress of luminous concrete and reduces its overall cost of production. This makes it
environmentally and economically viable and a true sustainable material.
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Removal of Lead Using Isolated
Microorganisms from Contaminated
Soil

Neethu Jayan and M. Laxmi Deepak Bhatlu

Abstract Discharge of heavy metals even at low concentrations from different
sources cause hazardous effects in humans, animals and plants. Technical as well as
economic constraints encountered in the application of traditional methods for the
removal of low concentration of heavy metals from effluents have directed attention
to new technologies. Bioremediation using living microbes is a promising tech-
nology for treating effluents at lower concentrations. In this work lead, resistant
microorganisms were isolated from the contaminated soil. By means of various
staining, morphological and biochemical test the isolated lead resistant microor-
ganism was identified as Bacillus cereus. The growth optimums of the isolated
microorganisms were observed at 40 °C and pH of 6 when shaken in Rotech shaker
of 200 rpm for 50 min. It was observed that 95.5 percentage of lead removal
(10 ppm) took place when the inoculated broth solution containing lead solution
was shaken in Rotech shaker at 40 °C, pH of 6 and 200 rpm for 80 min of contact
time. The microbes showed resistance to lead up to 1000 ppm. The isolated
microorganism also showed multiple metal resistances in addition to lead. The
isolate showed resistance to zinc, arsenic and mercury. FTIR results showed that
alkenes, nitro compounds and amino groups are the predominant contributors in
lead uptake by microorganisms

Keywords Bioremediation � Bioaccumulation � Heavy metals �Microorganisms �
Environmental contamination
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1 Introduction

Heavy metal is any metalloid or dense metal with high toxicity even in smaller
concentrations. Heavy metals cannot be degraded normally as organic contaminants
[1]. Deposition of these metals became the cardinal one now the world is facing
with as well as its toxicity even at very low concentration. Ten chemicals which are
included in the World Health Organization’s public concern list [2] are arsenic,
zinc, chromium, cadmium, mercury, copper and lead. The stable states of these
metals are the most toxic forms of them, e.g., Cd (II), Pb (II), Hg (II), Ag (II) and
As (III+) which form stable biotoxic compounds after reacting with the biomole-
cules of the body harmful effects to the entire environment, which cause threat not
only to human health but also to fauna and flora made heavy metals and its con-
tamination a primary global concern. Human beings require some toxic heavy in
small quantities [3]. Lead is one of the treacherous metals which requires the
existence of living species in very small concentrations. In contrast, its presence
above some specified concentration makes it hazardous to health [4, 5]. This
essentiates finding the toxic results of Pb (II) and eliminating from water and the
environment [6]. Along with the toxicity, the mobility of heavy metals in natural
water makes contamination issues in surface water and groundwater. Conventional
methods which are using to eliminate heavy metals from wastewater effective
obliterating heavy metals from solution at moderate to high concentrations in bulk
[7]. While to eliminate the heavy metal presence from dilute metal waste, these
techniques produce poor results and economically unviable. Now researchers are
focusing their research on finding out a most efficient biotechnological eco-friendly
process and have developed an approach called bioremediation [8]. Bioremediation
can be defined as a process which makes use of microorganisms and their enzymes
to revive the contaminated environment to its original condition. Since some fungal
can withstand lead ion at high concentration can make use of this advantage as a
biological tool. The current work was carried out to isolate and characterize lead
resistant microorganism from contaminated soil. Influence of initial metal con-
centration was studied. Minimum inhibitory concentration, multiple resistance and
FTIR analysis of isolated microorganism were also determined.

2 Materials and Methods

2.1 Sample Collection and Isolation of Microorganism

Soil samples required for this project were collected from industry. The collected
samples were kept in a sterile plastic container. Transported to the laboratory and
kept at 4 °C. Serial dilution is the technique used to reduce the concentration of
microorganism in the soil sample. The soil sample was diluted from 10−1 to 10 −5

dilutions, and the dilute soil samples were spread on sterile nutrient agar plates,
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10 ppm of the lead solution also spread on it. The inoculated plates were incubated
at room temperature for 24–48 h. Stored this pure culture in the refrigerator for
further experiments.

2.2 Determination of Optimal Microbial Growth Conditions

The bacterial isolates were inoculated into 20 ml of sterilized nutrient broths and
used for experiments. Optimum microbial growth temperature tested at different
temperatures such as 25, 30, 35, 37, 40, 45 and 50 °C. Incubated the flasks according
to corresponding incubation temperature for 24 h. After 24 h of incubation, the
growth at different temperature was determined by measuring absorbance using
ultraviolet visible spectrophotometer. Same experiment setup is done to determine
the optimum growth pH and nutrient broths altered to different pH levels such as 2,
4, 6, 8, 10. After 24 h the growth, at different pH was determined by measuring
absorbance using a visible ultraviolet spectrophotometer. Bacterial isolates were
inoculated into 25 ml of sterilized nutrient broths in 250 ml conical flask. These
inoculated flasks were shaken for one hour at optimum temperature and at optimum
pH at different rpm from 100, 150, 200 and 250 in Rotech shaker. The optimum rpm
was determined by measuring absorbance using visible ultraviolet spectropho-
tometer after one hour of shaking. For the determination of optimum growth contact
time, 25 ml of culture medium was inoculated with isolated microorganisms in
250 ml conical flask. After shaking in Rotech shaker at optimum rpm and at opti-
mum temperature and pH absorbance, reading of this inoculated culture medium was
taken at regular intervals of time using UV-visible spectrophotometer.

2.3 Determination of Optimal Lead Removal Conditions

Temperature, pH, metal concentration and contact time are the sundry factors which
alter the rate of removal [8]. Optimum lead removal temperature was done by
adding 1 ml of 10 ppm lead solution into 20 ml of nutrient broth solution con-
taining isolated microorganisms and incubated it at different temperatures for 24 h.
Same setup was done at different pH. Optimum pH was determined by recording
the lead concentration in the broth culture using atomic absorption spectroscopy.
Inoculated the bacterial isolated into 25 ml of sterilized nutrient broths in 250 ml
conical flask. Add 1 ml of 10 ppm lead solution into the broth. These inoculated
flasks were shaken at optimum temperature and at optimum pH for one hour in
Rotech shaker to determine the optimum lead removal rpm. The optimization of
contact time was done by same setup. These inoculated flasks were shaken at
optimum temperature, pH and optimum rpm in Rotech shaker. Lead concentration
in the broth solution after a different interval of time was identified using atomic
absorption spectroscopy.
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2.4 Resistance of Isolate

Isolates may show multiple metal resistances: Used arsenic and mercury along with
lead to determine the multiple resistance isolated microorganisms. Mercury and
arsenic were poured to the Petri plate along with lead and soil sample and above
these poured agar solutions. Incubated these Petri plates for 24 h.

2.5 Fourier Transform Infrared Spectral Analysis (FTIR)

Infrared spectra were recorded on PerkinElmer (Spectrum Version 10.4.00) FTIR
spectrometer. For FTIR analysis, microorganisms inoculated nutrient broth solution
without loading lead used as the blank and microorganism inoculated nutrient broth
with lead solution was taken as sample solution.

3 Results and Discussions

3.1 Isolation of Lead Resistant Microorganism

The lead resistant microorganism was isolated from collected soil sample under the
stress of 10 ppm of lead solution. Revamped to the environment which is con-
taminated by heavy metal the strain adapted inherent cellular mechanisms to
restrain Pb toxicity which made them sustain its cellular functions even under high
Pb(II) concentration. By means of various staining, morphological and biochemical
test, the isolated lead resistant microorganism was identified as Bacillus cereus.

3.2 Optimum Growth Temperature

When themicrobial growth is high turbidity of a solution also increases [9]. UV reading
of broth solutions inoculated with microorganism incubated at different temperatures
was taken. From the absorbance reading, it was found that the growth of microorgan-
isms increased with increase in temperature. After 40 °C reading, decreased with
increase in temperature. Maximum absorbance reading obtained at 40 °C. The graph-
ical representation of data obtained by UV analysis is shown in Fig. 1a.

3.3 Optimum Growth pH

Microbial cells utilize the nutrient from the medium and produce acidic compounds
to the media. This will result in the reduction of pH in the media [10].
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Spectrophotometer reading was taken for broth solutions inoculated with
microorganism at different pH incubated at 40 °C. From the figure showed,
absorbance reading increases with increase in pH and more absorbance reading
obtained at pH 6. Microbial growth increases with increase in pH and decreases
after pH 6. The graphical representation of data obtained by UV analysis is shown
in Fig. 1b.

3.4 Optimum Growth rpm

To stop the inflow of oxygen in the growing medium, the bacterial cultures are
allowed to grow in cotton plugged sealed flasks. In order to enhance combining of
oxygen already inside the flask with growing medium, the flasks have shaken well,
which also helps to increase the surviving rate by distributing the growing medium
equally to the bacterial population [10]. So, it is important to not increase the
agitation rate too much by determining optimum rpm because excess agitation can
create shear, which damages bacterial cells. Figure 1c shows microbial growth
increases when rpm increases from 100 up to 200 rpm, and there occurred a
decrease in microbial growth at optimum temperature 40 °C and at a pH of 6. This
may occur due to at high rpm cause shear, which may damage the bacterial cells.
The graphical representation of values obtained is shown in Fig. 1c.

(a) Effect of temperature (b) Effect of pH

(c) Effect of RPM (d) Effect of contact time

Fig. 1 Effect of parameters on optimum growth
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3.5 Optimum Contact Time

The inoculated broth solutions were shaken in Rotech shaker at 200 rpm under
optimum conditions of 40 °C and pH of 6. Figure 1d shows reading obtained at
regular intervals of time from 10 to 80 min. The microbial growth increases with
increase in contact time, and after 50 min, there was a decline in the absorbance
reading, which indicated the reduction in microbial growth [11]. This may due to
microorganism attained maximum growth under these conditions. The graphical
representation of the data is shown in Fig. 1d.

3.6 Optimum Removal Temperature

Since removing metals is an energy dependent mechanism, the temperature of the
adsorption medium is one of the main factors [12]. The lead removal percentage
increased with increasing temperature. Obtained maximum lead removal at 40 °C,
and there was a decrease in removal percentage after that temperature [13]. The cell
wall stability, ionization and its configuration of chemical moieties are affected by
the temperature. The binding sites on isolated fungal and bacterial species may be
affected by all these factors resulting in the reduction in heavy metal removal [14].
The values obtained are represented graphically as shown in Fig. 2a.

3.7 Optimum Removal pH

The metal speciation, as well as surface properties of cells of bacteria will get
affected by pH change in the case of metal removal [15]. Figure 2b shows that the
lead removal percentage augmented along with the rise of pH of the solution and
maximal lead removal percentage obtained at pH 6 [13]. Accumulation of Pb
(II) ions was enhanced with an increase in pH up to 6, and then it reduced with a
rise in pH. The consumption of high hydroxyl ion resulted in precipitation of lead
ions at pH values greater than pH = 6 in the medium. The competition of cations
and protons for the same site is the reason for the reduction of metal uptake at low
pH levels.

3.8 Optimum Removal rpm

Metal intake is also affected by metal ions got adsorbed in active sites of the
biomass resulted by the agitation or shaking diffusion of metal through a hydro-
dynamic boundary layer around the biosorbent surface. The shaken conditions of
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solutes and biomass by mixing of solutes and biomass in the system subdue lim-
itation of bulk transport of metal ions [8]. One of the vital factors in creating toxic
pressure resistance to harmful metals in microorganism is contact time [16].
Figure 2c shows that the lead removal percentage ameliorating with a rise in rpm
and reduces after 200 rpm. Maximum lead uptake percentage was observed at
200 rpm.

3.9 Optimum Contact Time

The data is shown in Fig. 2d. The experimental results showed that the percentage
survival of organisms reduced with the increased presence of lead as well as with
the increase of contact time [10]. Data acquired from the contact time effect on the
lead uptake at various lead concentrations for the isolated strain revealed that there
is an augmentation in metal uptake with raise in contact time and maximum lead
uptake was observed after 80 min of exposure. This showed that with the duration
of exposure, the isolate was not only resistant to lead toxicity but also had the
capacity of accumulating lead. After 80 min, observed a decrease in the lead
removal percentage [17]. This decrease in uptake might be due to with an increase
in time, under this optimum condition’s microorganism may reach saturated state,
and microbial mechanism may fail to withstand the toxic action of the lead.

(a) Effect of temperature (b) Effect of pH

(c) Effect of RPM (d) Effect of contact time

Fig. 2 Effect of parameters on removal of lead
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3.10 Multiple Resistance of Isolate

A potential source for the heavy metal resistant microorganisms is sampling
environments which contain high concentrations of harmful metals [17].
Researchers reported that organisms isolated from heavy metal contaminated sites
had resistivity to the toxicity of such metals. The lead resistant microorganism
isolated from the contaminated site showed resistance to other heavy metals such as
arsenic and mercury.

3.11 FTIR Analysis

Infrared spectra give valuable information about the chemical groups acquired by
the biosorbents [18]. The main effective binding sites have been identified by FTIR
by spectral comparison between native and lead adsorbed organism [11]. FTIR
analysis of the sample is shown in Fig. 3. FTIR spectra display various vibrational
bands representing the complex nature of the native organism. FTIR spectra of
sample loaded with Pb ion showed that the peaks at 3370.83, 1558.71 and
1634.68 cm−1, respectively, shifted to 3371.18, 1554.67, 1634.97 cm−1. Alkenes,
nitro compounds and amino groups are the leading contributors found after spectral
analysis in microorganisms due to lead uptake. These shifts in chemical groups may
be accredited to the changes in counter ions associated with amino groups, nitro
compounds and alkenes groups in lead ion uptake.

Fig. 3 FTIR analysis of the sample
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4 Conclusion

Biological treatment is very innovative eco-friendly technology that can be used to
remove harmful heavy metal from the polluted site. Lead resistant microorganisms
were isolated and tested for metal tolerance with a wide range of lead concentra-
tions. Optimization studies were conducted for growth and removal efficiency. By
means of various staining, morphological and biochemical test, the isolated lead
resistant microorganism was identified as Bacillus cereus. Growth optimums
obtained for the isolated microorganism were pH of 6, at 40 °C, at 200 rpm and at a
contact time of 50 min. Maximum lead removals by this microorganism were
obtained at 40 °C, at pH of 6, at 200 rpm and at a contact time of 80 min. Obtained
95.58% lead removal for 10 ppm lead under optimum conditions using the isolated
microorganisms. Minimum inhibitory concentration obtained was 1000 ppm. The
isolated microorganism showed multiple metal resistances in addition to lead.
The isolate showed resistance to zinc, arsenic and mercury. FTIR analysis of the
microorganism loaded with lead and without lead carried out. The difference in the
spectral analysis in the presence and absence of Pb ion binding showed that nitro
compounds, amino groups and alkenes are the main contributors for the lead intake
in microorganisms.
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Overview of Physical Properties
and Applications: Ferroelectric
Lithium Niobate (LiNbO3)

Madhu, Muskaan Jain, and Prashant Povel Dwivedi

Abstract Ferroelectric lithium niobate (LiNbO3) is widely utilized in integrated
and guided wave optics due to its promising optical, piezoelectric, electro-optic,
elastic, photoelastic and photorefractive properties. In this paper, we studied the
physical properties, synthesis of lithium niobate (LiNbO3), and therefore, the
advantages and disadvantages of the synthesis techniques.

Keywords LiNbO3 properties � Optics � Techniques

1 Introduction

Lithium niobate (LiNbO3 or LN) is halfway significant in coordinated and guided
wave optics. It is a human-made dielectric material that does not exist in nature. It
was first found to be ferroelectric in 1949 [1]. Lithium niobate was blended in
single crystal form and explored in detail at Bell Laboratories. Lithium niobate is a
colorless solid, and it is insoluble in water. It has a three-sided crystal system, which
lacks inversion symmetry and showcases ferroelectricity.

Crystal structure: Trigonal
Chemical formula: LiNbO3

Density: 4.65 g/cm3

Solubility in water: None

Lithium niobate is one of the most technologically explored crystalline ferro-
electric materials due to some interesting combination of properties and charac-
teristics exhibited by it. Based on the lithium niobate crystal, those properties lead
to very promising device applications.
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Lithium niobate is a transparent, electro-optic crystal, and it is known for its high
Pockel’s coefficients, which make lithium niobate a widely used material for
experiments in nonlinear optics and also for the fabrication of Mach–Zehnder
Interferometers for high-speed data transfer. Devices on lithium niobate are
fabricated by diffusion-based techniques, like proton exchange and titanium dif-
fusion [2].

The richness of large magnitude physical effects has caused lithium niobate to
become widely utilized in various applications [3].

Although lithium niobate is important in several wide areas of technological
significance, the details of its physical properties and its applications are not readily
available in textbooks. In its place, a large number of research papers must be
studied in considerable detail to gain a definitive insight into its properties and
applications. It is the purpose of this paper together, basic information about the
physical properties and applications of lithium niobate in one place.

2 Physical Properties of Lithium Niobate

Lithium niobate is available as large, transparent, single crystals with excellent
electro-optical and acousto-optical properties. Therefore, it constitutes a good
material substrate for several active-integrated optoelectronic devices. In fact, many
devices formed on lithium niobate such as modulators, switches, polarization
controllers and ring resonators have been demonstrated in the last few years [4].
Some of the important properties of the crystal are discussed, which are essential for
understanding the performance of different devices that are formed utilizing lithium
niobate crystal.

2.1 Permittivity

For lithium niobate crystal, the relationship between the electric flux density and
electric field is represented as D = eE, where e is a second-rank permittivity tensor.

2.2 Electro-Optic Effect

The electro-optic effect describes the changes in the optical properties of a material
with the application of an electric field. The electro-optic effect is always associated
with those crystals which are lacking a center of symmetry. Lithium niobate’s
electro-optic coefficients are the largest that are available in crystalline optical
materials.

346 Madhu et al.



2.3 Piezoelectric Effect of LN

The lithium niobate crystal is also a piezoelectric solid. An induced polarization and
surface charge appear under the applied mechanical stress. The relationship
between induced polarization and applied stress is denoted as P = dr, where P is
the induce polarization, d is the third-rank piezoelectric tensor, and r is the stress
applied.

2.4 Pyroelectric Effect

Pyroelectric effect is related to the change of the spontaneous polarization as a result
of the change in its temperature.

The pyroelectric effect is very common for those crystals lacking inversion
symmetry in their structure. It is a straightforward effect relative to other stress
related effects such as the piezoelectric and the elasto-optic effects and has a single
non-vanishing coefficient related to a unique axis, that is, the z-axis for lithium
niobate crystal. Hence, the pyroelectric effect is not observed in the x- or y-direc-
tions of the lithium niobate crystal. The two factors contributed to this effect: The
first one being the pyroelectric effect itself due to a temperature-dependent electric
polarization variation and the second one being associated with the change of shape
of the crystal due to temperature variation, and subsequently by reverse piezo-
electric effect, electric polarization of the crystal is modified.

2.5 Linear Electro-Optic Effect (Pockels Effect)

The linear electro-optic effect (Pockels effect) is shown in a solid by a change
within the index of refraction as a function of applied electric field.

2.6 Photovoltaic Effects

The dark conductivity of congruent lithium niobate crystal at room temperature
is <10−18 X−1 cm−1. However, for light incidence with photon energy larger than
the band gap of lithium niobate, free electron hole pairs are generated and trans-
ferred to the surface due to the built-in electric field in the crystal. The photovoltaic
current density is proportional to the illumination intensity and absorption coeffi-
cient a.
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2.7 Photoelastic Effects

The volumetric change of the crystal lattice, due to the strain, creates modification
of the optical properties of the crystal which is usually known as the photoelastic
effect. Generally, it is defined as a change in the refractive index due to the
mechanical strain in the material.

2.8 Nonlinear Optical Effects

Nonlinear optical effect is associated with the fact that the relation between the
induced polarization (P) to the external electric field (E), applied across the lithium
niobate crystal, is nonlinear.

3 Applications of Lithium Niobate

Applications that use the large electro-optic coefficients of lithium niobate are
optical modulation and Q-switching of infrared wavelengths and applications that
utilize the large nonlinear d33 coefficient of LiNbO3 include optical parametric
oscillation (OPO), difference frequency mixing to generate tunable infrared
wavelengths and second harmonic generation (SHG). Lithium niobate is mainly
effective for the second harmonic generation of low-power laser diodes in the 1.3–
1.55 µm range. Due to various extraordinary properties of lithium niobate, it finds a
lots of device applications. Till now numerous papers were published, and many
device schemes and applications were patented based on LN crystals. Here we are
going to discuss some specific device applications of lithium niobate.

3.1 Basic Waveguide Elements

Waveguides formed by in-diffusion of transition elements, mainly titanium, in
LiNbO3 are the most widely used technique for waveguide formation in lithium
niobate and have several important applications. Basic waveguide elements such as
linear polarizer, lens and Bragg grating can be fabricated with simple technical
steps. For example, lenses of desired types are formed on proton exchanged planar
waveguides. The proton exchange method includes large refractive index variations
over the processed regions which can produce short focal length and hence acts as
lens. Proton exchange technique is also useful for fabricating linear polarizers using
the anisotropic refractive index modifications of TE and TM polarizations.
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3.2 Basic Electro-Optic Devices

Some basic widely used electro-optic devices fabricated on channel waveguides are
modulators, directional couplers, switches, interferometers, etc. In general, the
abovementioned electro-optic devices use single mode fibers, and the control
voltage is 2–10 V with the control frequency limitation of �20 GHz or 10 Gbps for
digital applications. Also these devices show very stable and predictable charac-
teristics in different environments with huge lifetimes.

3.3 Basic Acousto-Optic Devices

Acousto-optic devices are based on the acousto-optic property of the lithium nio-
bate crystal. Generally, surface acoustic waves (SAW), produced by interdigital
electrode transducers over the surface of the crystal, are utilized as the modulating
signal in these devices. Usually, these devices are used as input/output sections in
optical fiber systems.

3.4 Nonlinear Optical Devices

The great advancement in the quasi-phase matching technique with lithium niobate
crystal paved its dominance for fabricating nonlinear optical devices. In lithium
niobate crystal, the value of the nonlinear coefficient d33 is the highest compared to
other competing nonlinear optical crystals, and hence, it is most preferred in
comparison with other nonlinear crystals.

Nowadays, quasi-phase matching (QPM) in periodically structured crystals has
become significant importance in nonlinear optics. Meanwhile, QPM crystals find
numerous of applications such as second harmonic generation, optical parametric
oscillators and difference frequency generation [5]. Quasi-phase matching devices
based on ferroelectric crystals are extensively used as highly efficient optical fre-
quency conversion devices.

Almost all nonlinear optical devices are based on periodically poled lithium
niobate (PPLN) bulk materials and planar waveguides. Nonlinear optical devices
formed by waveguides in periodic structures have the advantages of fetching the
high optical power density inside the waveguides. This is of great importance as
efficient nonlinear effects give rise to the associated periodic modulation of non-
linear coefficients which finally leads to the quasi-phase matching conditions.
Hence, it is expected that high efficiency frequency conversion can be achieved.
Here we are going to discuss some of the specific nonlinear devices.

Second harmonic generator (SHG) is most important among all nonlinear optical
devices as it can be useful for producing blue and green laser radiations. These laser
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light beams from small dimensions sources are of great interest for applications
such as optical data storage, displays and medicine. The second harmonic gener-
ation tuning curve is usually measured to judge the final quality of a QPM device,
as it provides direct estimation of overall performance of the device [6].

All-optical quasi-phase matched wavelength converters based on second-order
nonlinearity in periodically poled lithium niobate have attracted increasing atten-
tion. Over the past few years, research on cascaded second-order nonlinear inter-
actions in QPM-PPLN has been growing fast to satisfy the needs of high-speed and
large capacity optical networks [7].

Optical parametric oscillator is a device in which an incident laser beam of
frequency xp generates two waves, the signal of frequency xs and the idler of
frequency xi. Periodically poled lithium niobate acts as the nonlinear material and is
placed inside the optical cavity of the device so that resonance of the longitudinal
modes of the signal and idler wave can take place. When the power of the incident
wave is equal to or greater than the threshold power, which is equal to the losses of
the signal and idler waves, the parametric oscillation is obtained. The main benefit
of the periodically poled lithium niobate (PPLN)-based device is the possibility to
produce efficient laser radiation of various frequencies from the original input
frequency and also the possibility of tuning these frequencies by controlling the
phase matching conditions.

Difference frequency generation finds applications in producing mid-infrared
laser radiations, which is needed for high resolution molecular spectroscopy and
also for detection of impurity molecules. Emission in the range of 2000–5000 nm
can be generated by the difference of frequencies of two lasers.

3.5 Holographic Applications Based on Photorefraction

Lithium niobate exhibited the photorefractive effect, although unwanted in most of
the photonic applications has been utilized in applications like holographic
recording, optical data storage, etc. The holographic recording is done by placing
the LN crystal at the position where fringe pattern is formed by interference of two
coherent light waves.

These holograms have significant features as discussed in the following. First of
all, these holograms can have 100% diffraction efficiency, which is essential for
some applications where the transformed wave should have sufficiently high
intensity. Secondly to reconstruct the image from the hologram with the same
recording wavelength, the incidence angle must be the same as during recording,
which is known as Bragg selectivity condition. Moreover, several holograms can be
recorded in a single bulk of the crystal, sometimes which is defined as hologram
multiplexing. These all holograms are characterized by their own fundamental
grating vectors. Two holograms stored with different recording angle or with a
different wavelength will have different grating vectors, hence which means they
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will not be mixed. So each hologram can be read separately. Clearly, these specific
characteristics make them suitable for applications in optical applications.

Based on the abovementioned hologram recording technique, holographic digital
memory can be found which is very promising. These memories are based on the
recording of large number of holographic pages, containing bits, in the majority of
the crystal. During the process of recording, the signal beam is first modulated
according to the data bits. The modulated signal and a reference beam are made to
interfere over some desired region of the crystal bulk, and the hologram is recorded.
Interference with different reference beams for all the holograms gives the key for
encoding each hologram data page during the reading of the data. The Bragg
selectivity allows independent readout of each page corresponding to the reference
beam for recording. Readout of the desired hologram page is performed only once,
when the required reference beam is incident on the medium. The part of this beam
diffracted by the hologram is detected finally in a CCD device. Digital memories
based on LiNbO3 with smaller sizes are possible with the advancement of
technology.

The associated photorefraction can partially erase the hologram. This can be
avoided by considering lithium niobate crystal that are doubly doped with Fe and
Mn. Recording of the hologram is achieved by a red (633 nm) beam after exciting
the doubly doped lithium niobate crystal by an ultraviolet (365 nm) radiation,
which finally produces a stable digital holographic memory.

4 Conclusion

In this paper, the discussion is focused on lithium niobate. In this paper, an over-
view of the basic physical properties of lithium niobate is given. Further, some
important applications are illustrated.
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A Study on Austenitic Stainless-Steel
Machining by Wire EDM

Shatarupa Biswas, Yogesh Singh, and Manidipto Mukherjee

Abstract Austenitic stainless steel (ASS) is a special type of stainless steel (SS).
Among the five types of SS (such as austenitic SS, martensitic SS, ferritic SS,
duplex SS, and precipitation hardening SS), ASS has been majorly used in the
chemical industry, food industry, aircraft industry, building nuclear reprocessing
plants, etc. due to its excellent properties (such as high ductility and durability,
excellent corrosion resistance). ASS contains 16–30% chromium (Cr), 2–20%
nickel (Ni) and sometimes in addition of manganese (Mn), nitrogen (N2), etc. This
steel is difficult-to-cut by the conventional process (such as lathe, drill, etc.) as
compared to the other types of SS. Because it has low heat conductivity and high
built-up edge (BUE) formation. Whereas it can be machined easily by wire elec-
trical discharge machining (wire EDM) which is a contact (between wire and work
piece)-free process. During the machining time, electrical energy creates a plasma
channel between anode and cathode. That converts electrical energy into thermal
energy which generates a high temperature between the wire and work piece, and
the temperature range is 8000–12,000 °C. For this reason, metal is eroded from the
work piece. This review has been carried out on ASS machining by wire EDM and
improvement of response parameters (such as material removal rate, surface
roughness, Kerf width). Also, the review shows the previous works of researchers
in this field. Furthermore, this review paper concludes with a discussion and give an
insight about some upcoming research scopes.
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1 Introduction

Austenitic stainless steel (ASS) is basically non-magnetic allotrope iron. When
alpha (a) iron’s (ferrite) temperature is increased from 912 to 1394 °C, then the
phase changes from body-centered cubic (bcc) to the face-centered cubic
(fcc) formation; this formation is known as gamma (c) iron or ASS [1]. It is an
alloying component which contains 16–30% chromium (Cr), 2–20% nickel
(Ni) and also sometimes in addition manganese (Mn), nitrogen (N2). ASS prop-
erties include such as good formability, weldability, ductility, and excellent
toughness even at cryogenic temperature (−150 to −273 °C) to red hot temperatures
(above 460 °C). Basically, this steel is corrosion resistant among all grades of
stainless steel (SS). Because ASS has a high % of Cr and Ni content compared to
other SS grades. For this reason, today ASS is most favored and majorly used (such
as in chemical industry, food industry, aircraft industry, building nuclear-
reprocessing plants) compared to other steel grades. Generally, ASS is catego-
rized into 200 and 300 series, and it is very difficult-to-cut in the conventional
processes (such as lathe, milling, drill) due to their high work hardening, low heat
conductivity and high built-up edge (BUE) formation. So for machining of ASS,
wire electrical discharge machine (Wire EDM) may be an option. It is a
non-traditional machining process, i.e., where the tool and the work piece do not
make any direct contact [2, 3]. Wire EDM mostly used to cut difficult profiles of
materials. This cutting process is based on electro-thermal mechanism. The first
commercially manufactured WEDM was made by USSR in the year 1967 [4].
In WEDM, the tool is attached to the negative (−ve) terminal, and the workpiece is
attached to the positive (+ve) terminal. Deionized water is used as a dielectric fluid
because it offers a good cooling rate and low viscosity [2, 5]. Due to the electrical
flow, the work piece liberates metal ion and wire liberates +ve ions. At this stage,
deionized water also breaks into +ve and –ve ions. These ions are combined
together and create a spark between the wire and work piece [6]. A micro-level gap
(0.025 mm to 0.05 mm) is maintained between the wire and the work piece [7]. The
gap is used to generate the spark which tends to erode or melt the work piece on the
tool’s forward approach due to the generation of a high temperature of 8000 to
11,700 °C [8]. The moving wire is controlled by two pulleys (driven and take up),
and normally the wire is made of zinc or brass or molybdenum, etc. Generally, the
wire diameter’s range varies from 0.05 mm to 0.30 mm [9–11]. Figure 1a shows
the metallic structure (fcc) of ASS, and Fig. 1b shows the cutting mechanism of
wire EDM.

Though many studies have been reported on wire EDM with steels, limited
studies have been observed about ASS machining. The objective of this study is to
provide an overall view of ASS machining on wire EDM and improvement of
response parameters (such as material removal rate, surface roughness, Kerf width)
with respect to input variables (such as current, voltage, pulse time).
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2 Austenitic Stainless Steel (ASS)

The most common industrial SS grade is ASS, and it is non-magnetic steel [12].
When extra Ni is added to SS, then metallurgical structure changes from bcc to fcc.
This steel is mostly used for producing industrial equipment, surgical equipment,
nuclear vessel, etc. [13]. In industries, 200 series (such as AISI 201, AISI 202, AISI
205) and 300 series (such as SS 301, SS 302, SS 303, SS 304, SS 304L, SS 316, SS
316L) grades are mainly used [14]. The ‘L’ grade has extra corrosion resistance.
Because it has a high % of Cr and Ni and low C% (<0.03) [1]. ASS has some
excellent mechanical properties such as good corrosion and oxidation resistance,
and it offers low creep-resistant properties as well [15]. That’s why ASS is very
popular and extensively used compared to other SS grades. Some ASS’s chemical
composition and properties are shown in Table 1.

3 Parameters of Wire EDM

Generally, parameters are two types, i.e., input variables and response parameters.
For WEDM, response parameters are dependent on input variables. Different types
of parameters (input and response) are described below.

3.1 Input Variables

For machining, several types of input variables are used to control the response
parameters. Some input variables are listed below.

Pulse on time (Ton): It is described as when the voltage is applied between the
gap of work piece and the wire, then the discharge occurs (with the help of
deionized water). The measuring unit of Ton is microsecond (µs).

Fig. 1 a Metallic structure of ASS (fcc); b cutting mechanism of wire EDM
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Table 1 Grades, composition, and properties of some ASS

AISI
number

UNS
number

EN
number

Chemical
composition
(% wt.)

Mechanical
properties

Physical properties

301 S30100 1.4310 Cr 16.00–18.00, Ni
6.00–8.00, Mn 2.00,
C 0.15, S 0.03,
P 0.045, Si 1.00
(according to AZO
materials)

Ultimate tensile
strength 758 Mpa,
yield strength
276 MPa, Poisson’s
ratio 0.27–0.28,
hardness Rockwell
B86 (according to
AZO materials)

Density 7.88 g/cm3,
Elastic modulus
193 Gpa, melting
point temp. 1399–
1421 °C (according to
united performance
metals)

302 S30200 1.4310 Cr 17.00–19.00, Ni
8.00–10.00, Mn
2.00, C 0.15, S 0.03,
P 0.045, Si 1.00
(according to AZO
materials)

Ultimate tensile
strength 620 Mpa,
yield strength
275 MPa, Poisson’s
ratio 0.27–0.3,
Hardness Rockwell
B85 (according to
AZO materials)

Density 7.90 g/cm3,
elastic modulus
19 Gpa melting point
temp. 1399–1421 °C
(according to
American Metals
co.)

303 S30300 1.43050 Cr 17.00–19.00, Ni
8.00–10.00, Mn
2.00, C 0.10, S 0.35,
Si 1.00 (according to
Matmatch)

Ultimate tensile
strength 690 Mpa,
yield strength
415 Mpa, Poisson’s
ratio 0.25, hardness
Rockwell B96
(according to
Matweb)

Density 7.80 g/cm3,
modulus of elasticity
193 Gpa, melting
point temp. 1400–
1420 °C (according
to Matweb)

304L S30403 1.4307 Cr 18.00, Ni 8.00,
Mn 2.00, N 0.10, C
0.03, S 0.03, Si 0.75,
P 0.045 (according to
Lenntch)

Ultimate tensile
strength 485 Mpa,
yield strength
170 Mpa, Poisson’s
ratio 0.28, hardness
Rockwell B92
(according to JSL)

Density 8.03 g/cm3,
modulus of elasticity
195 Gpa, melting
point temp. 1400–
1450 °C (according
to Matweb)

316 S31600 1.4401 Cr 16.00–18.50, Ni
10.00–14.00, Mn
2.00, Mo 2.00–3.00,
Si 1.00, N 0.10, C
0.08, P 0.05, S 0.03
(according to
Matmatch)

Ultimate tensile
strength 515 Mpa,
yield strength
205 Mpa, Poisson’s
ratio 0.27-0.28,
hardness Rockwell
B95 (according to
JSL)

Density 7.99 g/cm3,
modulus of elasticity
193 Gpa, melting
point temp. 1371–
1399 °C (according
to AK steel)

(continued)
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Pulse off time (Toff): It is described as the total duration of non-discharge time,
i.e., when no voltage is applied between the wire and the work piece. Its measuring
unit is microsecond (µs).

Wire feed (WF): It is expressed as a unit of wire length passing through a point
per unit time, and it’s measuring unit is millimeter/minute.

Wire tension (WT): It is expressed as the tensile force of wire in between the
upper nozzle and the lower nozzle. WT is controlled by the help of different pulleys.
It’s measuring unit is either gram (gm) or Newton (N).

Servo voltage (SV): The working voltage is known as SV. It’s measuring unit is
volt (v).

Water pressure (WP): It is expressed as an amount of perpendicular force,
applied on an object per unit area and it’s measuring unit is Pascal (Pa).

3.2 Response Parameters

Various types of response parameters are presented below.
Material removal rate (MRR): It can be described as the volume of material

eroded per time. It is an important output response. Because it gives the cutting rate
(either slow or fast) which is very important to control productivity. Its measuring
unit is millimeter3/minute. MRR is calculated by using this Eq. (1) [16, 17].

MRR ¼ cutting velocity � kerf width � thickness of job ð1Þ

Surface roughness (SR): It gives the quality of the product, and it is important
to assemble the product. SR is calculated by the deflection of the normal vector
(direction of a vector) to a real surface. If the measured deflection is huge, then the
surface quality is described as rough, and if the measured deflection is little, then

Table 1 (continued)

AISI
number

UNS
number

EN
number

Chemical
composition
(% wt.)

Mechanical
properties

Physical properties

316L S31603 1.4404 Cr 16.00–19.00, Ni
10.00–15.00, Mn
2.00, Mo 2.00–3.00,
Si 1.00, C 0.03, S
0.03, P 0.05
(according to
Matmatch)

Ultimate tensile
strength 485 Mpa,
yield strength
170 Mpa, Poisson’s
ratio 0.27–0.3,
hardness Rockwell
B95 (according to
JSL)

Density 7.99 g/cm3,
modulus of elasticity
193 Gpa, melting
point temp. 1390–
1440 °C (according
to American Metals
co.)

Notes AISI—American Iron and Steel Institute, UNS—Unified Numbering System, EN—European
Norms
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the surface quality is described as smooth. Its measuring unit is micrometer (µm),
and it is measured by the surface roughness tester [18].

Kerf width (KW): After machining, the cutting width of material is known as
KW and it controls the dimensional correctness of the machining part [19]. Its
measuring unit is micrometer (µm), and it is measured by optical microscope [17].
KW can be calculated by using following Eq. (2) [20].

KW ¼ wire diameter þ 2 � Spark gapð Þ ð2Þ

Wire wear rate (WWR): It is described as the wire weight loss (WWL) to the
wire initial weight (IWW). The WWR can be calculated by using the following
Eq. (3) [21].

WWR ¼ WWL
IWW

ð3Þ

Over cut (OC): After cutting, the slot width becomes higher than the wire
diameter because of the spark. If wire diameter is subtracted from KW, then the
portion is called OC. Its measuring unit is millimetre (mm). OC can be calculated
by using the following Eq. (4) [22].

OC ¼ KW� wire diameter
2

ð4Þ

This paper reviews some previous ASS machining on WEDM and shows the
parametric optimization. Figure 2 shows a graphical representation of the previous
researched year with number of previous research paper published on ASS
machining by WEDM.

Fig. 2 Previous research
year with number of the
previous research paper plots
on ASS machining
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4 A Comprehensive Summary of Earlier Research

See Table 2.

Table 2 Summary of earlier research on ASS machining on WEDM

Year Author Work
piece

Wire Input
variables

Responses Remarks

2012 Lingadurai
et al. [13]

SS
304

Brass Ton, Toff,
WF, GV

MRR, SR,
KW

It is shown that the
gap voltage (GV) is
the most effective
process parameter to
get maximum MRR
(0.0511 g/min). For
finding minimum SR
(1.5 µm) and
minimum KW
(0.333 mm), WF and
Ton are the important
input variables

2013 Durairaj et al.
[23]

SS
304

Brass GV, Ton,
Toff, WF

SR, KW It is discovered that
when used Taguchi
technique then
minimum SR value
is 2.02 µm and
minimum KW value
is 0.289 mm. For
using grey relational
analysis, minimum
SR value is
0.7088 µm and
minimum KW value
is 0.9175 mm

2013 Geetha et al.
[24]

SS
304

Brass Ton, Toff,
WT, WP

SR It is shown that
when Ton (114 µs),
Toff (60 µs), WT
(7gm), WP (8 kg/
cm2) then SR is
minimum (1.42 µm)

2014 Khan et al.
[25]

SS
304

– Ton, Toff,
C

KW, SR It is shown that
when Ton (15 µs),
Toff (3 µs), current,
i.e., C (2 amp) then
SR is minimum
(2.88 µm) for TT
and when Ton

(15 µs), Toff (5 µs),
C (3 amp) then KW
is minimum

(continued)
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Table 2 (continued)

Year Author Work
piece

Wire Input
variables

Responses Remarks

(0.210 mm) for TT.
But for GRA
technique, SR
(0.371 mm) and KW
(0.333 mm) are
minimum when Ton

(25 µs), Toff (3 µs),
C (4 amp)

2014 Paliwal et al.
[26]

SS
302

Molybdenum Ton, Toff,
C

KW, SR It is found that when
C (3 amp), Ton

(15 µs), Toff (4 µs),
then KW is
minimum
(0.236 mm).
When C (3 amp),
Ton (20 µs), Toff

(5 µs), then SR is
minimum (3.25 µm)

2014 Raju et al.
[27]

SS
316L

Brass Ton, C,
SV, WT

SR In this study, it is
found that Ton is the
most significant
factor for finding
minimum SR
(1.54 µm) when Ton

(15 µs), C (9 amp),
SV (5 v), WT
(12 m/min)

2014 Nayak and
Mahapatra
[28]

SS
304

Broncocut-W PT, TA,
Ton, C,
WF, WT

AE, SR,
CS

It is shown that taper
cutting is a difficult
operation for cutting
deep slots with
multiple angle.
When Ton (14 µs), C
(32 amp), WF
(120 mm/s), WT
(16 N) are set as the
input variables then
shows minimum SR
(2.15 µm) and
maximum CS shows
for Ton (18 µs), C
(24amp), WF
(150 mm/s), WT
(16 N)

2014 Mathew et al.
[29]

SS
304

Brass Ton, Toff,
WF,

MRR, SR It is found that Ton is
a most significant
parameter for finding

(continued)
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Table 2 (continued)

Year Author Work
piece

Wire Input
variables

Responses Remarks

GV,
WT, WP

maximum MRR
(15.423 mm3/min)
and minimum SR
(1.71 µm)

2016 Kumar et al.
[30]

SS
304

Brass,
Diffused wire

Ton, Toff,
SV

MRR It is discovered that
when used diffused
wire then shows
maximum MRR
(11.18 mm3/min).
But when used brass
wire them MRR is
10.97 mm3/min. For
both cases Ton

(125 µs), Toff

(45 µs), and SV
(35 v), respectively

2016 Bharathi et al.
[31]

SS
304

Brass Ton, Toff,
WF, SV

MRR, SR,
KW

It is found that when
SV (60 v), Ton

(4 µs), Toff (4 µs),
WF (5 m/min) then
SR is minimum
(1.5 µm). When SV
(50 v), Ton (4 µs),
Toff (6 µs), WF
(5 m/min), then KW
is minimum
(0.333 mm). But
when SV (50 v), Ton

(6 µs), Toff (4 µs),
WF (7 m/min), then
MRR is maximum
(0.0511 g/min)

2017 Suresh et al.
[32]

SS
304

Brass, Zinc
coated brass

Ton, Toff,
WT, WF

MRR It is found that for
finding maximum
MRR, Zn-coated
brass wire (MRR
value is 98.08 mm3/
min) is better than
brass wire (MRR
value is 61.83 mm3/
min)

2017 Nayak and
Mahapatra
[33]

SS
304

Broncocut-W PT, TA,
Ton, C,
WF, WT

AE, SR,
CS

It is found that for
finding minimum SR
(2.145 µm) and
maximum CS
(1.66 mm/min) Ton

and C are the most
significant
parameters

(continued)
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Table 2 (continued)

Year Author Work
piece

Wire Input
variables

Responses Remarks

2018 Babu and
Subbaratnam
[34]

SS
304

Molybdenum Ton, Toff,
C, WF

MRR It is invented that
when Ton (35 µs),
Toff (10 µs), C
(3amp), WF (2 m/
min), then MRR is
maximum
(25.23 mm3/min)

2018 Ugrasen et al.
[35]

SS
304

Molybdenum Ton, Toff,
C, BS

MRR, SR In this study, it is
observed that Ton
has more effect than
other parameters for
finding minimum SR
(1.76 µm) and for
finding maximum
MRR (17.15 mm2/
min), C and BS have
a significant effects

2018 Choudhuri
et al. [36]

SS
304

Brass Ton, Toff,
C, SV,
WT

SR, RLT It is discovered that
Ton (0.35 ls), Toff

(15 ls), C (160
amp), V (30 v) and
WT (0.6 kg) are the
optimal parameters
for finding minimum
SR (1.851 µm) and
Ton (0.35 ls), Toff

(30 ls), C
(220 amp), V (60 v),
WT (1.2 kg) are the
optimal parameters
for finding minimum
RLT (5.26 lm)

2018 Padmavathi
et al. [37]

SS
316

– Ton, Toff,
WF,
WT, C

MRR, SR It is observed that C,
Ton both are the
most effective input
variables for finding
maximum MRR
(25.5 mm2/min) and
minimum SR
(3.20 lm)

2019 Ishfaq et al.
[38]

SS
304

Molybdenum SV, DS,
C, NOD

SR, CS,
KW

It is invented that
maximum CS
(2.62 mm/min),
minimum SR
(4.47 µm) and KW
(0.32 mm) shows for
C (3 amp) and SV

(continued)
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5 Conclusions

From the entire study, it is found that most of the previous work has been done with
ASS 300 series on WEDM. The following conclusions are observed after study:

• Ton, Toff, WF, WT, and C are the commonly used input variables in WEDM for
ASS machining. MRR, SR, and KW are the major measured parameters.

• Among the 300 series of ASS, 304 grade is mainly used as a work piece, and
maximum researchers used brass wire as a cutting tool.

• Zn-coated brass wire is used: It is observed that SS 304 shows maximum MRR
(98.08 mm3/min).

• Molybdenum wire as a cutting tool: It is observed that SS 304 shows minimum
KW (0.32 mm), and the input variables are C (3 amp) and SV (50 v),
respectively.

• Copper wire as a cutting tool: It is observed that SS 304 shows minimum SR
(0.177 lm) when is used as a cutting tool then input variables are Ton (106 ls),
Toff (60 µs), WF (2 mm/sec), WT (15 kg), and GV (40 v), respectively.

• SS 302 and SS 316L both are rarely used material in previous work. When
molybdenum wire is used as a tool, then SS 302 shows minimum KW
(0.236 mm) then C (3 amp), Ton (15 µs), Toff (4 µs) respectively, and SR
(3.25 lm) shows minimum then C (3 amp), Ton (20 µs), Toff (5 µs), respectively.

• SS 316L shows minimum SR (1.54 µm) when Ton (15 µs), C (9 amp), SV
(5 v), WT (12 m/min), respectively.

Table 2 (continued)

Year Author Work
piece

Wire Input
variables

Responses Remarks

(50 v) which are
effective parameters
for finding the above
responses

2019 Bhatt and
Goyal [12]

SS
304

Copper Ton, Toff,
WT, SG,
WF, GV

MRR, SR It is discovered that
when Ton (118 µs),
Toff (50 µs), WT
(10 kg), WF (5 mm/
sec) and GV (60 v)
then shows
maximum MRR
(3.705 mm3/min)
and when WT
(15 kg) and GV
(40 v), Ton (106 µs),
Toff (60 µs), WF
(2 mm/sec) then
shows minimum SR
(0.177 lm)
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Design Optimization and Analytical
Study of a Modified Hydrous
Aluminium Phyllosilicate Pantile

Anantha Krishna Somayaji , Narasimha Marakala ,
K. Raghavendra Pai , and Ajit M. Hebbale

Abstract Pantiles had overall notoriety. However, presently, these are in conclu-
sion situation attributable to a few causes. One of the causes might be shortage of
raw material, for example, hydrous aluminium phyllosilicates. The arrival of aes-
thetic pantiles is gradually becoming a due piece of pie. The functional territory of
hydrous aluminium phyllosilicates material pantiles is extended; currently, pantiles
could be utilized to cover the RCC rooftops to keep structure from warming. These
pantiles are good systems to defy the water channelling and sepage issue of RCC
working during monsoon season. In this examination, an endeavor is made to
consider and break down the pantile material utilizing solid works software and
followed with validation through ANSYS. The pantile model was developed
through solid works followed with mesh, load and boundary conditions were
applied as per desire. The conceivable result of the task is to find stress distribution
over the tile.

Keyword RCC � Pantile � Aluminium � Phyllosilicates

1 Introduction

Pantiles are of level example and are furnished with appropriate protrusions, so they
intertwine with one another, when set in location. The pantiles are in red shade, and
they are of two folded structures. The cut section of pantiles is accessible for hip,
edge and valley bit of rooftop. It was reported that approximately 15 pantiles are
required to cover one square metre of the rooftop territory [1]. Pantiles are produced
on vast extent for huge scope in southern India particularly at coastal regions. These
industries were built up in the mid-nineteenth century by German Missionaries. The
designed pantiles are getting into mainstream in villages and semi-urban regions
[2]. These pantiles are widely utilized by all class of people of society, for example,
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compositional impact, shortage and rising costs of different substitutes, develop-
ment of populace, and so forth, the existence of these pantiles is around 25 years
with substitution of 6% every year. Be that as it may, presently, a day such a large
number of these businesses are in a closure state inferable from the few reasons
[3–5]. Shortage of expendable crude material, for example, hydrous aluminium
phyllosilicates are one of the obvious causes. The introduce of beautifying pan-
pantiles is becoming the due pieces of the pie. Indeed, even these pantiles can be
used to cover the RCC structure to keep this from overheating, and furthermore,
these pantiles are best methodologies to counter water channelling and leakage
issue of RCC working in stormy periods [6–9]. This examination an endeavour is
done to contemplate and dissect plan of rooftop pantiles thinking about affecting
boundaries. Pantiles might be characterized as dainty pieces of block. These are
scorched in furnace. They are more slender compared to block, and consequently,
they ought to be deliberately dealt with to stay away from any harm to them. The
pantiles can be ordered in the accompanying classifications as: (1) frequent pantiles
these with uneven shape and sizes whose main application is for flooring and
roofing purpose; (2) encaustic pantiles are specifically designed and fabricated for
aesthetic purposes.

1.1 Objectives

• The general pantile design configuration is done by modelling as per the
required measurement, and to break down the design utilizing Ansys software,
loads followed up on pantile and ensured the chance of sparing expendable raw
material of hydrous aluminium phyllosilicates through re-structuring the tile
model.

• Gathering different information identified with pantile material tile for pro-
gramming model of pantile material tile utilizing solid works and breaking down
utilizing Ansys software, taking all possible conditions.

• To ensure the well-being of current structure.

1.2 Methodology

The basic procedure that is being planned to be employed is discussed as follows:
Modelling of pantile roofing element using solid works software. Finding the
possible loads, i.e. load due to wind, rain, self-weight, importing. IGS model of
solid works to Ansys workbench. Analysis of the various process parameters using
analysis software. Determining stress, strains and deformation and inferring the
conclusion. Iterative process to be continued to obtain optimized design.
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1.3 Modelling

Creating programming model for hydrous aluminium phyllosilicates tile utilizing
solid works programming, it is exceptionally useful programming in displaying
perspective; instruments are helpful to show any sort of plan. Considering the
component hydrous aluminium phyllosilicates of tile, breaking down the tile model
considering loads, for example, wind load, load due to water and load due to dead
weights, yet wind load is considered. Significant design characteristics of the ele-
ment of this model are 420 � 250 mm , depth is around 8 mm at bends, and by and
larger depth is 15 mm. The developed product is demonstrated as follows. Figure 1
shows the solid work model of pantile.

1.4 FE Model

The desired load and boundary conditions were applied in the Ansys software. The
type of the element that was used in the meshing is three nodded constant stain
triangular elements which had a total of 7976 nodes. The total number of elements
was accounted to 4127, with consideration of stress concentration factor near the
discontinuity. For further increase in accuracy, hyper mesh software can be used
(Fig. 2; Table 1).

Material properties: Hydrous aluminium phyllosilicates are used for production
of pantile. The characteristics of pantile are listed in Table 2. Static examination
accomplished for pantile material tile considering three significant loading condi-
tions wind load (pressure), downpour loading condition and self-weight. The initial
cycle was finished with self-weight as it is finished. Second cycle depends on
self-load, wind pressure, and the third case depends on all above cases. Final case is
overhauled and tried with similar loads.

Fig. 1 Solid works model of
pantile
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Fig. 2 Boundary conditions and loads considered on pantiles

Table 1 Boundary conditions of FE model of pantiles

S. no. Parameter Remarks

1 Dimensions 420 � 250 mm

2 Thickness 8 mm

3 Type of element 3-N-CST

4 No.of elements 4127

5 No. of nodes 7976

6 Boundary
condition

Fixed support (represented in blue colour of Fig. 3) in back side
of tile

7 Load On top portion (red) with concentration at key points

8 Dead load 22,54 N
IS code book 875 (parts 1–3)

9 Wind pressure 0.002079 MPa

10 Load due to rain 60.015 N

Table 2 Properties of raw material

Material Properties Values

Hydrous aluminium
phyllosilicates (clay)

Density 0.0000017 kg/mm3

Young’s modulus 13789.514 MPa

Poisson’s ratio 0.19

Compressive ultimate strength 7.79 MPa
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1.5 Software Redesign of Current Model

For final design, considering the assistance of solid works programming and
decreasing the depth of pantile by 75% of the first depth and investigated utilizing
Ansys software. Figure 3 is final planned model of pantile.

2 Results and Discussion

2.1 First Case

The principal case is wind weight and self-weight, which is considered as wind
pressure (0.002079 MPa) and self-weight (2.3 kg). Figure 4a presenting the stress
plot of pantile design material tile. Greatest stress acquired in examination is
0.68391 MPa, and least pressure is 0.00030583 Mpa. Deformation plot of pantile
material tile is given below, and greatest twisting observed was 0.009947 mm
(Table 3).

Fig. 3 Redesigned model of pantiles

Fig. 4 a Stress plot obtain of first case and b deformation plot of first case
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Most extreme stress (0.68391 MPa) was found in fixed spot of pantile that bits
are less unsafe area of pantile. Dim blue shading parcels are most secure area that
we can find in the above figures. Maximum disfigurement happens at the centre bit
of the tile and that is 0.009947 mm which is low. This is weak material, even less
distortion likewise influences the nature of pantile. In Fig. 4b, least stress is
0.0003058 MPa and the greater part of the area shows the dim blue shading those
locales which are most secure districts.

2.2 Second Case

Three major loads considered viz rain load, wind pressure and self-weight, and
obtained results are summarized as follows. For this situation, additional weight is
considered, for example, rain load, wind weights and self-weights. The rain load
does not make enormous variety in the outcomes; it is little considering breeze load.
Wind load is the overwhelming weights following up on the pantile so the help of
the pantiles ought to be a decent quality. Deformation plot is demonstrated as
follows (Fig. 5; Table 4).

For the previous case, there is variety in stress and deformation results greatest
pressure that was seen was 0.85576 Mpa, and most extreme dimension change that
was obtained is 0.01264 mm. On account of a tile, it ought to be extraordinary
variation of results; however, stress and deformation plots are not significantly more
distinction (Fig. 6).

2.3 Third Case

For this situation, there just a single distinction from the past case, for example,
most extreme wind pressure is considered for remaining two weights as past. The
obtained results acquired in this case were demonstrated as follows. In the past case,
there is high variety of stress and deformation results, most extreme stress attained
is 1.4744 Mpa, and greatest deformation acquired was 0.02180 mm. On account of
a pantile, it ought to incredible variation of results yet stress and deformation plots
does not have substantially more distinction. In this condition, most extreme weight
is utilized the greatest outcomes acquired for this situation. Be that as it may, the
most extreme weight not continually acting over pantile, second one is typical
(Fig. 7; Table 4).

Table 3 Stress and
deformation results in first
case

Stress and deformation results obtained from Ansys

Max. 0.68391 MPa 0.009947 mm

Min. 0.00030583 MPa 0

372 A. K. Somayaji et al.



Fig. 5 a Stress plot obtains of second case and b deformation plot of second case

Table 4 Stress and deformation plot in second case

Stress and deformation results obtained from Ansys

Max. 0.85576 MPa 0.01264 mm

Min. 0.00033979 MPa 0

Fig. 6 a Stress plot obtains of third case and b deformation plot of third case

Fig. 7 a Stress plot obtains of fourth case and b deformation plot of fourth case
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3 Conclusions

From the examination accomplished for the first pantile material tile model
420 � 250 mm. It is clear that material pantile is for the conceivable load cir-
cumstance. The deformation and load plots additionally given a similar state, yet it
is an over structure. The measure of hydrous aluminium phyllosilicates per pantile
for first assembling model is 2.29 kg. Since hydrous aluminium phyllosilicates is
expendable crude material; we attempted another model with less depth 75% of the
first depth, and the measure of earth required for the model is 1.99 kg. From the
investigation, it is discovered that the new design is safe with adequate quality. It
saves about 26% of complete weight crude material than first developed model.
Other than this, the time need to dry was additionally less which improve the
manufacturing rate. Temperature required to burn for these pantiles additionally less
which spares the consumption of consumption. But strength in wet condition after a
long time is questionable. However, strength of such pantiles can be enhanced with
some other types of reinforced as in composite material technology.
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A Study on Recent Developments
in Jute, Cotton, Coir, Silk and Abaca
Fiber-reinforced Composites

Rittin Abraham Kurien, Ashwin Santhosh, Daniel Paul,
Gowrisankar B. Kurup, Greshma Susan Reji, and D. Philip Selvaraj

Abstract The high cost and environmental hazard caused by the artificial fibers
like kevlar and carbon have created an urge toward the development of natural
fiber-reinforced polymer composites. Using natural fibers as reinforcement has
decreased the risk toward the nature. By changing the resin structures or the natural
fiber framework, bio-composites can be prepared for various applications. Here, we
have discussed about the natural fibers like jute, cotton, coir, silk and abaca. Also,
the sources and properties of each of these natural fibers have been widely con-
sidered. We have studied these natural fiber as reinforcement for some types of
composites. Likewise, the mechanical properties of these natural fibers and their
applications are also discussed. From the study, it is clear that abaca has the highest
tensile strength, jute has the highest Young’s modulus, and silk has the highest
elongation at break. This shows that in the coming years, natural fibers will be
extensively used for the making of composites as they are the non-polluting,
harmless, renewable as well as sustainable source of fiber.

Keywords Natural fibers � Polymer composites � Reinforcement � Degradability

1 Introduction

Over the most recent couple of years, there has been a great urge toward new items
from sustainable sources. Natural fibers are widely utilized as a part of composite
materials, where the direction of natural fibers impacts the properties [1].
Fiber-reinforced composites utilizes various kinds of strands for reinforcement [2].
Plant fibers comprise of leaf strands, for example, pineapple, sisal and abaca,
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whereas coir and cotton are the examples of seed fibers. The example of grass fiber
includes rice and wheat. Bast fibers include flax, jute and ramie [3]. Composite
materials are significant designing materials due to their remarkable mechanical
properties. They are materials in which the attractive properties of isolated materials
are consolidated by precisely or metallurgic binding, restricting them together.
Every parts hold its structure and characteristic; however, the composite has better
properties. For this research, we have considered jute, cotton, coir, silk and abaca
fiber. The sources and mechanical properties of all these fibers have been discussed.
These fibers are used as reinforcement for different composites which is studied
here. Also, the applications of all these fibers have been concentrated. The differ-
ences in reported mechanical properties and dispersed information are the issues
concerned with natural fibers. Selection process of natural fibers becomes even
more complex due to lack of standardized methods by consumers and producers to
analyze, extract, treat and post-process the natural fibers. In fact, these are major
issues that hinder the general utilization of natural fibers in various application. To
mark this gap, this paper addresses the various mechanical properties and latest
potential applications of the natural fibers in different commercial industries for the
advancement of eco-friendly products with an intention to replace the synthetic
fibers with efficient and economically effective products. Figure 1 shows the basic
constituents of natural fiber-reinforced composites.

2 Source and Properties of Fibers

2.1 Jute

The source of jute is vegetable plant which belong to the linden family, whose sci-
entific name is corchoruscapsularis (white jute), corchorusolitorius (tossa jute). The
fiber length in mm is up to 4000. Fiber diameter is 17–20 lm. The density of fiber
is1.23 g/cm3. Jute fiber, growingmostly in the tropical regions, where the humidity is
high (60–70%), is characterized by low thermal conductivity, high insulation, mod-
erate absorption ofmoisture and high-anti-static properties [4–6]. Themain producers
of jute in the world are India (60%), Bangladesh and Myanmar [7, 8].

2.2 Cotton

The source of cotton is a shrub called gossypium, whose fiber length varies
between 100 and 650 mm, and diameter is about 11–22 lm. The density of fiber is
1.21 g/cm3. Rapid moisture absorption and high tensile strength are some of the
main properties of cotton fiber. The countries which produce cotton fiber are China,
Brazil, India and Pakistan.
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2.3 Coir

The source of coir is coconut, whose scientific name is cocos nucifera. Fiber length
of coir is about 350 mm, and fiber diameter lies between 12 and 15 lm [6, 9]. The
density of fiber is 1.2 g/cm3. High strength, better resistance toward salt water
damage, microbial action and better rigidity than cotton are the properties provided
by coir fiber. The coir fiber has high concentration of lignin and is unsuitable for
dye treatments. India, Sri Lanka, Thailand and Philippines are the main coconut
producers of the world [8, 10].

2.4 Silk

Chinese mulberry silkworm is the source of silk fiber. The length of silk fiber is up
to 1500 mm and diameter is about 10–13 lm. The main properties of silk fiber are
its good absorbency, low conductivity and easy dye finish. China, India and
Thailand are the main silk producers of the world [11–14].

Fig. 1 Basic constituents of natural fiber-reinforced composites [1]
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2.5 Abaca

Musa textiles is the scientific name of abaca fiber, which is the source. The fiber is
having a length of 3000 mm, and the diameter is 151 lm [15]. The density of fiber
is 1.5 g/cm3. Resistance toward deterioration caused by saltwater, buoyancy and
great mechanical strength are the properties presented by the abaca fiber [16, 17].
These properties make them one of the finest fiber. Philippines (85%) and Ecuador
are the main producers of abaca [8].

3 Mechanical Characteristics of Natural Fibers

Reinforcement materials which were used traditionally can be replaced by natural
fibers which have better mechanical properties. The different tensile strength and
Young’s modulus allow various natural fibers to be used as reinforcement in
composites owing to numerous structural and non-structural applications. Table 1
displays plant fibers mechanical properties. Graphical representation of these
properties is displayed in Fig. 2a–c. Mechanical properties including tensile
strength, Young’s modulus and elongation at break are considered here.

4 Natural Fiber as Reinforcement for Composites
Materials

4.1 Jute Fiber Composite

The fabrication of jute fiber-reinforced polypropylene composite along with the
addition of glass fibers shows that maximum impact strength and tensile strength
are attained when 10% jute fiber is used as reinforcement in the polypropylene
matrix. This composition has the maximum hardness. By using 15% jute fiber in the
PP matrix along with 15% glass fiber, maximum flexural strength is attained [23].
Maleic anhydride is used to improve the bonding of jute fiber and polypropylene.

Table 1 Mechanical properties of natural fibers [18–22]

Fiber Tensile strength
(MPa)

Young’s modulus
(GPa)

Elongation at break
(%)

References

Jute 480 37.5 2.3 [18, 19]

Cotton 442 8 6 [20, 21]

Coir 175 6 20 [18, 19]

Silk 390 9.26 22.5 [20, 21]

Abaca 621.5 32.35 2.9 [22]
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Jute fiber-reinforced epoxy composites are fabricated using matrix modification
method. The composite with most attractive properties is the jute fiber-reinforced
composite with alkaline treated fibers which has higher mechanical properties
compared to untreated fiber composites [24, 25].

Fig. 2 a Tensile strength of natural plant fibers [18–22]. b Young’s modulus of natural plant
fibers [18–22]. c Elongation at break of natural plant fibers [18–22]
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4.2 Cotton Fiber Composite

Cotton fiber can be used to reinforce geopolymer (the inorganic polymer which is
formed by alkaline treatment of alumino silicates are called geopolymers) com-
posites. The composite can be manufactured effectively with a fiber loading of 4.5–
8.3 wt%. As the fiber content in the composite is increased, the flexural modulus
and strength, hardness and impact and fracture strengths also increase when the
fiber content is expanded which leads to an increase in dissemination coefficient and
better water absorbing ability. Due to the absorption of water, properties like
fracture strength, flexural quality and modulus, hardness and strength on impact
becomes reduced. When the fiber has low dampness and surface vitality, the
composite tends toward a hydrophobic character. The composites turn harder, when
the composites have higher mechanical properties. At room temperature, increment
in quantity of fibers results in the increase in the water retaining capacity of the
cotton fiber-reinforced composites. As compared to the cotton fiber, the crystallinity
and thermal stability of the composite are higher. The composite became more
stable, and there is an improvement in its thermal stability. For the composite, its
mechanical properties became almost double that of the fiber [26, 27].

4.3 Coir Fiber Composite

Tensile strength and resistance against impact improve for coir fibers when they are
silanated after treatment with alkali. In comparison with other natural fibers, better
elongation and specific strength are showed by modified/treated coir fibers.
Although the density of the natural fiber increases after treatment with alkali, a
decrease in the thermal stability is shown by the fiber. The content of fiber in the
composite and the matrix used affects the mechanical properties of the composites
of coir. The quantity of voids that forms due to fiber pullout in coir composites is
deducted by fiber treatment. As the degradation temperature of coir fibers is low,
increasing the content of fiber in the composite reduces the thermal stability of the
coir polymer composite.

4.4 Silk Fiber Composite

Silk fiber is fused inside the lattice of thermoplastic polymer as reinforcement to
produce a composite. Silk fiber can be found abundantly and hence can be easily
accessed. It can be used as a reinforced material because it is economical and nature
friendly. Silk fiber is introduced in the epoxy lattice as a reinforcement. This fiber
has got great deformability and superior quality which contributes to the properties
of the fundamental structure of the composite. Poly butylene succinate (PBS) can be
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reinforced with short silk fibers by utilizing the method of pressure forming. This
bio-composite shows better thermal stability along with flexural and mechanical
properties [11]. Thus, silk fibers have a major role in composite materials as they
can vastly improve mechanical properties when used as reinforcement [12]. To
improve the bonding between the polymer matrix and fiber, surface treatments can
be performed on the silk fiber [13].

4.5 Abaca Fiber Composite

Abaca fiber be considered as a suitable substitute to replace synthetic materials as
the help to improve mechanical properties much better [28]. The orientation of the
fibers, the amount of fiber used inside the lattice, fiber dimension and the interface
between the lattice and the fiber all affect the mechanical properties of the com-
posite material. The distribution and orientation of fibers are based on the condition
of processing of polymer lattice. Abaca fibers are difficult to work with due to their
strong polarization characteristic [16]. The polymeric matrix is hydrophobic, and
the polarization reduces adhesiveness at the interface. To increase the affinity
toward matrix, treatments like esterification and usage of coupling agents can be
used [29]. The nature of the polymer lattice or matrix has a direct effect on the
surface bonding. Hence, surface interface is greatly dependent on the matrix.
Thermoset and thermoplastic polymers can both utilize abaca fiber as a reinforce-
ment in their matrix which makes it very versatile. The mechanical properties of
polypropylene can be improved using abaca fiber reinforcements. As a reinforce-
ment for polypropylene abaca fiber exhibits better damping properties than jute
fiber, abaca fiber can also be incorporated in thermosetting matrices like epoxy.
When compared to original polymer matrix, this composite has better flexural and
impact strength [30]. Urea formaldehyde when reinforced using abaca fiber shows a
great deal of improvement in impact strength, flexural and tensile strengths.

5 Applications

Natural fibers find application in almost every day today activities. It finds uses from
household activities to even automobile, aerospace and marine industries [31]. Door
shutters and frames, packaging, panels and sheets for construction, textiles and
clothing are some of the common applications of the jute fibers. Goods, ropes, textile
and furniture industries use the cotton fiber. Construction of panels, roofing sheets,
post boxes, casings, covers, brushes, brooms, seats and its components, ropes and
yarns, nets, bags and mats, storage tanks, weights and helmets are the major areas
where coir fiber find its application [32]. Silk fibers are utilized in furniture industry
and in textile industries to produce yarns and sewing threads. They find applications
in medical field such as suture for surgical purposes. It can be found in daily use
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items such as ropes, twins, fishing lines [33]. Abaca fibers find application in
automobile industry such as fabrication of floor and body panels. In construction,
they are used to manufacture insulated panels, windows and door frames.

6 Conclusion

Compared to their polymeric rivals, natural fiber-reinforced polymer composites
show better properties, and due to this, they are widely used as reinforcement
material. We can alter the properties of the composites accordingly by controlling
the amount of natural fiber used and the type of natural fiber used inside the matrix.
Moreover, considering the rising environmental hazards caused by production and
utilisation of synthetic material, there is a need to reduce their use. Very good
strength to weight ratio and insulating properties are shown by jute fiber. A good
absorbency rate is shown by cotton fibers. Among both synthetic and natural fibers,
cotton is one of the most used fiber. Coir is considered as an important fiber as it has
better durability than majority of natural fibers. Also it does not need chemical
treatment, it has strong resistance to salt water and is easily available. Unlike plant
fibers, silk fibers are obtained from animals. They have some great highlights like
high elongation, low density and resistance to flame which prolongs even at low
temperature. Studies and researches on silk fiber-reinforced composites are com-
paratively less, and they are restricted either to continuous silk fiber-reinforced
thermosetting composites or discontinuous silk fiber-reinforced thermoplastic
composite. For reinforced injection-molded thermoplastics, especially polypropy-
lene, discontinuous natural fibers are used mainly due to their property of recy-
clability. Abaca fiber-reinforced polypropylene composite is a significant natural
fiber composite, has outstanding properties like high tensile strength, high flexural
strength, good acoustic resistance and good abrasion. They have a very good
resistance to UV light rays and better resistance to mold and rot. Due to their ease of
availability, this fiber is widely used in automotive industries. From the above
study, it is clear that abaca has the highest tensile strength, jute has the highest
Young’s modulus, and silk has the highest elongation at break. This shows that in
the coming years, natural fibers will be extensively used for the making of com-
posites as they are the non-polluting, harmless, renewable as well as sustainable
source of fiber.
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A Computational Methodology
for the Synthesis of Assur Groups

H. Manikandan, Vijayananda Kaup, and Harish Babu

Abstract Assur group is an open kinematic chain, which when added to any
kinematic chain but not to the same link does not alter the degree of freedom of the
chain. Assur group finds its application in synthesizing mechanisms, complex
structures and robotics, wherein serial or parallel kinematic chains are required. The
present work aims at synthesizing Assur group from N-link zero degree of freedom
simple jointed kinematic chains and thus to present a complete collection of Assur
groups. It is done by removing a link from the given kinematic chain and checking
for its definition as Assur group. Also, identically disposed links are determined and
removed so as to address the isomorphic Assur group during synthesis. In other
words, isomorphism test is also adopted in the present work while reporting the
complete collection.

Keywords Assur group � Simple jointed kinematic chain � Isomorphism test

1 Introduction

Synthesis of Assur group is of much important area of research for the past decades.
Assur groups find vast applications in the field of synthesis of mechanisms as well
as the synthesis of kinematic chains. Also, in the field of robotics, Assur group finds
its own place wherever parallel or serial kinematic links have to be generated.
Generally, Assur group is an open kinematic chain which when added to a given
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kinematic chain (but not to the same link) does not alter the degree of freedom of
the latter.

Manolescu [1] in his work to synthesize planar mechanisms from Baranov
trusses used Assur groups. Position analysis of planar mechanisms was done by
Martins et al. [2], in which Assur groups were used to synthesize kinematic frac-
tionated chains up to 6 degree of freedom (DOF). A methodology for designing
robot hand fingers based on Assur groups was proposed by Tischler et al. [3].
Similarly, Campos et al. [4] synthesized hybrid mechanisms using Assur groups.

Assur groups with two, four and six links were reported by Dobrovosky [5].
Krokhmal and Krokhmal [6] did structural synthesis of Assur groups based on
topology. Furthermore, Han et al. [7], in his work, proposed a methodology to
synthesize 13 Assur groups with two, four and six links from simple jointed
kinematic chains up to eight links. Tartakovsky [8] restored Baranov’s synthesis
and reported 173 eight-link Assur groups. By integrating Assur groups, Li. et al. [9]
developed a methodology for structural synthesis and reported a list of mechanisms
and included the Assur group in the adjacency matrix. Shai [10], synthesized all
two-dimensional mechanisms using the Assur groups. Huang and Ding [11] syn-
thesized Assur groups up to 12 links and reported as a database. Campos et al. [4]
used the Assur groups for type synthesis to build kinematic chains for hybrid robot
structures. Peisak [12] gave an algorithm for structural synthesis of Assur groups
and reported an atlas of Assur groups with given number of links. Many people
have done work towards Baranov truss synthesis (see [13–15]), which is basically a
zero DOF closed kinematic chain with no rigid sub-chain.

With the above literatures, it is very much evident the importance of Assur
groups. The present work aims at developing a methodology to synthesize Assur
groups up to 14 links from N—link, zero DOF simple jointed kinematic chains
(Baranov Truss).

2 Methodology

A Baranov truss is a planar zero DOF kinematic chain. Removing any one of its
links results an Assur group. Assur groups are open chains which when added to an
existing kinematic chain, the degree of freedom of the latter remains unchanged.
Thus, it can be understood that, upon the removal of any one link at a time from a
Baranov truss, results in an open chain which is an Assur group.

Example 1
Consider a three-link Baranov truss possessing zero DOF as per Grubbler’s crite-
rion (Fig. 1). Now, removing either of the three links (link-1 or link-2 or link-3)
results in a two-link open chain which is an Assur group by definition. Also, links 1,
2 and 3 are identically disposed, and hence, removing either of the links results in
Assur groups which are isomorphic to each other. Thus, the number of Assur group
possible from a three-link Baranov truss is only one.
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Example 2
Consider a seven-link Baranov truss as shown below (Fig. 2).

It can be noted that the links {1, 2}, {4, 5}, {7}, {3, 6} are identically disposed,
i.e., removing link-1 results in an Assur group which is identical to the one which is
resulted by removing link-2. Hence from {1, 2}, removing either of the one ternary
link results in one unique Assur group. Similar case with links {4, 5}, in which, the
removal of either link-4 or link-5 results in identical Assur groups, and hence, the
number of unique Assur group from {4, 5} is one. Again, from the identically
disposed links {3, 6}, removal of either link-3 or link-6 will result in an Assur
group. Hence from the links {3, 6}, the number of unique Assur group synthesized
is one. Finally, the removal of link-7 results in one unique Assur group. Thus, the
total number of distinct Assur groups possible from a seven-link Baranov truss
shown in Fig. 2 is four. This is explained in Figs. 3, 4 and 5 respectively.

Thus, it can be seen that the identically disposed links have to be determined to
prevent isomorphism in the synthesis of Assur groups. The authors have used the
methodology which is proposed in [16] for detecting the isomorphism index from
which the identically disposed links can be found out. The advantage out of this
proposed methodology is that, since the methodology itself contains the synthesis
from identically disposed links, it keeps out a separate isomorphism test for the
synthesized Assur groups because, by the virtue of the synthesis methodology
itself, the Assur groups synthesized are distinct. In the present work, Assur groups

Fig. 1 Synthesis of two-link Assur group

Fig. 2 Seven-link Baranov
truss
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up to 14 links are synthesized, and the results are compared against those reported
earlier and found valid. Also, 14-link Assur group is synthesized for the first time in
this work. The results are given in Table 1.

Fig. 3 Synthesis of Assur group by removing link-3

Fig. 4 Synthesis of Assur group by removing link-4

Fig. 5 Synthesis of Assur group by removing link-7
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3 Conclusion

In the present work, Assur groups up to 14-links are synthesized. The methodology
is very simple, i.e., by removing one link from a given Baranov truss resulted in an
Assur group. Also the determination of identically disposed links helps in syn-
thesizing distinct Assur groups. The results are compared against the literatures and
found correct. Fourteen-link Assur group is synthesized using this methodology and
is reported in this paper. Computation is done using Python programming for
obtaining the synthesis results. The number of six-link Assur group synthesized is
10 chains, similarly, eight-link Assur groups synthesized are 173 chains. Under ten
links, the number of Assur groups synthesized is 5,438 chains and 251,637 Assur
groups of 12 links were synthesized. Also, 14-link Assur group is synthesized
which gave 15,082,693 chains. In short, an atlas of Assur groups is created which
can be used for the synthesis non-fractionated kinematic chains, parallel mecha-
nisms and series mechanisms of links for robotics and complex structures involving
more number of links or members.
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A Methodology for Derivation
of Isomorphism Index for Epicyclic
Gear Transmission Systems

H. Manikandan, Vijayananda Kaup, and Harish Babu

Abstract Suitable graph representation of epicyclic gear transmission systems
(EGTs) and identification of such systems by means of a reliable isomorphism
index are important area of research interests in the emerging field of structural
enumeration of epicyclic transmission systems. A methodology to represent the
EGTs based on rooted tree structure is proposed in the present work. EGTs can be
represented as a kinematic chain. This work aims at deriving an isomorphism index
for this kinematic chain which will be a robust identification of the underlying EGT
structure. The first invariant of the link, which is the degree of the link itself, is used
to express the kinematic chain of EGT in the present work.

Keywords Epicyclic gear transmission � Graph representation � Rooted tree
structure � Link invariants � Isomorphism index

1 Introduction

Multi-speed epicyclic gear transmissions (EGTs) are systems that consist of several
interconnected planetary gear trains (PGTs). They have, for many years, been the
subject of study due to their wide-ranging applications in automobile gear boxes,
steering mechanisms, in machine tools, etc. A suitable representation of EGTs is an
important step not only in the synthesis phase but also in the process of identifying
isomorphic EGT layouts. Graph theory concepts are found to be very useful in this
regard. By using graph theory, an EGT is converted into an equivalent graph, and
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various methods can be adopted to address the isomorphism of geared trains.
Freudenstein [1] presented a method based on Boolean algebra for the structural
topology of epicyclic gear trains. Castillo [2] developed a procedure for the analysis
of graphs of epicyclic gear trains possessing one degree of freedom based on
functional aspects and constraints. Chen and Yao [3] synthesized fractional geared
kinematic mechanisms which was found to be efficient. Random number technique
was used by Tsai [4, 5] for designing manipulators for robot using gears. A study of
kinematics of epicyclic spur gear trains was done by Hsu. et al. [6] and developed a
model using graph theory applications. Manikandan et al. [7, 8] used graph theory
and rooted tree structure and developed an isomorphism test for simple jointed
kinematic chains, and the same methods were found to be effective for multiple
jointed kinematic chains too. Ding et al. [9] used the adjacency matrices and
characteristic number string-based isomorphism index while synthesizing geared
mechanisms. TSai [10] and Xue et al. [11], in their work, had a brief discussion of
the application of graph theory for isomorphism identification in epicyclic gear
trains. Kamesh et al. [12] used graph theory and vertex-incidence polynomial for
generating epicyclic gear trains up to six links and thereby eliminated all the
isomorphic trains during synthesis phase itself. Also, graphical representation with
bold and thin lines was used for representing EGTs. Yang et al. [13], in their work,
presented an atlas of PGTs up to six links using perimeter loop-based method and
found it to be reliable and efficient. The method was checked with seven, eight and
ten links PGTs also. Rai et al. [14] developed a unique maximum binary code as the
invariant for the kinematic chain using an algorithm of labeling the links and
performed a binary search to find out the sequence in which the links are disposed,
and finally a maximum binary code was generated which in turn provided the chain
invariant. The algorithm was tested for simple and multiple jointed KCs and also
EGTs with four, five and six links and found to be reliable. Mustafa et al. [15], used
a path matrix method which is derived from link connectivity matrix to address the
isomorphism of EGTs. It was verified with five link, six link and eight link EGTs.

Thus, from the literatures, it is evident that the isomorphism index for epicyclic
gear trains is an important research area for decades. The present work aims at a
generalized representation of epicyclic gear transmission systems with multiple
planetary gear trains (PGTs) with elements of constraints such as brakes, clutches
and permanent connections between the shafts.

2 Graph Representation of an EGT

In the view of the above-discussed facts, it is proposed to model a PGT as a graph
consisting of three vertices. Each vertex in the graph denotes a shaft in PGT. The
fact that three shafts of a PGT are considered to be identical and that they are
interconnected to each other is expressed by means of a graph complete graph of
three vertices. Similarly, EGT consisting of multiple PGTs (say three PGTs)
uncoupled from each other can be represented as by means of a nine-vertex
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disconnected graph. Here, the first three elements (1, 2, 3) are considered to belong
to PGT-1 unit, the next set of three elements (4, 5, 6) to PGT-2 unit and the last set
of three elements (7, 8, 9) to PGT-3 unit.

A simple PGT unit is an unconstrained two degrees of freedom (d.o.f) system.
The mobility of gear box has to be reduced to unity if it has to provide positive
transmission ratio. This requires imposition of constraints on the system d.o.f until
the mobility of the system becomes unity. Constraints are imposed on the system by
(i) directly and permanently interconnecting certain element of the PGTs; (ii) tem-
porarily interconnecting certain elements of PGTs elements by engaging
pre-installed clutches based on the need and (iii) temporarily arresting the motion of
some members of the PGT by applying brake on the elements. Thus, these con-
straining or freedom-reducing elements also have to be appropriately addressed
while representing EGT systems. Determination of the number of aforementioned
constraining elements necessitates definition of port elements. Port elements of an
EGT system represent those PGT elements (or shafts) which serve as an input or an
output or brake element. Thus, port elements identify those shaft elements which
directly interact with the outside world by way of connection with the engine shaft
(input); external transmission element (output of the gear box) and the brake drum
(which again is part of the machine/engine frame. An EGT system with four PGTs
(numbered in roman numeral) and five permanent connections, namely

– between element-2 of PGT-I and element-5 of PGT-II; (one permanent
connection)

– between element-3 of PGT-I, element-9 of PGT-III, element-12 of PGT-IV;
(two permanent connections)

– between element-4 of PGT-II, element-7 of PGT-III, element-10 of PGT-IV;
(two permanent connections)

is shown in Fig. 3a along with its equivalent graph representation shown in Fig. 3b.
Since it is required that the EGT system delivers positive transmission ratio, the

constraining elements also have to be represented in the equivalent graph. Figure 1a
shows the schematic of EGT possessing four PGTs coupled to each other through
permanent connections and clutches. The five port elements identified are labeled as
P1, P2, P3, P4 and P5 as shown in Fig. 3a and as filled circles in Fig. 1b

Also, clutch-C1 is placed between the port P1 of PGT-1 and the shaft-4 of
PGT-2. Similarly, another clutch-C2 is placed between the port P3 of the PGT-2
and shaft-9 of PGT-3 as shown in Fig. 1a. These constraining elements which when
accommodated in the equivalent graph (Fig. 1b) are shown in Fig. 4. By incor-
porating all the above permanent connections, the number of vertices reduces from
12 to 7, since some of the vertices merge due to the introduction of permanent
connections inside the system. Thus, even though Fig. 3a shows 12 elements, after
incorporating the permanent connections, the graph representation (Fig. 1b) has
seven vertices. It has to be noted that all the clutch and brakes cannot be applied or
engaged simultaneously as it makes the EGT a rigid structure, as evident from
Molian–Salamoun equation which is given by
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L þ C þ B ¼ 2N�M ð1Þ

where

L Number of permanent connections
C Number of clutches
b Number of brakes
N Number of PGTs
M Mobility (Degrees of freedom).

In the present case, if L = 5, C = 2, B = 3 and N = 4, then M = −2 (Negative
mobility).

Thus, for the mobility of EGT to be unity (M = 1), the number of clutches that
should be engaged must be 1 and the number of brakes that should be engaged must
be 1. Hence, the proposed isomorphism index contains information of only those
constraining elements (brakes and clutches) which are engaged when EGT is in
constrained motion (i.e., mobility = 1). The graph representation for EGT after
adopting Molian–Salamoun equation is shown in Fig. 2.

3 Rooted Tree Structure

Now, for the EGT with C1 engaged (graph representation as shown in Fig. 2),
adopting the rooted tree structure (RTS)-based representation of kinematic chain as
reported earlier by the authors [7, 8], by assigning all the links as the root, the RTS
for Fig. 2 is as shown in Fig. 3a.

The next step is to introduce the link invariants. The invariants of a link in the
kinematic chain denote those features which are native to the link and are inde-
pendent of the way the kinematic chain is represented. Here, the first link invariant
is used which is the degree of the link itself. In other words, binary link is repre-
sented as ‘b’, ternary link as ‘c’ and quaternary link as ‘d’ and so on. Also the port

Fig. 1 EGT and its graph representation
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elements, viz. input is represented as ‘I’, output as ‘O’ and brake as ‘B’. For the
clutch, ‘C’ is used as the invariant. It is to be noted that while deriving the iso-
morphism index based on rooted tree structure, either of the two clutches will be
present in the EGT system and its equivalent graph. Also out of five ports, two are

Fig. 2 Graph representation
of EGT with clutch C1
engaged

(a)

(b)

Fig. 3 Rooted tree structure
(root node—1) for EGT with
clutch C1 engaged. a RTS
with Link number. b RTS
with Link Invariant
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assigned input and output elements each and the remaining ports are for brakes, out
of which, only one brake will be engaged at a time. In the present case, we assume
engagement of clutch C1 and port element 1 (vertex 1 of the graph) as the brake.

Figure 3b shows the rooted tree structure with link numbers replaced by link
invariants.

4 Isomorphism Index

The isomorphism index is derived from the rooted tree structures by converting
each level of nodes into a string and merging with the previous level strings, till the
root link is reached. Consider the rooted tree generated by choosing link-1 as the
root (see Fig. 3a). Substituting, say, the first link invariants in place of the link
labels in Fig. 3a will produce the tree shown in Fig. 3b. The first invariant has been
deliberately used here in order to verify the effectiveness of the description scheme
adopted in the isomorphism test despite the use relatively weak link invariant, i.e.,
first invariant rather than the second.

To begin with, the two leaf nodes d and c in level-3 (see Fig. 3b) are merged with
their parent nodes in level-2 to generate strings c(e), c(C), e(c), e(I), e(O), e(c), e(I), e
(O), I(e), O(e) and C(c) in level-3. This is indicated in Fig. 4a. The resulting tree,
upon removal of level-3, is shown in Fig. 4b. Next, merging the eight leaf nodes c
(e),c(C), f, e(c),e(I),e(O), d, e(c),e(I),e(O), I(e), O(e) and C(c) in level-2 with their
parent in level-1 will produce the tree as shown in Fig. 4c. Whenever a parent node
has multiple leaf nodes, the string of each leaf node is sorted in the order of
increasing string value and arranged in a line with a comma separator before merging
with the parent node. Upon removal of level-2, the tree is shown in Fig. 4c.
Proceeding along similar lines, the tree is shown in Fig. 4d. The rooted tree obtained
taking link-1 as the root will be B(d(c(C,e),e(I,O,c),f),f(C(c),I(e),O(e),d,e(I,O,c))).

The string represents the disposition of link-1 with respect to all other links in
the given kinematic chain. Procedure is repeated keeping all the links as root nodes.
And the strings are sorted in some order which finally represents the isomorphism
index for the EGT.

The final string representation for the EGT is shown below.

Link number RTS_string

1 B(d(c(C,e),e(I,O,c),f),f(C(c),I(e),O(e),d,e(I,O,c)))

2 d(B(f),c(C,e),e(I,O,c,f),f(B,C,I,O,e))

3 c(C(f(B,I,O)),d(B(f),e,f(B,I,O)),e(I(f),O(f),d,f(B,I,O)))

4 f(B(d),C(c),I(e),O(e),d(B,c,e),e(I,O,c,d))

5 e(I(f),O(f),c(C,d),d(B,c,f),f(B,C,I,O,d))

6 I(e(O,c(C,d),d(B,c),f),f(B(d),C(c),O,d(B,c),e))

7 O(e(I,c(C,d),d(B,c),f),f(B(d),C(c),I,d(B,c),e))

8 C(c(d(B,e),e(I,O,d)),f(B(d),I(e),O(e),d(B,e),e(I,O,d))
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KC_string_representation
B(d(c(C,e),e(I,O,c),f),f(C(c),I(e),O(e),d,e(I,O,c)))_C(c(d(B,e),e(I,O,d)),f(B(d),

I(e),O(e),d(B,e),e(I,O,d)))_I(e(O,c(C,d),d(B,c),f),f(B(d),C(c),O,d(B,c),e))_O(e(I,c
(C,d),d(B,c),f),f(B(d),C(c),I,d(B,c),e))_c(C(f(B,I,O)),d(B(f),e,f(B,I,O)),e(I(f),O(f),
d,f(B,I,O)))_d(B(f),c(C,e),e(I,O,c,f),f(B,C,I,O,e))_e(I(f),O(f),c(C,d),d(B,c,f),
f(B,C,I,O,d))_f(B(d),C(c),I(e),O(e),d(B,c,e),e(I,O,c,d))

5 Conclusion

The present work addresses the problem of isomorphism in EGTs. The fact that
such systems have features like permanent connections between different con-
stituent PGTs; that certain elements in a PGT are identified as points of input and
output of an EGT; that some elements act as brakes and that there may exist clutch
connections across different elements of PGT, demonstrate wide variety of possi-
bilities that may occur in the structure of EGTs. A new representation scheme to
accommodate these features and variations is successfully attempted in this study.
The method uses a robust way of describing the graph taking the form of a tree. One
tree is constructed from each vertex. This is followed by the definition of vertex
invariants which uniquely identify the type of element present in the graph.
Replacement of vertex labels appearing in the tree with their invariants will make
the trees independent of original labels of the vertices. The trees are then reduced to
a unique string through a contraction procedure so as to ensure one-to-one

Fig. 4 Stages of conversion of rooted tree structure into string
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correspondence with each other. It has been found that the method offers flexibility
in terms of changing the status of a particular vertex to a brake or an input or an
output element without the effort of rebuilding the trees. The effort required to
handle such redefinitions of EGT elements is simple string manipulations, done
with ease using modern computer languages. Using a computer program, an iso-
morphism index is derived by considering a typical EGT consisting of all possible
elements that such a system may possess.
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Study and Review of Quality 4.0
in the Industry

Gaurav Gohane, Atul Bulkunde, Anish Parate, Prabhat Nagdeve,
Vikas Mendhe, Shivam Pandey, and Hrithik Yadav

Abstract Quality is a common term but has a different impact in different sectors
of various organizations. The old history to the current era of quality depicts the rise
of quality. The main objective of the paper is to analyzes the history of quality to
industry-related problems in terms of quality. In this, we have told you about the
significance of quality and quality-related terms to the current quality term, i.e.,
Quality 4.0.

Keywords Six sigma � Ecosystem of Quality 4.0 � 11 axes of Quality 4.0 �
Industries-related problem � Systematic literature review

1 Introduction

History of quality began at late thirteenth century since period of craftsmanship
where craftsmen sold their product in local market. To make lot of customer, they
started to inspect of their own product before sell. After that factory system came in
which craftsmen started working in big factories. During the World War II, the
inspection of equipment became the most important prospective for safety of arm
force. Still, many lower companies are facing the problem related to quality, cost,
etc. To support and educate these types of organizations, “American Society for
Quality Control” (ASQC) is formed and now it has changed to “American Society
for Quality” (ASQ). To improve further quality, Japan has bought the idea of
management system, quality circle, seven quality tools, 5S, etc. After observing the
Japanese management system, USA bought the new idea of “total quality man-
agement” (TQM) in twentieth century.

Finally, Fourth Industrial Revolution came in twenty-first century. In this current
era, technology, computer programming, and better management system help the
quality go beyond the concept of TQM. Quality has moved beyond the manufac-
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turing sector in further areas such as health care, education, and government. It is
the concept of six sigma, ecosystem of Quality 4.0 tool and 11 axes of Quality 4.0.

2 Six Sigma

2.1 DMAIC

Define, measure, analyze, improve, and control should be used when a product is in
existence at your company but is not meeting customer satisfaction is not per-
forming adequately [1].

2.2 DMADV

Define, measure, analyze, design, and verify should be used when product or
process is not in existence at your company and needs to be developed [1].

3 The Ecosystem of Quality 4.0 Tools

3.1 Artificial Intelligence

Computer vision, language processing, chatbots, personal assistance, navigation,
robotics, and making complex decision this is all are the feature of AI. Artificial
intelligence is simply any code technique or algorithm that enable machine to
mimic develop and demonstrate human cognition or behavior. AI are used in four
technologies such as data technology (DT), analytic technology (AT), perform
technology (PT), and operation technology (OT) are enablers for achieving success
in connection, conversion, cyber, cognition, and configuration, or 5C.

3.2 Machine Learning

Machine learning has a feature of text analysis, filter the email spam and also detect
the fraud in data. Visual quality inspection of ML helps in detect defect in product.
ML is categorized into a statistical and deep learning for the pattern recognition
process. It can use in industries such as retail, manufacturing, airport baggage, food
industry, and medicine. Prediction, classification, pattern identification, data
reduction, anomaly detection, and pathfinding are some task of machine learning.
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3.3 Deep Learning

Deep learning is type of machine learning inspired by human brain work in artificial
neural network. It can tell the difference in object or images and this feature is taken
out by neuro network. Deep learning is applied in customer support, medical care,
and self-driving cars such as Apple, Tesla, and Nissan. Auto text generation and
creating new fictitious video base on real video with the help of deep learning.

3.4 Blockchain

Blockchain is a collection of records, strongly resistant to alteration and protected
using cryptography. One’s the data as recorded inside the blockchain, it becomes
very difficult to change it. Each block contains some data, the hash of the block, and
the hash of the previous block. It makes it very hard to temper with the block. It is
used in creation of new contracts, storing medical records, creating a digital notary,
or even collecting taxes. Blockchain of a product, assembly, or component iden-
tifying information help in quantifying and managing quality problems with a
higher level of specificity [2].

3.5 Big Data

Infrastructure, easier access to data sources, tools for managing and analyzing large
data sets without having to use supercomputers. Classification of data as big data is
possible by concept of 5V’s known by volume, velocity, variety, veracity, and
value. To store the large amount of data, various frameworks are available such as
Cassandra, Hadoop, and Spark.

3.6 Enabling Technologies

An enabling technology is associate invention or innovation which is able to be
applied to drive radical modification inside the capabilities of a user or culture. It is
an area unit defined by quick development of later spinoff technologies, sometimes,
in varied fields. It has affordable sensors and actuators, cloud computing,
open-source software, augmented reality (AR), mixed reality, virtual reality (VR),
data streaming (such as Kafka and Storm), 5G networks, IPv6, and IoT [3].
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3.7 Statistics and Data Science

Business problems will be able to help with what needs to be done and what needs
to be tackled. With the help of data acquisition, we can gather and scrape data from
multiple sources like Web servers, logs, databases, API’s and online repositories.
After gathering data comes data preparations, this step includes data cleaning and
data transformation. Now with the help of exploratory data analysis (EDA), we can
define and refine the selection that will be used in the model development [4].

4 Axes of Quality 4.0

4.1 Analytics

Principle of analytics: Business should develop on analytics strategy after or con-
currently with a data strategy. 37% of organizations identify poor metrics as the
main roadblock to achieve quality objectives. Analytics can be categorized in forms
in 11 axes of Quality 4.0.-Big data; traditional data. The companies which are
building toward Quality 4.0 should build their analytics strategy. Analytics helps us
to identify the insights within data.

4.2 Data

Principles of data: Companies must use data to drive decision making and to find
ways to combine data from various systems to ensure accuracy and transparency.
Data can be categorized in two forms in 11 axes of Quality 4.0-Big data; Traditional
data. Traditional data comes under the element volume (low to high). Big data can
be used in infrastructure (such as high) MapReduce, Hadoop, Hive, and MySQL,
and other databases can have easier access to date elements sources, the tools for
managing and analyzing data sets without having use of supercomputers.

4.3 App Development

It is powered by advanced digital technologies such as artificial intelligence, aug-
mented reality, virtual reality, IoT, and other various technologies. To achieve this
goal of mobile manufacturing via mobile devices and smartphones, we have used
some specific applications to work and finish the job or task. The application in
industry will reduce the manpower, time, and cost while increasing the overall
performance of the industry.
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4.4 Connectivity

Connectivity is defined as the ability to establish communication between two or
more electronic devices such as mobile, computers, smartwatches, and sensors
through software’s and Internet. Connectivity is the pillar of Quality 4.0 and it is
going to have a major role in industry to make factories and offices wireless.
A proper connectivity will lead to smart manufacturing, smart warehousing, mining
operations, etc., providing a safe working environment. Connectivity will help to
improve communication between business information technology and operational
technology.

4.5 Scalability

Scalability can be defined as the ability to support processes, data volume, ana-
lytics, users, devices, and platforms on global level. With the help of big data and
cloud computing, we can keep an eye on how scalability is and how we can
increase it. The leaders must adapt these methods on a global level to increase their
production and productivity and to remove the fragmented systems and sources.
Traditional and Quality 4.0 are nearly as ineffective without global scale and the
company will be not able to harmonize the knowledge which is learned in the
corporate world. Scalability is very important in Quality 4.0, in general, scalability
is the pillar of Quality 4.0.

4.6 Collaboration

Collaboration is essential for quality management. Collaboration has transformed
in recent years, within worldwide across various companies and with customer.
Collaboration is an essential word from the 11 axes of Quality 4.0 for innovation
and the betterment of quality and has been altered by connectivity, data, and
analytics. Employees and employers of an organization should team up and build a
safe and secure data sharing strategy that meets collaboration goals such as better
competency, more streamlined oversight, improved security, and audit-ability.

4.7 Competency

Competency is a set of skill, ability, knowledge, attribute, and motivation on
individual needs to scope with job-related tasks and challenge efficiency. Technical,
methodologist, social, and personal to create a competency model tools to assess
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specific competencies of individual employees by customizing it to specific
department or job profile and to identify the competence gap.

4.8 Leadership

Leadership is one of the most important pillars of 11 axes of Quality 4.0 which
decide how you compete in this automated environment to get success in your
organization. Leader should possess a quality of brainstorming, quality circle which
admire leader to provide a platform to his team that they freely express their
thoughts and ideas without any barrier and hesitation infront of leader so they adjust
themselves to reach their goals or objectives, and all the efforts of both leader and
his team lead toward company success.

4.9 Culture

Many organizations have an initiative to build a culture of quality. If top organi-
zations maintain a culture to produce top-quality products so they can compete in
this era of automated world. As you not all but few companies have moved toward
automation and to enhance this automation, there exists a concept of Quality 4.0 by
the collaboration of these Quality 4.0 top organizations moved toward innovation
and improvement of quality products.

4.10 Compliance

Compliance can be a top priority in quality management. Automation and digi-
talizing compliance processes and further reducing the total cost of quality can be
done through Quality 4.0. Compliance plays a huge role in various activities such as
conforming to regulatory, industry, customer, and internal requirements. The
combination of business information technology (IT) and operation technology
(OT) helps in the automated compliance-related tasks and data collection. Quality
4.0 allows organizations to observe current compliance strategies and seek the
opportunities for improvement.

4.11 Management System

The enterprise quality management system had only been adopted by 21% of the
organizations. Management systems or EQMS can be called as the vital cog within
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quality management because it provides a suitable solution to automate workflows,
connect quality processes, improve data veracity, provide centralized analytics,
ensure compliance, and foster collaboration. Management system defines a way in
which an organization manages the related or connected parts of its business in
order to achieve its objectives.

5 Industries-Related Problem

As we know quality is the most important parameter in an industry, but at the same
time, some organizations are not looking at quality-related issues seriously. So, as
we need to add culture in industry to go seriously for quality-related issue. Various
companies or organizations belongs to different sectors like management, manu-
facturing and service sectors so accordingly different the problems are occurred or
seen, and that is why every problem having different solutions. In the development
of any service or product, first, we need to reduce problems which are occurring in
an organization. Depends upon that the accuracy and lenient nature of any orga-
nization will help it to have qualified service or product.

As we observed in MMS industry as it works on powdered metallurgy method,
so we think accordingly to that aspect only. We have observed many issues in the
industry, some are technical and other are non-technical. The non-technical issue
includes some ergonomic issues with respect to machinery and equipment in the
industry. It also includes some man-to-man errors which directly affects the quality,
even here some communication gap due to notice in working field, so according to
it, we are looking toward it.

5.1 Benefit of Quality 4.0

In Quality 4.0, the quality inspection is done during the processes. So, if the product
does not satisfy one condition, either it is re-treated or rejected and not treated
further. In Quality 4.0, a software named UTS is used which gives not only
real-time data but also the theoretical analysis necessary for the material which is
been treated. It tells whether there is a problem which can lead to degrade the
quality of final product. As the quality inspection is done after every process, so the
product which does not satisfy quality inspection is rejected immediately, therefore,
saving time, energy, and much more. Some factories/companies have already
adapted Quality 4.0, but others have not because of various reasons like they think
that they are doing well with their technique. They think why should we adapt
different techniques and invest money on that. They are afraid that they could go on
loss by adapting Quality 4.0. They are not willing to take the risk. It will still take
some time for industries to realize that Quality 4.0 is beneficial for them [5].
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6 Literature Review

The literature review is presented in Table 1.

Table 1 Literature review

Paper Author Date Conclusion

Quality 4.0 is reshaping product
development [3]

Scott Reddy December
2019

As development is getting
more and more complicated
in Quality 4.0, the modern
manufacturers are relying
on distributed teams and
supply chains, including
design partners, contract
manufacturers, and tiered
component suppliers to
speed product development.
As Quality 4.0 is a part of
Industrial Revolution, it has
greater impact on digital
data, analytics, connectivity,
scalability, and
collaboration

Quality 4.0—how to handle
quality in the Industry 4.0
revolution master’s thesis in
quality and operations
management [1]

Daniel Forero,
Raoul sisodia

January
2020

It can be concluded that as
Quality 4.0 is the part of
Industrial Revolution, it has
transformed itself in a
proper managemental
system. Several case studies
are done by Swedish and
international organizations,
focusing on understanding
how the organization had
undergone changes or are
changing in Quality 4.0. It
has given a brief
explanation on how Quality
4.0 is presented and a
general plan for changes of
Q4.0 is proposed, which
includes six sequential
phases and is applicable to
different organizations that
plan to undergo change in
Quality 4.0

(continued)
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Table 1 (continued)

Paper Author Date Conclusion

Have you transitioned to Quality
4.0? [5]

Assurx September
2019

The modern technology
integrates into production
quality system through
Quality 4.0. Several
examples are given in the
paper such as cloud
computing, big data, virtual
reality, blockchain, artificial
intelligence, machine
learning, and Internet of
things. It has given us a
structured method for
completing quality
throughout each step of the
manufacturing process and
thus Quality 4.0 is resulting
us in an adaptable approach
which reduces product risk

Quality 4.0—the challenging
future of quality engineering [6]

Avigdor
Zonnenshain
and Ron S.
Kenett Icon

February
27, 2020

As quality is a data driven, it
has various applications of
modeling and simulation for
evidence-based quality
engineering, health
monitoring and prediction
for quality, coordinated
quality management,
maturity levels with respect
to the Fourth Industrial
Revolution, coordinated
innovation with quality and
managing for innovation,
Quality 4.0 and data
science, coordinated
reliability engineering with
quality engineering, and
finally, information quality
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Experimental Investigation of Tool
Wear Rate (TWR) During the EDM
of Hybrid Aluminum Metal Matrix
Composite Reinforced with SiCp
and Grp

Mandeep Singh , Pardeep Kumar Mishra,
Pragyan Parimita Mohaty, and Rasmeet Singh

Abstract The EDM is the suitable and effective machining process for machining
the hybrid aluminum metal matrix composites. This paper investigates the signif-
icant effect of machining parameters (pulse-on time, pulse-off time, voltage, and
current) on the response variable tool wear rate (TWR). In this experimental work,
three different aluminum metal matrix composite (Al MMC) samples were fabri-
cated with distinct compositions of reinforcements by the stir casting process. The
SiCp and Grp were used as reinforcements. Machining was done through EDM,
with three different electrodes materials (steel-304, brass, and copper) with
Ø12 mm each. The design matrix and mathematical models were developed by
RSM using the Design-Expert 9.0.6 software. To check the signification of model,
the ANOVA technique was used. The SEM and EDS were used to study the surface
characteristics and elements analysis, respectively, of the machined electrodes. It
was inspected that the cracks and craters are produced in all the fabricated samples.
In this study, it was also examined that the Al MMC-1 (10% SiCp and 3% Grp) is
the best fabricated composite as compared to the other two composites in terms of
wear resistance and hardness.
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1 Introduction

Metal matrix composite (MMC) is one of the most advance man-made materials.
A MMC has very light in weight, low coefficient of thermal expansion and thermal
resistance, and good damping capacity [1]. By adding the reinforcement into var-
ious forms and configurations, the strength and stiffness of prepared MMC sample
are directly affected. When at least two different reinforcements (materials) are
added into the metallic matrix phase to fabricate an MMC, then that composite
material is called as hybrid metal matrix composite [1]. In this research work, three
different hybrid MMC materials were fabricated. To fabricate these three hybrid
MMC materials, the Al 6061 is used as the matrix phase, where the SiCp and Grp
are reinforced into three different compositions with same configurations. To
develop these three hybrid MMC samples, the stir casting method is used [2]. The
SiCp and Grp are used as reinforcements due to their unique sets of properties and
applications [3]. In this experimental study, the electric discharge machine
(EDM) was used to machine the three developed samples. Three different material
rods of copper, brass, and steel 304 (each have 12 mm Ø) are used as electrodes in
this experimental work to machine the fabricated samples (Al MMC). To perform
the EDM operations, a design matrix/sheet is developed in “Design-Expert 9.0.6”
software by using “response surface methodology,” in which 52 experiments are
attained [4]. By taking four machining parameters (pulse-on time ‘Ton’, pulse-off
time ‘Toff’, voltage ‘V’, and current ‘I’) and also fluctuating their values (up to 3
levels), the desire response (TWR) was calculated. To optimize the EDM process
parameters, the mathematical models made by response surface methodology
(RSM) were studied.

2 Materials and Methods

It was a big challenge to prepare a metal matrix composite with uniform distribution
of the reinforcement phase and without any microstructure defects. To prepare three
different composites samples, the Aluminum 6061 is used as a matrix phase for
each one, where the silicon carbide particles and graphite particles are utilized as
reinforcements. The SiCp and Grp are reinforced into three different compositions.
The Al MMC-1, Al MMC-2, and Al MMC-3 for Grp are 3, 5, and 8%, respectively.
And for SiCp, it is 10, 15, and 20%, respectively. The configuration of both SiCp
and Grp is the same; they both reinforced via 200 mesh size with an average size of
75 µm. The homogeneous distribution of reinforcement particles was achieved in
order to get the best results.

The properties of Al 6061 (matrix phase), Sic, and Gr (reinforcements) are
shown in Table 1. In the stir casting process, the Al 6061 alloy (matrix phase) is
kept in graphite crucible inside the electric vertical muffle furnace. The high tem-
perature (850 °C) of the muffle furnace is quickly melted the aluminum alloy.
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The SiCp and Grp were preheated at 800 °C temperature into another electric
muffle furnace to improve the wet-ability of reinforcements [5]. After melting the
Al 6061, it is cooled down to come into a semi-solid state where the preheated
particles of Sic and Gr are reinforced into three different compositions. A graphite
stirrer is used for carrying the mechanical stirring during the mixing of reinforce-
ments. After the proper mixing, the molten metal was poured into the preheated
cast-iron mold, and then the mold was left at environmental temperature for cooled
down; after the solidification, the required cast composites achieved. The pictorial
views of three developed AL MMC samples and three different electrodes are
shown in Fig. 1i and ii, respectively.

3 Experimental Work

The experimental work has been done through three-level and four process
parameters. Further, the final design matrix established through Design-Expert 9.0.6
version software [6, 7]. The selected machining parameters and their levels are
shown in Table 2. The designed experiments were performed on the Oscar Max
Die-Sinking EDM machine (Taiwan made).

The specifications of the Oscar Max machine are shown in Table 3. Three
different tools are made of copper, brass, and steel-304 with Ø 12 mm; each was
used as an electrode. During the EDM process, both W/p and electrodes are
immersed in the dielectric fluid. A commercial-grade EDM oil (density = 0.76) was
utilized as dielectric fluid. An EDM machine has a various number of process
parameters such as (pulse-on time, pulse-off time, applied voltage, peak current,
flushing pressure, etc.). Here, in this experimental work, we choose four process
parameters (pulse-on time, pulse-off time, voltage, and current) and fluctuate their
levels to design a sheet of 52 experiments by response surface methodology in
Design-Expert 9.0.6 software as earlier discussed. These 52 experiments were
performed on the EDM machine to calculate our desire response-TWR and
investigate the significant parameters which mostly affected TWR. A hole cavity of
1 mm depth is crated during each machining process, and the machining time of
each specimen is noted. To determine the TWR, we calculated the weight difference
of tool electrodes (before and after the machining) and over the machining time.
Equation (1) is used to calculate the TWR.

Table 1 Properties of matrix and reinforcements

P (g/cm3) M (°C) GT (µm/m °C) A (W/mk) E (Gpa)

Al 6061 2.7 650 166 23.4 70

Sic 3.23 2913 126 4 410

Gr 2.23 3915 85 2-6 10

Experimental Investigation of Tool Wear Rate (TWR) … 411



TWR g/sð Þ ¼ Tbm � Tamð Þ
MT

ð1Þ

To quantify the weight of the tool/electrode, a weighing machine (model PGB
200) with a maximum capacity of 200 gm and readability of 0.001 gm are used.

4 Response Surface Methodology (RSM)

The RSM has applied here to get the experimental design matrix by means of
optimization of parameters of EDM, thereby changing the value of TWR. The
concept of central composite design (CCD) is applied to carry out the experiments
with the evaluation parameters, which can show the impacts [8]. The principles of

Fig. 1 i Three developed samples (a) Al MMC-1 (SiCp10% and Grp3%), (b) Al MMC-2
(SiCp15% and Grp5%), and (c) Al MMC-3 (SiCp20% and Grp8%). ii Three different electrodes
(before machining), (a) steel-304, (b) brass, and (c) copper

Table 2 Selected machining parameters and their levels

Levels Ton (µs) Toff (µs) V (V) I (I) Tool W/p

1 30 30 6 10 Steel-304 (−1) Al MMC-1 (−1)

2 60 60 7 12 Brass (0) Al MMC-2 (0)

3 90 90 8 14 Copper (1) Al MMC-3 (1)

Table 3 EDM machine specifications

Model/machine name S645 CMAX/Oscar Max

Work tank 1500 mm (L), 940 mm (W), 520 mm (H)

Max. workpiece weight 2000 kg

Max. current 180 A

Max. MRR 1500 mm3/min

Weight 3600 kg

Table travel (X)/(Y) 600 mm/450 mm
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RSM with the combination of mathematical and statistical capabilities and can be
used to enhancing, developing, and study the practices. Moreover, the RSM method
generally executes with four phases; in phase I, the experiments can be designed; in
phase-II, the analysis can be done through mathematical models, the optimization
of the parameter can find in phase-III, and finally, in phase-IV, prediction analysis
will be performed. The machining parameters with the levels are presented in
Table 4.

The nonlinear assessment is a traditional fit technique that exhibits the corre-
lation between the dependent variable and independent variables [9]. The regres-
sion model can be stated in Eq. (2).

Y ¼ f X1; X2; X3; X4ð Þ ð2Þ

In Eq. (2), the “Y” is referred to as dependent variables, and whereas f is the
function of independent variables [10]. In order to examine the approximation of
“Y,” a polynomial regression model is developed, which is called a quadratic
model. The quadratic model of “Y” can be written as follows in Eq. (3).

Y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biix
2
i þ

XX

i\j

bijxixj þ 2 ð3Þ

The developed matrix through RSM techniques, along with the response
parameters, is presented in Table 5.

5 Mathematical Model

The developed mathematical model for the response (TWR) with process param-
eters in the coded form is expressed in Eq (4). The mathematical model proved that
the two parameters (Ton and I) are directly affected our desire response (TWR),
whereas, on the other side, it examined that the voltage has no significant effects on
TWR. By increasing the Ton and I, the TWR rate, increases. The maximum tool
wear is considered on the brass electrode as compare to steel-304 and copper tools.

Table 4 Machining parameters and their level

Machining parameters Ton (µs) Toff (µs) V (V) I (A)

Levels −1.56 15 15 5 9

1 30 30 6 10

2 60 60 7 12

3 90 90 8 14

1.56 120 120 9 16
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Table 5 Design matrix

Exp. No Ton (µs) Toff (µs) V (V) I (A) Tool W/p TWR (g/s)

1 2 2 2 2 0 0 0.000661

2 2 2 2 2 0 0 0.000661

3 2 2 2 0 0 0.000661

4 2 2 2 2 0 −1 0.0007943

5 2 2 −1.56 2 0 0 0.0007147

6 3 1 1 1 1 −1 4.301E−05

7 3 3 1 1 −1 −1 7.514E−05

8 2 2 2 −1.56 0 0 0.0007396

9 1 3 3 1 −1 −1 0.0000561

10 2 −1.5 2 2 0 0 0.0014054

11 3 1 3 1 1 1 2.142E−05

12 2 2 2 2 0 0 0.000661

13 1 1 1 3 1 −1 0.0001567

14 3 1 3 3 1 −1 6.185E−05

15 2 2 2 2 0 0 0.000661

16 3 3 1 3 −1 1 0.0001428

17 1 3 1 3 1 1 0.0000872

18 2 2 2 2 1 0 0.0000573

19 2 2 1.56 2 0 0 0.0006944

20 1 3 3 3 1 −1 5.835E−05

21 2 2 2 2 0 0 0.000661

22 1 3 3 1 1 1 0.00004

23 2 2 2 1.56 0 0 0.001039

24 1 3 1 1 −1 1 8.474E−05

25 3 3 3 1 1 −1 0.000034

26 1 3 3 3 −1 1 0.0000946

27 3 1 1 3 −1 −1 0.000288

28 3 1 3 1 −1 −1 0.0001168

29 3 1 1 1 −1 1 0.0001605

30 2 2 2 2 0 0 0.000661

31 3 3 1 3 1 −1 5.759E−05

32 1 1 3 3 −1 −1 0.0001898

33 1 1 3 1 1 −1 0.0000514

34 −1.56 2 2 2 0 0 0.0003127

35 2 2 2 2 −1 0 0.0000645

36 3 3 3 1 −1 1 0.0000996

37 2 2 2 2 0 1 0.0006517

38 1 3 1 1 1 −1 2.935E−05

39 2 2 2 2 0 0 0.000661

40 1 1 3 3 1 1 0.0001208
(continued)
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It is also determined that the tool wear is mainly lower when the pulse-off time is
increasing.

TWR g/sð Þ ¼ þ 7:898E�004þ 2:901E�005 � A� 6:052E�005 � B
� 7:700E�006 � Cþ 3:467E�005 � D� 3:027E�005 � E
� 6:665E�006 � F � 4:781E�007 � AB� 6:465E�006 � AC
� 9:012E�007 � AD� 1:662E�005 � AE � 9:506E�007 � AF
þ 3:413E�006 � BC � 1:191E�005 � BDþ 1:019E�005 � BE
þ 6:664E�006 � BF � 5:596E�006 � CDþ 1:063E�007 � CE
þ 2:432E�006 � CF � 2:067E�006 � DE � 5:503E�006 � DF
� 1:436E�006:EF � 1:238E�004 � A2 þ 6:067E�006 � B2

� 9:404E�005 � C2 � 1:861E�005 � D2 � 3:568E�004 � E2

� 8:650E�005 � F2

R2 ¼ 84:06 ð4Þ

By increasing the pulse-on time and current, the thermal heat energy and the
strike rate of charged particles are increased, respectively, causes to increase the
volume of molten metal of electrodes and leads to a higher TWR. The ANOVA is
employed to check out the second-order mathematical model of above Eq. (4), and
the result is shown in Table 6. In this model, the value of “Prob > F” is less than
0.0500, which indicates that the model is “Significant.”

Table 5 (continued)

Exp. No Ton (µs) Toff (µs) V (V) I (A) Tool W/p TWR (g/s)

41 3 3 1 1 1 1 2.342E−05

42 1 3 1 3 −1 −1 0.0000853

43 3 3 3 3 −1 −1 0.0001063

44 1.56 2 2 2 0 0 0.0009508

45 3 1 3 3 −1 1 0.0001896

46 1 1 1 1 −1 −1 0.0001046

47 3 3 3 3 1 1 2.502E−05

48 1 1 1 3 −1 1 0.0001507

49 1 1 3 1 −1 1 0.0001111

50 1 1 1 1 1 1 0.0000463

51 3 1 1 3 1 1 9.375E−05

52 2 1.56 2 2 0 0 0.0004941
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Table 6 ANOVA for TWR

ANOVA for response surface quadratic model

Analysis of variance table (partial sum of squares − Type III)

Source model Sum of squares
4.82E−06

df 27 Mean square
1.79E−07

F Value
4.687183

p-value
Prob > F 0.000141
(significant)

A-on time 3.11E−08 1 3.11E−08 0.814993 0.37562

B-off time 1.35E−07 1 1.35E−07 3.546813 0.071834

C-voltage 2.19E−09 1 2.19E−09 0.057421 0.812655

D-current 4.44E−08 1 4.44E−08 1.164359 0.291289

E-tool 3.38E−08 1 3.38E−08 0.887097 0.35565

F-w/p 1.64E−09 1 1.64E−09 0.043015 0.837447

AB 7.32E−12 1 7.32E−12 0.000192 0.989059

AC 1.34E−09 1 1.34E−09 0.035102 0.852957

AD 2.6E−11 1 2.6E−11 0.000682 0.979379

AE 8.84E−09 1 8.84E−09 0.231983 0.63442

AF 2.89E−11 1 2.89E−11 0.000759 0.97825

BC 3.73E−10 1 3.73E−10 0.009784 0.92203

BD 4.54E−09 1 4.54E−09 0.119216 0.732894

BE 3.33E−09 1 3.33E−09 0.08728 0.770205

BF 1.42E−09 1 1.42E−09 0.037293 0.848494

CD 1E−09 1 1E−09 0.026302 0.872523

CE 3.61E−13 1 3.61E−13 9.48E−06 0.997569

CF 1.89E−10 1 1.89E−10 0.004967 0.944399

DE 1.37E−10 1 1.37E−10 0.00359 0.952719

DF 9.69E−10 1 9.69E−10 0.025434 0.874625

EF 6.6E−11 1 6.6E−11 0.001731 0.967158

A2 2.1E−07 1 2.1E−07 5.506394 0.027536

B2 5.04E−10 1 5.04E−10 0.013232 0.909379

C2 1.21E−07 1 1.21E−07 3.179213 0.087235

D2 4.75E−09 1 4.75E−09 0.124544 0.727239

E2 1.74E−06 1 1.74E−06 45.77133 5.36E−07

F2 1.03E−07 1 1.03E−07 2.690307 0.114003

Residual 9.14E−07 24 3.81E−08

Lack of fit 9.14E−07 17 5.38E−08

Pure error 0 7 0

Cor total 5.74E−06 51

Std. Dev. 0.000195 R-square 0.840589

Mean 0.000312 Adj R-squared 0.661251

C.V. % 62.60888 Pred R-squared 0.325798
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Fig. 2 SEM images of electrodes after EDM, a steel-304, b brass, and c copper

Fig. 3 3D response surface diagrams demonstrate the effect of TWR by means
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6 Result and Discussion

EDM devices have emerged as one of the breakthrough technologies to making the
fine materials through non-tradition methods. The non-destructive analysis was
carried out by using SEM equipped with an EDS, as shown in Fig. 2. From SEM
images of used electrodes, it was investigated that the cracks and craters are formed
in all of three electrodes after the EDM operations.

It was examined that the brass material electrode has a high tool wear rate as
compared to other electrodes. To examine the effects of machining parameters on a
response variable, the 3D response surface diagrams were examined by selected
software. From the SEM images (Fig. 2a–c) of used workpieces, it was analyzed
that the cracks and craters are produced in all of them.

In this experimental study, it was also examined that the Al MMC-1 (10% SiCp
and 3% Grp) is the best fabricated composite as compared to the other two com-
posites in terms of wear resistance and hardness. Figure 3 demonstrates the con-
current effect of TWR by means of process parameters. Further, it is evident that
with the increase in ‘Ton’ and ‘I’, the level of TWR is also increasing. This is
because when the pulse-off time is increasing the supply of heat thermal energy
between the tool and W/p is increase which leads a high TWR. Other side, the ‘Toff’
does not have a remarkable effect to increases the TWR.

7 Conclusion

The selected approach has been found effective for evaluating the optimum
parameter setting. Furthermore, the 3D graphs were generated for analyzing the
effect of process parameters using the Design-Expert, which were efficient enough
to solve the approach. The ‘Ton’ and ‘I’ were the key parameters considered that
directly increase the TWR of all the three material electrodes. The TWR was found
minimum at a high level of ‘Ton’, however, changing the ‘V’ has a constant effect on
TWR. The confirmatory test has validated the parametric setting determined by the
desirability approach. The supposed approach can be recommended for the
improvement of a process.
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Effect of Process Parameter on Plastic
Parts Using ANOVA with Moldflow
Simulation

Kalpit Jain, Devendra Somwanshi, and Akshay Jain

Abstract This research work has been conducted on polypropylene (PP) material
using Moldflow Adviser (MFA). Moldflow Adviser (MFA) has been used to
contemplate and confirm the impact of procedure boundaries and advance the
volumetric shrinkage and fill time. Streamlining of procedure boundaries is finished
using L27 design of experiments (DOE). Further, analysis of variance (ANOVA)
has been conducted. Ideal blend of procedure boundaries is represented by
ANOVA. Two unique combinations of sprue and sprinter framework are utilized
for simulation. Analysis of variance shows that packing pressure is most huge
variable for volumetric shrinkage in both of the cases. Regression model conditions
for volumetric shrinkage and fill time are likewise created in this investigation. It
will assist little with micro industry in improving nature of an injection molded
plastic parts.

Keywords Volumetric shrinkage � Regression model equations � ANOVA

1 Introduction

For building up the thermoplastic materials on higher production rate, plastic
injection molding (PIM) is most significant method which has gigantic dimensional
control[1]. PIM is most critical methodologies for assembling the plastic items due
to top part surfaces, short product cycles, and lightweight [2]. In PIM, a framework
is a client intelligent framework giving a well-disposed condition to the end-client
for providing essential data from the framework [3]. The location of the gate for
filling of the mold cavity is very significant effects on warpage. The effect of melt
temperature, injection time, and packing pressure is more significant as compared to
mold temperature and packing time on fill time [4]. Timon-3D v.6.11 CAE pro-
gramming was utilized to complete the simulation. The runner, sprue, and gate are
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the segments of the conveyance framework [5]. The metering size, melt tempera-
ture, injection rate, and injection pressure influence the thickness of the article [6].
Natural fiber composite material is one of the suitable materials to manufacture
window frame [7]. To examine the warpage, the melt temperature and packing
pressure are most significant boundaries [8]. The intensity of packing pressures
influences the volumetric shrinkage which occurs near the gate at the end of fill
location. Lower shrinkage is indicated by higher packing pressure, and high vol-
umetric shrinkage is a result of low packing pressure [9]. Conformal cooling
channel is the most appropriate cooling framework for the plastic part among other
cooling channels. Flow simulation for various gate size and locations was broke
down. Air traps can be limited by giving air vents in center and hole embeds [7].
Holding pressure was the fundamental factor impacting all injection molding pro-
cedures and creating varieties of the TR up to 9% for IM, 3.5% for ICM, and 5.5%
for VIM. Injection speed was additionally the second most significant factor [8].
PIM is most commonly used method for developing thermoplastic materials [9].
Plastic injection molding machine can be a used to obtain molded product by
melted plastic material by heat into a mold. Parametric optimization of machining
input parameter is required to get the desired optimized results [10–14].

2 Research Methodology

First step is the planning of simulation-based design of experiments. In the second
step, apply Autodesk Moldflow Adviser (MFA) software to conduct MFA simu-
lations based on the planned DOE. To identify most or least significant factors,
ANOVA is used as third step.

In the fourth step, regression analysis has been done to find out the statistical
relationship between input and output parameters. Once the regression has been
done, modeling equations for output parameters have been generated using residual
analysis.

In this investigation, a typical material was chosen for item making and deter-
mination depended on absolutely writing audit and statistical surveying, and
material name was polypropylene (PP). L27 orthogonal array has been used for data
analysis on two different sprue and runner locations. In this investigation, five input
parameters with three levels have been used. L27 OA has been used for design of
experiment. Primary reactions from all tests were volumetric shrinkage, and fill
time of item chose. Two designs of sprue and runner were utilized in this inves-
tigation, which are shown in Fig. 1a and b.
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2.1 Factors and Levels Along with Orthogonal Array

Design of experiments table was just conceivable by determination of proper factors
and their levels. In this research work, five input parameters with three levels have
been used which have been shown in Table 1.

Response parameters for this investigation are volumetric shrinkage (%) and fill
time (s). Here, L27 has been used for five parameters and their three levels for each
parameter.

3 Experimental Result and Analysis

The simulated values of fill time and volumetric shrinkages have been shown in
Fig. 2a and b for both cases 1 and 2, respectively.

Fig. 1 a Sprue location at side for Case 1, b sprue location at center for Case 2, c orthogonal array
for Case 1 and Case 2

Table 1 Factor and level for case 1 and Case 2

Levels Mold
temp.

Melt
temp.

Injection
pressure

Injection
speed

Packing
pressure

1 35 220 50 70 30

2 40 230 60 80 40

3 45 240 70 90 50

Units: temperature in °C, pressure in Mpa, injection speed in %
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3.1 Analysis of Variance (ANOVA)

The analysis of variance (ANOVA) was determined for the two cases, and results
were appeared in Tables 2 and 3. F-test was directed for contrasting a model
variance and a residual variance in ANOVA examination. F esteem was determined
by isolating a model mean square by residual mean square value. On the off chance
that f esteem was drawing closer to one method, the two differences were same,
concurring F esteem most noteworthy was ideal to discover basic input parameter.

From literature review, it has been found that P esteem has exceptionally little
(under 0.05) at that point the terms in the regression model have a huge impact to
the reactions.

Table 2a and b has shown one important result that F-value for regression
models is very high (Table 2 F-value was 73.20 for Case 1, and like Table 3, F-
value was 358.92 for Case 2) than P-value is very less (approx. 0.0000) suggested
that all parameters are significant.

3.2 Regression Equation

In this study, regression equations were also obtained from Minitab for both cases,
for both responses volumetric shrinkage and fill time.

Regression equation for shrinkage for Case 1

Shrinkage ¼ 18:45� 0:0245 � V � 0:01905 �W þ 0:00118 � X
� 0:01358 � Y � 0:11627 � Z ð1Þ

Fig. 2 a Shrinkage and fill time values for Case 1, b shrinkage and fill time values for Case 2

424 K. Jain et al.



T
ab

le
2

C
om

pa
ri
so
n
an
al
ys
is
of

A
N
O
V
A

re
su
lts

of
sh
ri
nk

ag
e
fo
r
C
as
e
1
an
d
C
as
e
2

C
as
e
1

C
as
e
2

C
as
e
1

C
as
e
2

C
as
e
1

C
as
e
2

C
as
e
1

C
as
e
2

C
as
e
1

C
as
e
2

So
ur
ce

D
F

A
dj
.
SS

A
dj
.
M
S

F
-v
al
ue

P
-v
al
ue

R
eg
re
ss
io
n

5
5

25
.5
92

1
1.
22

8
5.
11

84
0.
24

56
73

.2
58

.7
7

0
0

V
1

1
0.
26

99
0.
04

71
2

0.
26

99
0.
04

71
2

3.
86

11
.2
8

0.
06

3
0.
00

3

W
1

1
0.
65

32
0.
21

91
2

0.
65

32
0.
21

91
2

9.
34

52
.4
3

0.
00

6
0

X
1

1
0.
00

25
0

0.
00

25
0

0.
04

0
0.
85

1
1

Y
1

1
0.
33

18
0.
00

54
1

0.
33

18
0.
00

54
4.
75

1.
29

0.
04

1
0.
26

8

Z
1

1
24

.3
34

6
0.
95

63
4

24
.3
34

6
0.
95

63
4

34
8

22
8.
85

0
0

E
rr
or

21
21

1.
46

85
0.
08

77
6

0.
06

99
0.
00

41
79

T
ot
al

26
26

27
.0
60

5
1.
31

57
6

Effect of Process Parameter on Plastic Parts Using ANOVA … 425



T
ab

le
3

C
om

pa
ri
so
n
an
al
ys
is
of

A
N
O
V
A

re
su
lts

of
fi
ll
tim

e
fo
r
C
as
e
1
an
d
C
as
e
2

C
as
e
1

C
as
e
2

C
as
e
1

C
as
e
2

C
as
e
1

C
as
e
2

C
as
e
1

C
as
e
2

C
as
e
1

C
as
e
2

So
ur
ce

D
F

A
dj
.
SS

A
dj
.
M
S

F
-v
al
ue

P
-v
al
ue

R
eg
re
ss
io
n

5
5

1.
27

53
2

0.
00

01
63

0.
25

50
64

0.
00

00
33

29
.9

35
8.
92

0
0

V
1

1
0.
01

49
1

0.
00

00
4

0.
01

49
1

0.
00

00
4

1.
75

46
.3
5

0.
2

0

W
1

1
0.
65

67
7

0
0.
65

67
73

0
77

1.
38

0
0.
25

4

X
1

1
0

0
0

0
0

0
1

1

Y
1

1
0.
59

80
9

0.
00

01
58

0.
59

80
9

0.
00

01
58

70
.1
2

17
46

.3
6

0
0

Z
1

1
0.
00

55
4

0
0.
00

55
44

0
0.
65

0.
5

0.
42

9
0.
48

9

E
rr
or

21
21

0.
17

91
2

0.
00

00
2

0.
00

85
3

0

T
ot
al

21
26

1.
45

44
4

0.
00

01
65

426 K. Jain et al.



Regression equation for shrinkage for Case 2

Shrinkage ¼ 7:416 þ 0:01023 � V þ 0:01103 �W � 0:000 � X
� 0:00173 � Y � 0:02305 � Z ð2Þ

Regression equation for fill time for Case 1

Fill time ¼ 7:376 � 0:00576 � V � 0:01910 �W þ 0:00 � X
� 0:01823 � Y � 0:00176 � Z ð3Þ

Regression equation for fill time for Case 2

Fill time ¼ 0:32902� 0:000097 � V � 0:000008 �W þ 0:0 � X
� 0:000297 � Y þ 0:000005 � Z ð4Þ

Residual results for regression equations have been shown in Fig. 3a and b,
respectively. The residual result shows the differences between simulation and
predicted results.

Figure 4 shows that the normal probability plot is near to the straight line, so it is
residual.

4 Conclusion

The point of this investigation is to advance MFA simulation results for mold flow
plastic injection process. This investigation uses L27 orthogonal array for infor-
mative investigation on two distinctive sprue and location of runner. In this
investigation, analysis of variance (ANOVA) and regression analysis were principle
input strategies to explain reaction and factor relations emphatically.

Fig. 3 a Residual results for Case 1, b residual results for Case 2
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ANOVA outcomes demonstrate that the packing pressure is major noteworthy
factor for volumetric shrinkage for Case 1 and packing pressure with melt tem-
perature was most critical element for volumetric shrinkage for Case 2. Like that for
fill time, melt temperature and injection speed were most critical variables for Case
1, and for Case 2, mold temperature and injection speed were most noteworthy
elements.

Model conditions related to fill time and shrinkage were anticipated precisely
with Minitab programming and show 90% great forecast for reactions and can be
utilized by any plastic injection molding procedure producer.

5 Future Scope

In this investigation, two cases were examined utilizing symmetrical cluster idea,
structure change depended on sprue, and location of runner, yet in this investiga-
tion, sprue and runner were fixed for all reproduction cases for both cases. For
future work, it will be a great way to deal with study factor change dependent on
geometrical difference in sprue and runner framework.

ANT colony and response surface optimization can be used for prospect
investigation to get the better consequences of process related to plastic injection
molding.

Fig. 4 a Case 1 shrinkage normal probability plot, b Case 1 fill time normal probability plot,
c Case 2 shrinkage normal probability plot, d Case 2 fill time normal probability plot

428 K. Jain et al.



References

1. Oktem, H., Erzurumlu, T., Uzman, I.: Application of Taguchi optimization technique in
determining plastic injection molding process parameters for a thin-shell part. Mater. Des. 28,
1271–1278 (2007)

2. Song, M., Liu, Z., Wang, M., Yu, T., Zhao, D.: Research on effects of injection process
parameters on the molding process for ultra-thin wall plastic parts. J. Mater. Process. Technol.
187, 668–671 (2007)

3. Rahman, W.A.W.A., Sin, L.T., Rahmat, A.R.: Injection moulding simulation analysis of
natural fiber composite window frame. J. Mater. Process. Technol. 197, 22–30 (2008)

4. Chen, C.-P., Chuang, M.-T., Hsiao, Y.-H., Yang, Y.-K., Tsai, C.-H.: Simulation and
experimental study in determining injection molding process parameters for thin-shell plastic
parts via design of experiments analysis. Expert Syst. Appl. 36, 10752–10759 (2009)

5. Azaman, M., Sapuan, S., Sulaiman, S., Zainudin, E., Khalina, A.: Shrinkages and warpage in
the processability of wood-filled polypropylene composite thin-walled parts formed by
injection molding. Mater. Des. 1980–2015(52), 1018–1026 (2013)

6. Mohamed, O.A., Masood, S., Saifullah, A.: A simulation study of conformal cooling channels
in plastic injection molding. Int. J. Eng. Res. 2, 344–348 (2013)

7. Vikas, B., Chandra Kumar, R.: Influence of feeding system in injection molding for lower
washer of a bearing. Int. J. Res. Eng. Technol. 2, 396–399 (2013)

8. Sortino, M., Totis, G., Kuljanic, E.: Comparison of injection molding technologies for the
production of micro-optical devices. Procedia Eng. 69, 1296–1305 (2014)

9. Jain, K., Kumar, D., Kumawat, S.: Plastic injection molding with taguchi approach-a review.
Int. J. Sci. Res. 2, 147–149 (2013)

10. Jain, A., Singh, B.: Parametric analysis during laser cutting of basalt-glass hybrid composite.
Lasers Manuf. Mater. Process. 7, 111–139 (2020)

11. Jain, A., Singh, B., Shrivastava, Y.: Reducing the heat-affected zone during the laser beam
drilling of basalt-glass hybrid composite. Compos. B Eng. 176, 107294 (2019)

12. Jain, A., Singh, B., Shrivastava, Y.: Investigation of kerf deviations and process parameters
during laser machining of basalt–glass hybrid composite. J. Laser Appl. 31, 032017 (2019)

13. Jain, A., Singh, B., Shrivastava, Y.: Heat-affected zone investigation during the laser beam
drilling of hybrid composite using statistical approach. Arab. J. Sci. Eng. 45, 833–848 (2020)

14. Jain, A., Singh, B., Shrivastava, Y.: Analysis of heat affected zone (HAZ) during
micro-drilling of a new hybrid composite. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci.
234, 620–634 (2020)

Effect of Process Parameter on Plastic Parts Using ANOVA … 429



Study of Tool Wear in Friction Stir
Processing of Metal Matrix
Composites—A Review

Pratap Singh and K. Hans Raj

Abstract The tool wear is an important issue in the fabrication of the metal matrix
composites (MMCs). Friction stir processing (FSP) is a technique utilized to
manufacture MMCs. It refines microstructure and enhances mechanical properties
and also removes casting defects. Mostly, FSP has been carried out in non-ferrous
alloys like aluminum, magnesium, copper, etc., to improve their strength and
hardness. Now, this process is implemented for metals like steel and titanium also.
During the rotation and traverse action, the FSP tool comes in contact with the
ceramic powder which is much harder and sharper resulting in tool wear. The tool
wear depends on the interaction between the tool and the workpiece materials. The
tool geometry, FSP parameters, and the reinforcement material also play an
important role in tool wear. The selection of the tool type, tool material, and tool
geometry is important to produce a good quality workpiece. This selection depends
on the stir zone temperature, wear resistance, material toughness, etc. This study
aims to investigate the rate of tool wear, tool types, tool material, and tool
dimensions in FSP of surface composites and metal matrix composites. FSP of hard
materials is still a challenging task. More studies of tool design, tool wear, and
selection of tool material are still required to be conducted to make this process
more useful in future.

Keywords Friction stir processing (FSP) � Tool wear � Metal matrix composites

1 Introduction

Metal matrix composites (MMCs) are widely used in industries as compared to
other composites such as polymer matrix composite (PMC) and ceramic matrix
composite (CMC). MMC is composed of metal matrix and reinforced particles.
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These particles may be in the form of ceramic powder or fibrous material. The
addition of reinforcement particles of micro- or nano-size makes the composites
stronger and harder. The composites reinforced with nano-size particles exhibit
better mechanical and surface properties. There are various methods used for
reinforcing such particles into composites such as direct pasting [1–3], spray
technique [4–6], groove method [7–9], blind holes method [10–12], etc. FSP is
nowadays adopted for grain refinement, surface modification, and enhancing
mechanical properties. This technique is implemented for making PMC also [13–
16]. In FSP, a rotating tool traverses along a specified path as shown in Fig. 1. Due
to severe plastic deformation of metal around the rotating pin in the stir zone, high
temperature is generated (below the melting point), and the grain refinement takes
place.

2 Tool Wear in FSP

Tool wear is an important issue for an industry as it directly affects the cost of the
production. The high strength, high hardness, and sharpness of ceramic reinforce-
ment causes wear in tool. The tool wear is the result of friction between the metal
matrix and the hard and sharp ceramic particles. Excessive tool wear results in poor
surface quality. The tool wear also causes intermetallic phases which may result in
the deterioration of mechanical properties. The important FSP parameters that
influence the tool wear include rotational speed, number of FSP passes, traverse
speed, axial force, etc. By increasing the rotational speed, more heat will be gen-
erated. Homogeneous distribution of reinforcing particles takes place at higher

Fig. 1 Schematic illustration of FSP
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rotational speeds of the tool. Molla Ramezani et al. [17] reported that the tool wear
decreased with an increase in rotational speed. Their statistical analysis showed that
the rotational speed has 52.9% and pass numbers have a 13.1% impact on tool
wear. The higher rotational speed causes higher strain rate and greater elongation of
the materials which results in a reduction in grain size. The product with the smaller
grain size is found to be stronger and harder. There is a temperature limit, up to
which, the strength increases and then decreases. Ma et al. [18] suggested the
temperature range of 450 to 500 °C gives better grain refinement for the aluminum
composites. The tool geometry plays an important role in the microstructural
evolution and is considered as a critical parameter in the tool wear [19]. The
threaded pin of the tool generates more heat and helps in the flow of material. Grain
refinement and better mechanical properties are attained with threaded pin as
compared to the pin having no thread. However, more tool wear is noticed in the
threaded pin [17]. Few studies on tool wear are given in Table 1.

3 Tool Types

The tools used in FSP may be categorized into four types depending on the pin
(fixed pin, adjustable pin, self-reacting tool, and hollow pin-less tool) and end-use
requirement. The fixed pin tool is most commonly used in FSP (Fig. 2a). This tool
relates to a single piece containing both the shoulder and pin. The use of this tool is
limited because of its fixed pin length. This issue is resolved in adjustable tools
(Fig. 2b) [23], where the pin is adjusted according to the thickness of the specimen.
The shoulder and pin are two independent parts. The independent pin is allowed to

Table 1 Effect of process parameters on tool wear [17, 20–22]

Process
parameters

Workpiece/
tool material

Effect on tool wear

Rotational
speed

Al7075/H-13
tool steel

Tool wear decreased with increasing rotational speed.
Rotational effect has 52.9% impact on tool wear

Ti-6Al-4V/
PCBN

At rotational speed of 400 rpm, maximum tool wear
occurred at a location 7 mm from the tool plunge point. At
higher rotational speed of 800 and 1200 rpm, the tool wear
occurred at the tool plunge point

Steel/PCBN Increasing rotational speed results better heat generation,
homogeneous distribution of reinforcement particles
(RPs) with lesser tool wear

Traverse
speed

Al7075/H-13
tool steel

Tool wear is almost constant with respect to traverse speed

Number of
passes

Al7075/H-13
tool steel

Tool wear increases up to three passes and then it remains
constant. Number of passes has 13.1% impact on tool wear

Travel
distance

Al6061/H13
steel

Tool wear is found in three distinct phases, tool wear is rapid
in phase 1, gradual in phase 2, and constant in phase 3
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adjust in the shoulder, so the pin length is easily altered based on thickness of the
specimen. The third one is self-reacting tools [24] (Fig. 2c). It is made up of three
parts: top shoulder, pin, and bottom shoulder. The length of the pin is adjusted
between these two shoulders. The last one is hollow and pin-less tool as shown in
Fig. 2d. Huang et al. [25] used this type of tool for the induction of RPs in friction
stir processing of surface composites.

If the tool is made in a single piece, the whole tool is to be getting replaced with
a new one, which ultimately increases the manufacturing cost. To reduce such
costs, two parts or even three-part tools might be beneficial. Most of the researchers
observed more tool wear in the threaded portion of the tool pin. The threaded pin
after wear out can be easier to replace as compared to replacing the whole tool.
Another type of tool in which the shoulder is stationary is studied by Impero et al.
[26], where effect of stationary shoulder FSP (SSFSP) on tool wear is investigated.
The SSFSP is quite similar to conventional FSP except that the tool shoulder is
fixed and traverses along the specified path. Only the tool pin rotates inside this
stationary shoulder. It is found that the processed specimen through SSFSP exhibits
a smoother surface without shoulder marks. Tool wear with this method was found
to be negligible, and less flash is observed on the workpiece.

Fig. 2 Types of tools: a Fixed pin; b Adjustable pin; c Self-reacting type tool; d Hollow and
pin-less tool filled with (RPs)
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4 Tool Materials

Tool material selection is one of the important considerations in FSP. An excellent
review was done by Zhang et al. [19] that identified various properties which should
be available in the tool materials. These are: higher compressive yield strength;
creep resistance; good thermal fatigue strength; good fracture toughness; low
thermal expansion coefficient; good machinability, and low or affordable cost.
Chiteka [27] studied the influence of tool materials considering various tool
materials (tool steels, metal carbides and ceramics, nickel alloys and cobalt base
alloys, refractory metals, etc.) that have been used in the friction stir welding/
processing (FSW/P) process. Table 2 exhibits the tool materials selected by
researchers for FSP of various alloys and composites. In general, both the soft and
hard materials of the specimen can be processed with very hard tool materials with
ease.

Table 2 Tool materials used in FSP

Tool materials Materials processed by FSP

Tool steels H13 Al2024 [4], A356 [5], AA1050 [28, 29], Al5083
[10, 30], AA6063 [31], AA6061 [32], AA7075
[33], AA8011 [34], Al6061/SiO2 [35]

High-carbon
high-chromium steel
(HCHCr)

AA6061 [12, 36, 37]

High carbon steel
(HCS)

AA1050 [38]

D2 steel Al7075 [8], Pure Al [39],

D3 tool steel AA7075 [9]

Mild steel (MS) Al6061 [40]

High-speed steel
(HSS)

[41]

Ceramic-based
material

Tungsten carbide—
cobalt materials
(WC-Co)

High-strength low-alloy steel [42]

Tungsten carbide
(WC)

Steel/TiC [43], steel [44], Ti [45]

Polycrystalline cubic boron nitride
(PCBN)

Tool steel [46], AA7075 [47], Ti-6Al-4V [20],
AA 7075 [22]
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5 Tool Dimensions

Tool dimensions and shape are also responsible for tool wear during FSP. The heat
developed during FSP causes tool wear. During FSP, the rubbing of the tool against
workpiece is considered as a heating source. The heat input Eq. (1) proposed by
Frigaard et al. [48] is used for calculating the heat developed during FSP.

q0 ¼ 4
3
p2lPNR3 watt/m2� � ð1Þ

where µ is the effective friction coefficient between the tool and the workpiece, P is
the pressure distribution (MPa), N is the rotation speed (rpm), and R is the surface
radius (mm).

It is clear from Eq. (1) that the heat input in FSP is strongly dependent on the
shoulder size. Zhang et al. [19] found a relationship between shoulder diameter and
workpiece thickness. They summarized the shoulder diameters and probe diameters
as a function of the thickness of sheet. They considered 53 sets of studies including
Al, Cu, Mg, Ti, Ni, and steel as a base material and found a trend using a
least-square approximation method as mentioned in Eqs. (2), (3), and (4).

Shoulder diameter mmð Þ ¼ 2:22� specimen thicknessþ 7:3 ð2Þ

Probe diameter mmð Þ ¼ 0:8� sample thicknesþ 2:2 ð3Þ

Shoulder diameter mmð Þ ¼ 2:1� probe diameterþ 4:8 ð4Þ

6 Tool Wear Measurement

The percentage of tool wear calculation was carried out using Eq. (5) [49, 50].

%Tool Wear ¼ mi � Dm
mi

ð5Þ

where mi is the initial mass of the probe and Δm is the change in mass of the probe.
Prater et al. [49] studied the behavior of the wear resistance of various tool

materials. The tool materials are: steel, tungsten carbide with micro-grain and sub
micro-grain cobalt binders (WC-Co), and diamond-coated WC. They concluded
that the wear of tool can be minimized by selecting the harder tool materials. The
harder materials prolong tool life.
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7 Conclusion

It is evident from literature that the tool wear is an important parameter in fabri-
cation of surface composites and metal matrix composites. From Table 2, it is
concluded that most of the studies of FSP are performed using Al alloys as base
metal with tool steels (H13, HCHCr, HCS, D2 steel, D3 steel, MS, HSS, etc.) as a
tool materials. Tools made up of tungsten carbide with cobalt and polycrystalline
cubic boron nitride are generally used for FSP of steel and titanium. The tool wear
not only increases the production cost but also affects the quality of the workpiece.
Selection of tool material and tool types can be important consideration to reduce
the tool wear. Tool wear estimation with empirical relation is also briefly reviewed
in this work. To overcome such problems, more studies on optimization of tool
design and process parameters are required.
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Graphene–Alumina Composite:
The Advanced Coating Material
for Developing Harder Surface
of Steel Strip Substrate

Tapan Dash, Gaurab Kumar Sahoo, Binod Bihari Palei,
and Tapan Kumar Rout

Abstract We successfully coated composite of alumina–graphene (0.5 and 1.5wt%)
on steel strip substrate in this work. The coating was carried out by the transferred
plasma torch method. Better adhesion with good microstructural of alumina–gra-
phene (1.5 wt%) was observed on steel substrate. XRD shows peaks of alumina and
carbon related to graphene. Micro-Raman spectroscopy shows graphene present on
coating is in bilayer structure. Adhesion quality and formation of coating with no
defect and porous-free nature were confirmed from the FESEM study. While bare
steel exhibits hardness and Young’s modulus values of 168 VHN and 190 GPa,
respectively, alumina–graphene coated (1.5 wt%) on steel exhibits hardness and
Young’s modulus values of 250 VHN and 270 GPa, respectively. Improved
microstructure with mechanical property attributed to optimized coating condition
and absence of coating defect. The as-prepared coating with improved properties will
inspire industries to focus and use this material for advanced critical applications,
especially for developing wear-resistant components.

Keywords Graphene � Steel � Coating � Hardness

1 Introduction

Generally, the steel industry’s development is considered an indicator of economic
progress because of its potential application in various infrastructural and engi-
neering fields. It is a widely used material for its excellent mechanical behavior. But
it has great disadvantages because of its corrosion, low surface hardness, and poor
wear resistance compared to other ceramics [1–5]. Different methods have been
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continuously addressing to improve these limitations [5–7] and to improve the
quality of steel. Scientists have been working on different alloying methods, dif-
ferent compositions, coating, etc., to improve steel [8–10]. Referring to the litera-
ture, it can be addressed that a suitable coating is less cost-effective to develop the
behavior of working surface contact of steel to be used at different critical condi-
tions of mechanical and thermal load and corrosion resistance environment [10].
Today, graphene is considered a disruptive technology that invites new markets and
replacing existing materials and technologies. Graphene-based materials (GBMs)
have been used for producing various nanocomposite coatings to develop surface
and mechanical properties, including strength, corrosion resistance, and stability,
etc. Particularly, it has high “mechanical properties (strength *130 GPa, Young
modulus *1 TPa)” [11–23]. Ni/GO–Al2O3 (mass ratio of GO and Al2O3 of 1:1)
coated on steel shows microhardness of 500 HV [19]. Steel coated with Al2O3 and
CNT shows decrease trend of Young’s modulus with increased content of carbon
(from 41 GPa for Al2O3 to 9 GPa for containing 25% C) [24]. Alumina (Al2O3) is
essentially used in the materials industry. It has been employed in various critical
applications such as cutting tools working under high-speed, parts of wear resistant,
and multifunctional coatings, because of having excellent hardness and excellent
adhesion with metals [25–28]. It is considered that by exploring the properties of
Al2O3 and graphene composite, a protecting material expected to be developed for
improving next generation coatings for industrial applications useful for enhancing
hardness and the anti-corrosion applications.

First of all, in this work, successfully Al2O3-graphene composite (0.5 and 1.5wt%)
by 8 h of dry planetary ballingmillingwas prepared. Thiswork explores the coating of
Al2O3-graphene composite on the steel substrate using plasma torch technique
(non-transferred type). “The microstructural, spectroscopic, and mechanical proper-
ties of steel with a coating of Al2O3-graphene composites were investigated by
employing various techniques such as X-ray diffraction (XRD), field emission
scanning electronmicroscopy (FESEM),micro-Raman spectroscopy,microhardness,
and Young’s modulus by nanoindentation.” It was found that the coating of alumina–
graphene (1.5 wt%) improves the mechanical properties of steel.

2 Experimental

At first, alumina–graphene (0.5 and 1.5 wt%) was synthesized from graphite of high
purity. It was prepared via “a horizontal high energy dry planetary ball milling
technique.” For 8 h, milling of samples was carried out. Milling was carried out at
the charge to ball ratio of 1:7. The rotation speed of milling was 350 rpm. After
successfully composites are prepared, samples are taken to carry out coating
experiment on steel (using a non-transferred plasma torch). An “APS plasma sys-
tem (metallization) consists of PS50M plasma gun” is used to spray alumina–
graphene (0.5 and 1.5 wt%) coating carried out on substrate of steel at an energy
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level of 20 KWh. Before coating on steel, blasting of the substrate was carried out
by Al2O3 grit to achieve �14 lm for developing adhesion for coating. NiCrAlY
was used as bond coat on the substrate for decreasing the thermal expansion of it.
By burning of electric arc between the cathode and anode, plasma state is generated.
Argon (Ar) was used for the generation of plasma. The carrier gas flow rate of 3 L
per minute (LPM) was maintained in the experiment. The composite powder at
molten state coated on the substrate of mild steel (5 cm � 5 cm � 2 cm). In
substrate holder, the substrate was kept at a distance of 120 mm from the plasma
gun. Plasma coating was carried out with to and fro motion of torch. After coating
over, the coated products are left for a rapid solidification process. The cooling was
maintained with 120 °K/s cooling rate. The properties of the coated samples of steel
were carried out by employing various techniques. “XRD was carried out by
PANalytical X’Pert Pro diffractometer equipped with CoKa radiation.
Micro-Raman spectra were taken by employing a dispersive type Renishaw inVia
Reflex (UK) spectrometer. The microstructures of samples were carried out by
FESEM (model: ZEISS SUPRA 55). Energy dispersive spectra (EDS) were taken
using the Oxford, X-Max system. The constituents of different phases grown in the
sample were confirmed by EDS analysis. Nano-indenter-UMIS system
(Fisher-Cripps, Australia) with diamond Berkovich indenter (tip diameter: 400 nm)
at a maximum applied load of 50 mN was used for hardness and Young’s modulus
calculation.”

3 Results and Discussion

To know the crystal structure and phases of the substrate (steel) and coating surface
(coating of alumina–graphene (0.5 and 1.5 wt%) composite) XRD analysis was
carried out (Figs. 1 and 2). XRD analysis of Fe substrate shows peaks due to Fe only.
Major peaks of Fe are found as Fe(110) at around two theta of 52°. The phases
and planes are identified in this work by comparing the determined “d-values
(experimentally determined) with the d-values of standard powder diffraction data
file, C: 00-041-1487, Al2O3: 01-075-1862, and Fe: 00-045-1488 supplied in JCPDS-
ICDD PDF-2 (2004).” The XRD analysis of samples was taken in 2 theta range of
50–80°. XRD analysis confirms the purity of the substrate. XRD analysis of alu-
mina–graphene coated Fe shows the peaks of Al2O3 and the peak of C (graphene). d-
spacing value of C confirms the presence of graphene on coating. The different
phases with different planes with their position and FWHM of were studied. The
results were made comparison with their standard values, which indicate the
regular-ordered and crystalline nature of the samples. No other impurity phase is
detected in the coating.

Microstructural behavior of typical coating material like alumina–graphene
(1.5 wt%) coated on steel substrate is observed from FESEM (Fig. 3a). An almost
uniform distribution of composite on steel substrate is observed. For various
advanced applications, it is understood that the uniform distribution of composite
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on steel substrate is crucial to prepare the superior quality coating. The coating is
also found to free from microporosity and any surface defects. EDS result (Fig. 3b)
carried out on FESEM shows Al as major peak along with low intense peaks for O
and C. Micro-Raman spectroscopy characterization of alumina–graphene (1.5 wt%)
coated is shown in Fig. 4. Micro-Raman spectra show different peaks of carbon,
i.e., G, D, 2D. Being Fe metal, no peak related to iron is observed. In the Raman
spectra, it is observed that 2D to G intensity ratio is nearly one that indicates
graphene’s bilayer nature. Micro-Raman shows the presence of Al2O3 in the
spectrum. The result confirms the successful coating formed on the steel substrate.

Microhardness and Young’s modulus of bare steel and coating surface of steel
(composites of Al2O3–graphene (0.5 and 1.5 wt%) coated on steel) were deter-
mined by nanoindentation method are presented in Table 1. On the samples’ sur-
face, 15 indentations were taken, and their average values for materials are reported
here. The microhardness and Young’s modulus of bare steel were determined to be
168 VHN and 190 GPa, respectively. In this work, Al2O3–graphene (1.5 wt%)
composite coated on steel shows relatively higher hardness and Young’s modulus

Fig. 1 XRD study of steel
substrate

Fig. 2 XRD study of Al2O3–

graphene (1.5 wt%) coated
steel substrate
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of 250 VHN and 270 GPa, respectively. The above improved mechanical properties
of steel coated with Al2O3–graphene composite may be attributed to the improved
dispersion of graphene in the composite and good adhesion of composite on the
substrate.

Fig. 3 FESEM and EDS studies of Al2O3–graphene (1.5 wt%) coated on substrate of steel:
a FESEM image carried out on the steel coating (the top surface), b EDS carried out on FESEM

Fig. 4 Micro-Raman
analysis of Al2O3–graphene
(1.5 wt%) coated steel
substrate

Table 1 Microhardness and Young’s modulus values of bare and coated steel

Sample ID Microhardness in
VHN

Young’s modulus in
GPa

Steel 168 ± 12 190 ± 11

Alumina–graphene coated (0.5 wt%)
steel

188 ± 06 202 ± 06

Alumina–graphene coated (1.5 wt%)
steel

250 ± 10 270 ± 14
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4 Conclusion

In this work, it has been possible to prepare the coating of alumina–graphene
(0.5 and 1.5 wt%) on the steel substrate. The successful coating is confirmed from
various advanced characterizations like XRD, micro-Raman, and FESEM.
Graphene present on coating is found in bilayer form. XRD of composite coated on
steel shows peaks of Al2O3 along with peaks of graphene. Raman shows peaks of
Al2O3, G, D, and 2D. Adhesion quality and formation of coating are confirmed
from the FESEM study. No surface defect and porous nature are detected in the
FESEM study. In the Raman spectra, it is observed that the intensity ratio of 2D to
G is nearly one, which indicates the bilayer nature of graphene. Bare steel shows
hardness and Young’s modulus values of 168 VHN and 190 GPa, respectively.
Whereas alumina–graphene coated (1.5 wt%) on steel exhibits hardness and
Young’s modulus values of 250 VHN and 270 GPa, respectively.
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Recent Advances of Reinforced Natural
Polymers: A Review

Sartaj Singh, Saurabh Kango, Nitin Sharma, and Sumit Sharma

Abstract In recent years, the growth of the composites of natural polymers has
made a noticeable impact on the research of the polymer composites. Inspired by
the superhydrophobicity, researchers are in consistent pursuit on creating these
advanced wax materials and surfaces. As these materials have huge applications in
the diverse modern engineering sectors, researchers are driving themselves to work
on the improvements of performance parameters of these surfaces. The present
review aims to highlight the important trends and advances in the research and
development of these natural polymers and their different properties. A summary on
the recent advancements of natural reinforced polymers (NRP), waxes and sponges
is provided for their effective use in oil–water separation applications. The review
also covers current research and strives on the fabrication of these ‘special’ mate-
rials, their important mechanical, tribological and thermal properties, anti-wetting
behavior and biodegradability along with challenges in the field. In the end, the
critical conclusions of the present review and scopes for future work have been
discussed.

Keywords Biomaterials � Polymers � Wax � Tribology � Superhydrophobicity �
Oil–water separation

1 Introduction

1.1 Natural Reinforced Polymers (NRP)

The trend of fiber composites began when researchers discovered plastics and other
composites which have been widely used now as a sticking/gluing material. In
1930, the manufactured plastics like vinyl, polyester, phenolic and polystyrene were
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discovered and found to be valuable. However, due to their bad plastic qualities,
they could not meet to fit in certain applications which includes moving compo-
nents of automobile and aircraft, load-carrying components of machines, wind
turbine blades and sports equipment. So to increase the important properties of
these materials, some special reinforced polymers were introduced. In 1935, the
first ever reinforced fiber composite was created. Despite significant development of
fiber composites, the need for light and strong material still felt during World
War II. By the end of 1970, various engineered fibers had been found which
completely changed the utilization of materials [1, 2]. Carbon fiber, glass fiber and
aramid fiber strands are the most widely recognized reinforced materials due to their
availability in certain mechanical applications [3]. Despite their attractive
mechanical properties, these fibers, however, are non-biodegradable which create
ecological and environmental issues [4]. Hence, the use of natural fiber is more
preferable on conserving ecology and environment. They possess the property of
low weight and density and are also cheap. Thus, the ecological, economic and
organic properties of these materials can improve the composites and their uti-
lization in various present-day applications. The degradation of these polymers
would support the recyclability and empowers researchers to develop NRP [5]. The
density of natural reinforced fiber (1.16–1.7 g/cm3) is usually lower than that of
glass fiber (2.4 g/cm3), which make them to be used as lightweight composites in
various industrial applications [6].

1.2 Waxes

Nature gave us waxes, one of the most hydrophobic substances [7]. The super-
hydrophobicity (SHPY) in plants is due to the presence of the epicuticular wax
layer and the level of micro/nanostructure on the plant surface [8, 9]. The waxy
bump crystals present on the lotus leaf have the water contact angle (WCA) of
about 161 ± 2.7°. The individual length and diameter of these special pillars
(nonacosanol wax tubules) are 0.3–2 lm and 100–200 nm, respectively [10].
Waxes are of two types: natural waxes and synthetic waxes. The natural waxes can
be renewable or non-renewable. Examples of renewable waxes are plant and animal
waxes. Some plant waxes include soy wax, carnauba wax, candelilla wax, rice grain
wax, wax from sunflower, etc. Animal waxes include wool wax and beeswax. On
the other hand, mineral waxes can be categorized as non-renewable. Petroleum is an
example of mineral waxes. Montain is also considered as mineral wax. Paraffin and
microcrystalline are types of petroleum waxes [11–13]. Waxes are characterized by
their long chain which includes 10–60 carbon atoms, hydrocarbons, unsaturated
fats, alcohols, aldehydes, esters, etc. [14–17]. Paraffin which is a derivative of
petroleum wax has a wide range of applications in coatings on paper and light
candle making. Microcrystalline waxes are another type of petroleum waxes which
are primarily utilized in the rubber and cosmetics industry. More details of various
kinds of waxes can be found in other research articles [18–21].
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2 Anti-wetting Behavior of Different Polymers

2.1 Reinforced Polymers

The hydrophilic property of the NRP fiber is an important factor for its poor
behavior to absorb moisture. The moisture present in the fiber may lead to the
development of cracks in the construction of the matrix which affect the strength
and consequently reduce the life cycle of these composites [22]. The mechanism of
moisture absorption of these composites is categorized into three types. In the first
type, the diffusion of water molecules takes place due to the presence of
micro-voids in the polymer matrix. In the second type, the capillary is transferred
through the gaps at the interface of fiber matrix. In the third type, the presence of
micropores in the composite surface allows water to diffuse through the gaps which
results in the increase of moisture in these polymers [23]. Figure 1 shows the effect
of moisture in the de-bonding of the fiber matrix.

Haameem et al. [24] examined Napier grass fiber reinforced polyester composite
for their water absorption characteristics. The investigation revealed that the
treatment of fiber is powerful in enhancing the water resistance qualities of the
composites. The untreated short composites absorbed 13% of water, whereas long
composite absorbed 20% of water. After treatment, both short and long fiber
composites absorbed only 5% and 7% water, respectively. IAnother study by
Munirah Abdullah and Ahmad [25] showed that the treatment of fiber is helpful in
upgrading the water resistance behavior of the coconut fiber polyester composites.
Wu et al. [26] studied the effect of water absorption behavior of fabricated hemp
fiber composites covered with a film of polyethylene. Their result showed a
reduction in water absorption behavior which is more along the edges of the
composites. Akil et al. [27] investigated water absorption behavior of jute polyester
composite using distilled water, seawater and acidic solution. Their result showed
that with the increase of immersion time, the water absorption rate was found to be
increasing.

Fig. 1 Swelling and de-bonding of fiber from the matrix after moisture absorption
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2.2 Waxes

Separation of oil–water is a worldwide challenge ‘inferable’ from the frequent oil
spill accidents and in other modern-day industrial wastage. As of late, super-
oleophilic surfaces were proven to be important surfaces in the separation of oil–
water applications. Many reports [28–30] were published on porous materials
having properties of superoleophilicity and superhydrophilicity–superoleophobic-
ity, where waxes are used along with ceramic nanoparticles and polymers. Using
the electrospinning process, the superhydrophobic and superoleophilic nanofibers
of polycaprolactone (PCL) and beeswax (BW) have been investigated.

Through electrospinning, a solution of PCL/BW (10% weight to volume) was
prepared. In the procedure, BW was first dissolved in dichloromethane and then
stirred. The weight percentage of beeswax was in the range from 0 to 25. Then PCL
was added in the solution. The collected nanofibers were then heated in vacuum at
40 °C to eliminate any leftover contents. Beeswax membrane of 25 wt%
(PCL-25BW) showed superhydrophobicity with WCA of 153°. The corresponding
surface roughness for PCL and PCL-25BW was found to be increasing from
2.1 nm to 19.1 nm, respectively. With increase in the wax concentration, WCA
gradually increased. The sliding angle (SA) for PCL and PCL-25BW was also
found to be significantly reduced from 46° to 8°, respectively. Samples also showed
good corrosion resistance in various acidic solutions [31].

2.3 Sponges

Sponges/wipes (PDMS, melamine, polyurethane, CNT wipes) have received
specific attention in oil separation. The oil absorbed by these sponges can be col-
lected through mechanical squeezing. Though, these sponges are normally
non-renewable and non-biodegradable. An eco-friendly natural sponge was reported
by Wang et al. [32]. The wettability was modified by dip coating the sponge in an
emulsion of bran–candelilla wax. The natural sponge was kept in the emulsion at
60 °C and then sqeezed, taken out, squeezed and cooled. The pore diameter was
20 lm, and the size was in the range of 20–200 lm. The initial WCA of the sponge
was 123°, which increased to 153.8° after three cycles of dip coatings treatment.
Sliding angles were found to be 7.9°. In the following work, researchers fabricated
loofah sponge with properties of superhydrophobic and superoleophilic using sim-
ilar methods [33]. Yin et al. [34] fabricated a melamine magnetic sponge by syn-
thesizing with Fe3O4 and coating with candelilla wax. Firstly, the sponge was
precipitated by Fe3O4 and then squeezed at 70 °C in a candelilla wax–ethanol
solution. The sponge was then taken out of the solution and dried at a temperature of
60 °C. The treated sponge showed excellent absorption capacity of 55–104 g/g−1)
with high WCA (158.8°). Hunag et al. [35] showed similar results by using poly-
ethylene polytetrafluoroethylene mixture spray coatings on microfiber reinforced
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with polyphenylene sulfide. Wang et al. [36] dispersed TiO2 nanoparticles in a
molten carnauba wax to get a composite coating on a filter paper. The treated filter
paper was capable of expelling water from a water/diesel solution and showed WCA
of about 140°. Gupta et al. [37] added nano-alumina particles in beeswax and
paraffin. Their result showed increased WCA of 156° and extremely low hysteresis
of less than 5° with improved mechanical and thermal stability.

3 Other Desirable Properties

3.1 Tribological Properties of NRP

Materials go through rubbing, friction and wear when in relative motion with
different materials. This results in the tribological wear of the material, and due to
prolonged wear, the material surface starts to deteriorate. This wear damage
influences the degradation of reliability, durability and strength of the material and
consequently results in high maintenance or repairable cost. Matejka et al. [38]
revealed that by selecting the appropriate reinforcements in the polymer, one could
increase the tribological performance of the components. Composites with an ideal
weight percentage of fiber reinforcements offer better wear resistance [39, 40].
Dwivedi and Chand [41] studied the effect of increasing load on the reinforced fiber
composites. Their result showed that with the increase in the load the wear rate of
selected sisal fiber polypropylene composite reduces. Narish et al. [42] examined
wear and frictional qualities of kenaf fiber polyurethane composite. The treated
reinforced fiber showed improvements in the wear rate of the composites to about
78%. Similar results were found by Chin and Yousif [43] using kenaf reinforced
fiber with epoxy composite. The treated fiber increased the tribological performance
of the composite to about 85%. It has been seen that fiber length also influences
tribological wear. Singh et al. [44] and Boopathi [45] used epoxy composite
reinforced with fruit fiber to see the effect of different length of fiber in the tribo-
logical wear characteristics. Their result showed that the use of short fiber rein-
forcements improves the wear performance of the material.

3.2 Adsorption Capacity of Sponges

In this section, the adsorption capacity of special hydrophobic sponges has been
discussed. Sponges with high porosity possess high adsorption value. The porosity
of untreated polyurethane sponge is nearly 97% [46, 47]. After modifying, the
porosity decreased slightly as compared to the untreated sponge. This is due to the
effect of surface loading. The modified sponges have the adsorption capacity of
18–50 g/g for different types of oils and solutions [48]. The retainability of high
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porosity also helps in increasing the adsorption capacity. An enormous number of
reports showed that the addition of graphene changes the amphiphilic property of
sponges to hydrophilicity or oleophilicity. Besides the property of graphene to
absorb a wide range of oils and organic liquids, the graphene-modified sponge also
has increased adsorption capacity [49, 50].

4 Conclusions

On reviewing the important considerations for natural reinforced polymers and
wax-type polymers, the following keynotes have been concluded:

• Natural fibers and waxes are essential materials of intrigue when considering
superhydrophobic surfaces and coatings. Modifications on the eco-friendly
fibers and waxes lead to the advantages of being more economical, easy to
fabricate more in scope for large-scale production. Waxes which exhibit
superhydrophobic property experience the problem of mechanical durability and
low thermal stability which can be reasonably reduced to an extent by using
additives of suitable nanoparticles like Al2O3, SiO2, TiO2, CuO2, etc. Similarly,
surface energy can also be modified by using surface energy agents which can
increase the wettability of these waxes. Wax based also exhibits the property of
atmospheric corrosion protection.

• Modified sponges are also a prominent area of research as oil absorbents in oil–
water separation applications. Considerable work has been reported on changing
anti-wetting properties of these specially modified sponges. Depending upon the
application, small sponges can also be used to extract oil from water as they
could float easily in the sea. Thus, this could reduce environmental and health
hazards by eliminating harmful oil contents from water. Sponges are also shown
to have a high absorption rate with high porosity, thus holds much suitability to
be used as oil–water separation applications.

5 Future Scope

This article covered the in-depth review of natural reinforced polymers, waxes and
sponges, their various properties like mechanical, tribological, water resistance and
biodegradability which are important to consider when using these natural polymers
in industrial and practical applications. Researchers have added different types of
reinforced composites to the existing polymers to increase their performance
parameters. Further, research can be improved on developing these natural existing
polymers with additives and coupling agents from numerous renewable
biodegradable resources. On wax-based polymers, several works have been
reported till date using wax-based anti-wetting surfaces but only a few works have
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been reported on wax-based materials for oil–water separation applications in
biomedical marine and other applications. The case of sponges absorbing of high
viscosity oils and organic liquids is a problem as these sponges do not let these high
viscosity liquids to pass through them. Also, these sponges face difficulties in
recycling after use which could result in waste environmental pollution. So many
challenges still exist toward the fabrication of these sponges, and the prominent task
still needs to be done toward the better fabrication, better absorption, better usability
and recyclability of these ideal absorbents.
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Analysis on Different Types
of Viscometers, Design, Materials,
and Technology: A Review

Priyanka S. Bankar and M. B. S. Sreekara Reddy

Abstract Viscosity as a sensitive measure of liquids changes is a potential
quality-control parameter for simple and rapid assessment of fluid. Measuring
viscosity is important for the quality assurance of liquid products, as well as for
monitoring the viscosity of clinical fluids as a potential hemodynamic biomarker.
However, conventional viscometers and their micro-fluidic counterparts typically
rely on bulky and expensive equipment and lack the ability for rapid and
field-deployable viscosity analysis. Viscometers are broadly employed in a wide
range of sensing and monitoring applications, such as biochemical optimization,
biomedical diagnostics, pharmaceuticals, and various adulteration detections. When
realizing them in a micro-fluidic environment, the viscometers can potentially be
used in an automated and robust point-of-care setting. Even after so much evolu-
tion, one of the constant challenges faced in the development of micro-fluidic
devices is to choose the best fabrication scheme, particularly, in terms of a sim-
plified process, cost, and time. Here, we present a 3D printed electro-micro-fluidic
viscometer (EMV). The EMV measures the reference fluid viscosity, under laminar
flow, by automatically evaluating the travel time of the sample fluid vis-à-vis to that
of a reference fluid. In this paper, we disuses about different types of viscometers,
design, materials, and technology.

Keywords Materials � 3D printing � Technologies � Viscometer

1 Introduction

The development of science and technology nowadays is increasing rapidly and
getting more sophisticated. The needs of researchers begin to increase along with the
increasing of accuracy, precision, efficiency, and eco-friendly of the measurements
that will be measured to get the characteristics of an object. These measurements
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could be in the form of macro-scale research and micro-scale research. One mea-
surement that plays a role in micro-scale measurements is Brownian motion, which
is a phenomenon of the random movement of some particles that can be observed
under the objective lens of a microscope caused by the collisions between particles
and the molecules of the surrounding liquid [1].

Brownian motion has been used in general in several studies such as biology,
medical sciences, and physics. This method is especially useful for microrheology,
where micron-sized dielectric balls or namely microbeads are mixed into a fluid and
then the movements of microbeads are observed by using the assembly of a
high-resolution video camera and microscope optical systems making it possible to
obtain the viscosity values of the fluid. The Brownian motion-based system is made
to create a method for measuring the viscosity of a liquid with equipment that is
easier and simpler than conventional methods by utilizing the minimum quantity of
liquid (in microliters). Several studies on the analysis of Brownian motion-based
system have been carried out as in that observed Brownian motion at short-time
scales, with a focus on the measurement of the instantaneous velocity of a
Brownian particle in a gas and the observation of the transition from ballistic to
delusive Brownian motion in a liquid. Moreover, the article examines the capability
of mean square displacement (MSD) analysis to extract reliable values of the dif-
fusion coefficient D of a single particle undergoing Brownian motion in an isotropic
medium in the presence of localization uncertainty. In the article [1, 3], liquid
viscosity measurement was observed by using optical tweezers.

Not all liquids are the same; some are thin and flow fast, while some are thick or
gooey and flow slowly. The property that accounts for these differences in prop-
erties of flow is known as viscosity. Viscosity is defined as the measure of its
resistance to deformation at a given rate which corresponds to the informal concept
of thickness for liquids. The international systems of units (SI) measures the unit of
viscosity in Newton seconds per meter squared (Ns/m2) which is synonymous to a
Pascal second (Pa s). The imperial units measure viscosity in pounds-force second
per foot squared ibfs/ft2 [3]. The study of this property of substances is known as
rheology. This property is measured with a viscometer which provides data that are
useful in quality-control applications in the production of a wide variety of products
including inks, paints, motor oils, food, and cosmetic [3]. Dharmaiah et al. [4]
discussed the effect of viscous dissipation on free convective heat and mass transfer
characteristics. Sivaiah et al. [5] performed numerical study on MHD boundary
layer flow of a visco-elastic fluid over a porous plate in the presence of thermal
radiation.

Viscosity measurement is very important in the world of science. Some of these
areas where viscosity measurements are important are hydraulics, lubrication,
construction, refrigeration, and fabrication. In lubrication, lubricating oils are of
different grades, and these grades are determined greatly by their viscosity. Hence,
accordingly [6], viscosity is considered as a major property of lubricating oil. In the
construction industry, viscosity measurement is important in paint industries for
quality control; production of adhesives, and in concreting, viscosity determines
self-leveling and pumping behavior of a mix. Viscometers are used to measure
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viscosity, and there are of seven different classes. These are capillary viscometers,
orifice viscometers, high-temperature high-shear-rate viscometers, rotational vis-
cometers, falling ball viscometers, vibrational viscometers, and ultrasonic vis-
cometers [7–9]. Asserted that the commonly used viscometers are the capillary flow
type, the orifice type, and the rotational viscometers. Currently most commonly
used viscosity measurements techniques require that the liquid comes in contact
with a solid material. This method is in most cases impracticable for very thin
liquids. The falling sphere viscometer is one of these commonly used techniques for
measuring viscosity [10]. Gudala et al. [5] investigated the effect of bio-additive on
the viscosity and flow of heavy crude oil water. Nagasantoshi et al. [11] observed
the heat and mass transfer of nano-fluid with variable viscosity.

Micro-viscometer where two immiscible fluids were made to flow in a solitary
Y-shaped micro-channel under laminar flow, where one was reference fluid, while
the other being a test fluid. Based on the viscosities of both the fluids, the width
occupied by both the fluids was found to vary [12]. This was proven by modeling,
simulations, and experimentally by different fabrication approaches for diverse
applications, such as to monitor biodiesel blending, milk adulteration, and auto-
mobile fuel adulteration [10]. Microscopic images were taken and processed to
measure the width of the fluid. The limitation of this approach was a bulky system
due to the requirement of image capturing. Elsewhere, this approach was s1lightly
modified and extended with the help of a smart phone and an extra accessory of 4X
lens [13, 7].

Still, the requirement of image capturing and analysis persists. Furthermore, the
viscosity values were found to change with the variation of the inclination of the
camera during image capturing. The aim of this approach is to develop a
micro-fluidic viscometer avoiding the requirement of image acquisition, leading to
have an integrated, miniaturized, robust, and automated micro-fluidic device cap-
able of calculating viscosity with the help of microelectronics with the aid of a
simple and inexpensive 3DP.

Fig. 1 a Schematic of a typical Ostwald viscometer. b Schematic of the proposed micro-fluidic
[12]
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2 Literature Review

2.1 General Study

Viscosity measurement is very important in the world of science. Some of these
areas where viscosity measurements are important are hydraulics, lubrication,
construction, refrigeration, and fabrication. In lubrication, lubricating oils are of
different grades, and these grades are determined greatly by their viscosity. Hence,
according viscosity is considered as a major property of lubricating oil. In the
construction industry, viscosity measurement is important in paint industries for
quality control, production of adhesives and in concreting, viscosity determines
self-levelling, and pumping behavior of a mix. Viscometers are used to measure
viscosity, and there are of seven different classes. These are capillary viscometers,
orifice viscometers, high-temperature high-shear-rate viscometers, rotational vis-
cometers, falling ball viscometers, vibration viscometers, and ultrasonic
viscometers.

2.2 Designing of Viscometer

Mr. Derrick [1]: Current laboratory equipment used for undergraduate engineering
courses can be enriched inexpensively by adding acquisition boards and requiring
students to write code to enable to obtain data from these devices. Programming can
be completed prior to the laboratory session, and then the code will be tested. This
paper presents one laboratory experiment developed at Indiana-University Purdue
University Indianapolis (IUPUI). The primary objectives of the project were to
develop a viscometer apparatus prototype (1) with a significantly lower acquisition
cost compared to current model and (2) that enhances students’ understanding of
viscosity and drag principles. The apparatus is implemented for use in the IUPUI
Mechanical and Energy Engineering Department’s fluid mechanics laboratory.
Current acquisition cost is shown to be expensive and can produce inaccurate data
due to the method of testing. Increasing accuracy of the results will allow students
to feel more confident in learning the fundamental theory they are being taught.
A prototype was developed that met sponsor requirements, engineering require-
ments, and abided by ASTM viscometer measurement standards. The fully built
and assembled prototype provides a cost-effective way for students to accurately
and precisely determine the viscosity of different oils. Compared to the older model,
the newer model showed 30–40% reduction in error. An assessment study is a work
in progress to identify the overall impact the redesign and programming add to
student learning.

Augustine [3]: Viscosity plays an important role in sciences and engineering
world. Knowledge of viscosity and flow parameters are essential in liquids for their
production, quality control, and development. The construction industry makes use
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of different liquids for different applications. Plasters, sealers bond breakers, liquid
floor hardeners, coatings, and more are liquids used in the construction industry.
Conclusions about their processing characteristics, pumpability, sprayability shelf
life, as well as flow ability and application characteristics can be retrieved from
successful measurements. It is therefore important that related measurements should
be carried out with equipment that is accurate and less expensive.

Kondrashov [2]: In this paper, the problem of determining the viscosity coeffi-
cient of a Newtonian liquid for the development of a rotary viscometer is consid-
ered. The least squares method is proposed to be used for processing the
measurement results. Conversion factors of electric sensor readings are proposed.
The calibration instrument is designed to calculate the conversion coefficient of the
torsional moment to current of the sensor. The proposed formulas are useful for
developing an algorithm for calculating a rotary viscometer with more accurate
processing of measurement results.

Zulfahmi [14]: As the development of science and technology is increasing
rapidly, there is one research method that plays an important role in micro-scale
measurements, namely Brownian motion. Brownian motion is a phenomenon of the
random movement of several particles that can be observed under the objective lens
of a microscope due to collisions between particles and surrounding liquid mole-
cules. In this study, the author will observe how the Brownian motion method can
be used to determine the liquid viscosity value through the relation between the
displacement of polymer particles in various concentration of the solutions and the
size of polymer particles that will be used in the observation.

2.3 Material Required for Viscometer

Anjorin [15]: This paper presents the design and testing of a locally fabricated
viscometer. The need for a locally fabricated viscometer to measure the viscosity of
lubricants is underpinned by the prohibitive cost of imported laboratory equipment
such as the viscometers. The kinematic viscosities of SAE 40, palm oil, and soy-
bean oil were measured using the fabricated viscometer. Experimental results
showed that the viscosity of palm oil and soybean oil at 40 °C was 40.87 mm2/s
and 32.01 mm2/s, respectively. The viscosity of SAE 40 (engine oil) was
13.65 ± 0.013 mm2/s (90% confidence level) at 100 °C.

Sariyerli [16]: The present study was realized for measuring viscosities of ref-
erence liquids using capillary viscometers and Stabinger viscometer SVM 3001
with viscosity interval between 1 and 5000 mm2/s with temperatures from 20 to
80 °C. Based on our measurement with various liquids, we determine the viscosity
values and compare both of the results. The aim of this study is to evaluate the
results of the primary level viscosity measurement system and Stabinger viscometer
and to compare the measurement results due to the providing traceability of
Stabinger viscometer by TUBITAK UME. An increasing number of national
metrology institutes and accredited laboratories provide viscometer calibration with
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reference liquids in a wide viscosity range. It is a common practice to use the
viscosity of water as the metrological basic of viscometry.

Stephen [3]: Viscosity plays an important role in sciences and engineering
world. Knowledge of viscosity and flow parameters are essential in liquids for their
production, quality control, and development. The construction industry makes use
of different liquids for different applications. Plasters, sealers bond breakers, liquid
floor hardeners, coatings, and more are liquids used in the construction industry.
Conclusions about their processing characteristics pumpability, sprayability, shelf
life, as well as flow ability and application characteristics can be retrieved from
successful measurements.

2.4 Analysis on Types of Viscometers

Basumatary [6]: In this work, he reports a fiber-optic sensor to measure the vis-
cosity of Newtonian liquids. The sensor is made of a rectangular channel and two
separate multimode optical fibers, which are properly inserted via through-holes
provided at the extremities of the rectangular channel. Both the optical fibers do
have a decladded zone for each to allow leakage of optical power from the zones
when light is coupled into the fibers. When suitable liquid type flows inside the
channel, liquid comes into contact with decladded zones thereby reducing leakage
of optical power from the decladded zones. Under this condition, optical power
levels available at output ends of the fibers undergo step change one after another
with a time delay. And, the time delay is found to be proportional to viscosity of
liquid and inclination of the channel through which liquid flows.

Digilov [7]: We describe an unsteady pressure-driven capillary viscometer, in
which the liquid under test is forced through a capillary tube by compressed air
pressure. The principle of operation involves measurement of the driving pressure
versus time that decays progressively as the fluid flows and covers continuously a
broad shear rate range in a single measurement. The viscosity is determined by
curve fitting of the experimental data to the explicit expression for the transient
pressure as a function of time. A laboratory bench test shows the validity of the
theoretical approach for viscosity determination of both Newtonian and
non-Newtonian liquids.

Kawatra [9]: A viscometry system involving a vibrating sphere viscometer and a
rotational viscometer has been developed for online measurement of viscosity and
for rheological characterization of mineral slurries into either Newtonian or
non-Newtonian flows. Special precautions were taken to allow measurements of
viscosity of rapidly settling mineral suspensions.
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2.5 Designing Technologies

Oh [10]: Viscosity as a sensitive measure of material changes is a potential
quality-control parameter for simple and rapid assessment of frying oil quality.
However, conventional viscometers require improvements in throughput, porta-
bility, cost-effectiveness, and usability to be widely adopted for quality-control
applications. Here, we present a 3D printed multichannel viscometer for simple,
inexpensive, and multiplexed viscosity measurement. The multichannel viscometer
enables both parallel actuation of multiple fluid flows by pressing the plunger of the
viscometer by hand and direct measurement of their relative volumes dispensed
with naked eye, during deep frying of potato strips and the recovery of used frying
oil after treatment with an adsorbent agent to remove frying by-products.

Puneeth [12]: Viscometers are broadly employed in a wide range of sensing and
monitoring applications, such as biochemical optimization, biomedical diagnostics,
pharmaceuticals, and various adulteration detections. When realizing them in a
micro-fluidic environment, the viscometers can potentially be used in an automated
and robust point-of-care setting. Even after so much evolution, one of the constant
challenges faced in the development of micro-fluidic devices is to choose the best
fabrication scheme, particularly, in terms of a simplified process, cost, and time.

Choi [17]: Measuring viscosity is important for the quality assurance of liquid
products, as well as for monitoring the viscosity of clinical fluids as a potential
hemodynamic biomarker. However, conventional viscometers and their
micro-fluidic counterparts typically rely on bulky and expensive equipment and
lack the ability for rapid and field-deployable viscosity analysis.

Ngo [18]: Freedom of design, mass customization, waste minimization, and the
ability to manufacture complex structures, as well as fast prototyping, are the main
benefits of additive manufacturing (AM) or 3D printing. A comprehensive review
of the main 3D printing methods, materials, and their development in trending
applications was carried out. In particular, the revolutionary applications of AM in
biomedical, aerospace, buildings, and protective structures were discussed.

Suresh et al. [19] presented various 3D printing technologies that find applica-
tions in automobile, aerospace, and medical field. Overall, this paper gives an
overview of different types of viscometers, their design, and material aspects with a
main focus on 3D printing including a survey on its benefits and drawbacks as a
benchmark for future research and development.

3 Conclusion

In this review, we disuses about different types of viscometers, design, materials,
and technology and also the 3D printed multichannel viscometer for
high-throughput viscosity measurement, by comparing multiple fluid flows without
inter-channel interference. The proposed 3D printed multichannel viscometer
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enables inexpensive, accurate, high-throughput, and field-deployable measurement
of fluid viscosity. The micro-fluidic device, with micro-channel and embedded
electrode junctions, was fabricated in a single step using a simple and inexpensive
desktop 3DP. The EMV platform, consisting of micro-fluidic device, microcon-
troller, and pumping mechanism, mimics the conventional Ostwald viscometer
enabling to measure the fluid viscosity within a minute. The platform was harnessed
to measure the viscosities of three different fluids, which is comparable to the bench
top systems. Viscometers are broadly employed in a wide range of sensing and
monitoring applications, such as biochemical optimization, biomedical diagnostics,
pharmaceuticals, and various adulteration detections. When realizing them in a
micro-fluidic environment, the viscometers can potentially be used in an automated
and robust point-of-care setting. Even after so much evolution, one of the constant
challenges faced in the development of micro-fluidic devices is to choose the best
fabrication scheme, particularly in terms of a simplified process, cost, and time.

References

1. Shin, S.: Continuous viscosity measurement of non-newtonian fluids over a range of shear
rates using a mass-detecting capillary viscometer (2002)

2. Derrick, J.M.: A low-cost affordable viscometer design for experimental fluid viscosity
verification and drag coefficient calculation (2018)

3. Augustine, E.O.: Design fabrication and testing of a viscometer for testing viscosity of liquids
(2019)

4. Zulfahmi: Design of liquid viscosity measurement system using brownian motion (2019)
5. Nagasantoshi, P., Ramana Reddy, G.V., Gnaneswara, M., Padma, P.: Heat and mass transfer

of non-newtonian nanofluid flow over a stretching sheet with non-uniform heat source and
variable viscosity. J. Nanofluids, 821–832 (2018)

6. Oh, S., Choi, S.: 3D-printed capillary circuits for calibration-free viscosity measurement of
newtonian and non-newtonian fluids (2018)

7. Suresh, G., Reddy, M.H., Gurram, N.: Summarization of 3D-printing technology in
processing and development of medical implants. J. Mech. Continua Math. Sci. 176–191
(2019)

8. Dharmaiah, G., Chamkha, A.J., Vedavathi, N., Balamurugan, K.S.: Viscous dissipation effect
on transient aligned magnetic free convective flow past an inclined moving plate. Front. Heat
Mass Transf. (2019)

9. Sivaiah, G., Reddy, K.J., Reddy, P.C., Chandra Raju, M.C.: Numerical study of mhd
boundary layer flow of a viscoelastic and dissipative fluid past a porous plate in the presence
of thermal radiation. Int. J. Fluid Mech. Res. 27–38 (2019)

10. Kim, B.: A 3D-printed multichannel viscometer for high-throughput analysis of frying oil
quality (2018)

11. Gudala, M.K., Banerjee, S., Rao, T.R.M., Naiya, T.K., Mandal, A.: The effect of a bio
additive on the viscosity and the energy requirement on heavy crude oil flow. Pet. Sci.
Technol. 99–107(2018)

12. Stephen, O.E.: Design fabrication and testing of a viscometer for testing viscosity of liquids
(2020)

13. Ngo, T.D.: Additive manufacturing (3D printing): a review of materials, methods,
applications and challenges (2018)

466 P. S. Bankar and M. B. S. S. Reddy



14. Sariyerli, G.S.: Comparison tests for the determination of the viscosity values of reference
liquids by capillary viscometers and stabinger viscometer SVM 3001 (2018)

15. Anjorin, S.A.: Design, construction and testing of a viscometer (2019)
16. Basumatary, T.: Fibre optic sensor based viscometer to measure viscosity of newtonian fluids

(2017)
17. Kawatra, S.K.: On-line measurement of viscosity and determination of flow types for mineral

suspensions (1996)
18. Digilov, R.M.: Pressure-driven capillary viscometer: fundamental challenges in transient flow

viscometry (2011)
19. Kondrashov, I.P.: Determination of Newtonian fluid viscosity and design constants of a rotary

viscometer (2020)
20. Puneeth, S.B.: 3-D printed integrated and automated electro-microfluidic viscometer for

biochemical applications (2018)

Analysis on Different Types of Viscometers … 467



Approach Toward Design
for Manufacturing Assembly of Fiber
Reinforced Plastics Fan Blade
for Cooling Tower

Ankush Sharma, Vikas Kukshal, Pankaj Agarwal,
and Aniruddha V. Kapre

Abstract Design (DFM) and design for assembly (DFA) are now known as a
single process, and in other words, it is called DFMA. The most common methods
of DFMA are then studied in the production assembly concept with the features of
each block. DFA is a tool used to select the most expensive items and product
selection for a variety of product types. The aim of the case study was to arrive to
the conclusion or generalized design aspects for the fan design in today’s industrial
requirement such as cooling tower where the steel blade fans are being converted to
fiber reinforced plastics where we can choose the glass material of varied density
and difference combinations can be altered. Also approach of the design for failure
mode calculates the priority or necessity of the design aspects and stages of the
product design which depicts the time saving, material saving, and cost-effective
approach.
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1 Introduction

A detailed description of the design, manufacturing, and assembly (DFMA)
strategies is generally used to diminish the cost of manufacturing by designing and
improving the process. Currently, the fan assembly for cooling towers has various
components such as hub, fan stack, and fan blades. The integration of these
sub-components becomes more critical over time. Flexible fan bush drivers are with
shaft box outlet assembly box. The short-term collapse caused by Lean’s efforts will
be required to be curtailed through the proper implementation of the concurrent
engineering and DFMA principles [1]. It is worthwhile to point out that the
financial benefits of sound and organized meetings are equally important.
Unfortunately, many managers see mergers as a “necessary evil” and fail to see that
significant contributions can be made available to improved productivity. The
differences and similarities between DFM and DFA as well as how the design of the
product has an impact on product knowledge [2, 3]. It includes an analysis of the
quantity of design efficiency. It is highly recommended to involve product
engineers, product managers, and product manufacturers in this analysis. Facilitate
production construction by working with a team from concept via prototype to
production. Whether you are using an existing design or developing a new product
design using DFMA techniques, you will benefit from improved quality, increased
reliable components, and at the same time reduced complexity and cost [4]. The end
result is your design that allows repetitive components that meet your purpose and
product needs. By designing the first production, the DFMA helps customers
reduce the amount of design updates required and reduce the time and cost of model
duplication [5]. As a result, DFMA helps companies bring products to market
faster. Based on the literature review, it was observed that in the construction and
integration of complex fan segments, the application of DFMA still required the
proper understanding. In order to achieve the specified performance in the manu-
facturing sector, based on well-prepared meeting techniques, this study therefore
analyzed the implementation of DFMA in the current meetings in the construction
and other industries. Well now the significance of the DFMA is to be understood
first before we move forward. As the name depicts design for manufacturing
assembly, it states that the design of the product or any process should be designed
in such a way that the overall efficiency of the product after being manufactured is
to be of optimal value and so as the manufacturing process [6]. So, to get the
optimized solution, these are bifurcated into two distinct methodologies mainly
DFA and DFM. The latter comes first, so we can alter the design in the process so
called in process inspections, and once the product is ready, we can set the
processes for the assembly, which is one of the important techniques to get the
maximum production with high efficiency [7].
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2 Problem Statement

Each stage of product production has its own distinctive features that lead to a
different level of impact throughout the life project. Here, we limit our study to
major challenges in production and assembly operations and how the production
process can be simplified by increasing the tools available. The backbone to achieve
an effective production rate is by providing a variety of processes and changing the
process where necessary.

3 Objectives and Research Methods

The success of the stated performance means not only a reduction in costs and/or
expiration, but also a process such as a reduction in problems like human effort,
traffic interruption, and other costs. Flexible and quick assembly techniques should
be met with the goal of encouraging this productivity in a fan meeting, as this can
allow them to turn store locations through high-tech regions with clean workplaces,
quiet, and healthy environments.

In this paper, the engineering solutions and production and design methods used
for axial flow fans in cooling towers are researched, well-known, modernized, and
rated for their possible use in the cooling tower whether for compulsory
refurbishment/counter-flow/cross-flow cooling towers.

The scope of this work is described in

• Implementation of DFMA principles for bridge integration
• Introduce tested technical concepts and integration techniques used in their

industries
• Review of meeting methods in terms of a comprehensive view of DFMA

principles that will be divided into multiple projects. The test will not be per-
formed in the form of a test procedure, where the conditions are continuously
rearranged and re-evaluated

• Introduction of new industrial information on DFMA at the intersection of
bridges and submission of ongoing design work recommendations in accor-
dance with the criteria set for testing

• The entire DFMA project cycle encompasses a large part of the project, from
layout to organization, and when working with DFMA, it is hard to concentrate
on only one phase of the project.

Design for manufacturing and assembly (DFMA) is an integrated process from
building blocks born of a variety of ethical engineering processes and a product life
production system. DFM and DFA are the parameters that determine the improved
percentage of time spent in the intangible product development project phase. The
basic principle of DFM was formulated in 1780s; the development of ‘simple
production guidelines’ had begun in the early 1960s. Figure 1 shows the process
flowchart for DFMA [7].
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The concept of DFA is to prepare a design and simplifies the component
structure that verifies the cost beneficial assembly operations by validating
assembly processes and associated design process into the project. DFA is related
with the process and terminologies planned in DFM block. DFM is a very complex
process and if not grabbed properly does not give the precise results.

4 DFMA Procedure

It is quite relevant at this stage to analyze how other industries have respected the
DFMA concepts and the result obtained. In the early stages of growth, contrary to
conventional work ethics in some industries, project engineers are excessively
concerned with functional needs and not differentiated from the productivity in
previous decisions [8]. Due to its over-the-top performance feature, the traditional
building culture can, however, cause teams to miss out on their customer costs.
Whether the design cycle or product life cycle should be reviewed and verified in
order to improve the process. Construction activities including product costs allow
industries to get more product performance at a lower cost. In this paper, different
production strategies allow to compare product costs, which improve the differ-
entiation of the costs of competitive products. The DFMA procedure adapted in the
present study is shown in Fig. 2a.

User Need/Requirement 

Product Development
Concept 

Definition 
Development 

Prototype and Testing

Market Forecast 
Projected Sales Volumes 

Unit Price 
Demand

Cost Evaluation 
Economic Analysis 
Component Design 

Sub Assembly Design 
Assembly Analysis 

Process Selection 
Material Selection & 

Suitability 
Quality 

Production & 
Commercialization 

Continue 
NO

Fig. 1 DFMA process flowchart [6]
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5 DFMA Performance

Some rules need to be followed to facilitate product design, for example, product
costs and production costs ignored at the beginning of a project. Many design
features considered cost-effectiveness which later becomes the bottle of other works.

In 1990, a global survey was carried out of car manufacturers. Japan then had
some of the biggest car makers in the world. Research has tried to understand the
product variability and the level of automation used in various plants. Research
findings show that only one third of the product variations between plants can be
recorded through automation. Japan has become one of the world’s most productive
plants, accounting for 32% of its spontaneous compaction volume. However, this
plant had only a part of human effort compared with the European equivalent plant.
While not a self-supporting plant with an automation organization of 48%, a greater
man-held assembly has been found in this European plant than an automated unit.
This indicates that performance in a meeting determines the meeting process
extremely strongly. In addition, the study concludes that regardless of how it
performs in production, a plant cannot compete if it has defects in design as product
design failure cannot be compensated for by the type of production system pro-
duced for creation of the product [9]. This makes it equally necessary for
high-quality goods such as efficient production to be made. DFMA or other tools to
help design decisions aim to create a comprehensive and faultless product that
produces a product that is inefficient. DFMA is used nowadays to reduce the overall
product cost of the product, work-in-progress, assembly time, ease of production,
and repeated geometry of the parts features that are avoided [8].

Fig. 2 a DFMA procedure b flowchart used to test assembly methods and technical concepts [8]
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Few design difficulties observed by designers

Guessing the product cycle of different products and similar operating conditions
was the point of discussion. Design ideas need to be submitted early, so that other
production activities can be started in the same way. The next challenge is to share
information with the department’s internal departments.

At this stage, it is very promising to decide what new DFMA innovations are
being developed that other organizations have achieved. According to the latest
operating practice in some industries, during design and growth, design engineers
are preoccupied with production requirements only and do not incur product costs.
Cost-targeted customers completely miss out on this acquisition period. In this
paper, advanced production technologies are introduced that allow for the
achievement of defined objectives and operational costs. Another significant part of
this stage is the study of the usage of DFMA resources in many industries to
understand the implementation of concepts in the construction context. DFMA can
be considered as an instrument for promoting the introduction of the advanced
manufacturing technology (AMT), including modern production techniques and
advanced manufacturing techniques.

Testing Methods

Occasional estimates (precise assembly method) require the use of proven con-
struction measures that are considered during the calculation. As the calculation is
completed, an important measure follows the design process, design testing, and
verification of the design of the specified product [8]. The evaluation includes
points covered during the process such as safety, ease of handling, environmentally
friendly, and last but not strictly according to the required design standards.

Once the construction is completed and further confirmation is accepted, various
conditions are considered where the product can be tested at different levels of
complexity. The verification team has full rights to modify or propose any modi-
fications to be made in order to smooth out operations and product placement in
various site conditions, for example, a fan blade shank can be made to a smaller size
and the structure can be made to accommodate a smaller space in the assembly.

Execution of the design aspects

In order to measure fan satisfaction methods and technological models effectively,
the specifications for the fan assembly process must be understood when requested.
The mass compliance of mass-produced reinforced concrete, along with the man-
agement of large and heavy concrete components, is an example. This can be
pointed to as one of the problems in the fan meeting process. On the other hand, the
weight of the fiber reinforced polymer fan blade can be managed heavily based on
modern molding techniques, such as vacuum infusion molding, although major
design issues can occur in reinforcement of fiber glass fittings and reliability on
other hardware. Because of the obvious discrepancies in the working environment
between the two, the problems related with various building works often vary in
nature. For the purpose of establishing a common playing field, so that assembly
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methods can be tested without reducing the scope of the study, and consideration is
only given to site assembly or installation of bridge sections.

Depending on today’s installation techniques, one can use a variety of methods
such as size or quality. Measurement testing includes evaluating the performance of
a product or system. From the perspective of the meeting, the evaluation test does
not provide specific recommendations and procedures and objectives for con-
structing components of an effective assembly program. Obviously the DFMA tool
provides a guide or quality information on how difficult the product is, from a
meeting point, to make it easier and therefore make it less expensive. Just the price
results from the price test not provided the clear details regarding the preferred
solution of the meeting process.

The one proposed by Boothroyd and Dewhurst [10] is a typical representation of
a quantitative test process. The process, in this example, uses the DFA indicator
given by the equation, to evaluate project and product output from a meeting
perspective.

ui ¼
Zm � Tm

Ta

� �
� 100

Here: ui, Zm, Tm, and Ta represents the DFA index, small number of parts, mini-
mum meeting time appropriate for each segment, and estimated total meeting time,
respectively.

It meets at least one, two, or all three falling into your system, depending on the
equation, while a high index value is indicative of the correct composition of the
assembly product. This decrease can involve a large number of products, additional
times for each part, and more time for product integration overall. The results of the
DFA index are used to classify circumstances which require attention and make
initial decisions for the completion or reconstruction of an undesired part of a
meeting requiring additional time and additional costs. The measurement process,
as seen in the example above, involves price data and measuring variables, and the
output gives calculated time and cost. The findings should be interpreted by their
influence on output or composition.

The quality ranking, on the other side, is based on a number of processes or
requirements that a product needs to follow in order to satisfy its organizational
function. It can include additional steps to measure how far a product has come
from the right solution. The ideal solution for this thesis task refers to a meeting
process that completes all the DFMA elements translated into the indicators for
each session. The process of the meeting incorporates the conclusions placed on
quality assessment that improves the lessons and research aimed at providing clear
information about the solutions selected in the conference process [10]. Obviously,
not all DFMA policies can be achieved through a specific meeting process, making
it difficult to make consistent decisions between different strategies. Therefore,
when quality measures are taken, performance comparisons will be made to the
extent that the implementation of the DFMA in each meeting indicator is met
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through assembly methods. Therefore, in this work, the same concepts of quality
assessment, which are quality assessments, are based on a set of procedures used to
determine whether the meeting method satisfies the DFMA methods used to
interpret the indicators for each meeting. The process and flowchart used to test
assembly methods and technical concepts are shown in Fig. 2b.

6 Inputs from Market

The tasks covered here are interconnected, leaving no connections with others to
explain the different sections of hard work. The following section demonstrates the
significance of this study, the challenges faced during the analysis, and the results
achieved. The goal of this creative concept is to create and explore a method of
exploring strategies to incorporate fan designs that engage in the sustainability of
the urban environment. During the job, many obstacles hamper at the desired level
in the achievement of the goals. Among the various challenges, the key difficulties
involved were the construction of the structural analysis of FRP, the production of
other industrial designs and the transmission of knowledge in the hub spool, the
quest for realistic and improved assembly methods, and the necessary testing
methods. There are a variety of previous works or pre-established knowledge in this
principal doctrine which can be connected with many of the functions. In the
construction industry, for example, improvements and implementations of the
DFMA as a design and testing tool have been recently created. This work should
also be performed with due consideration. Moreover, the findings of such studies
should be available for debate in order to use more components in practices aimed
at enhancing outcomes. Any of the main problems can be posed and addressed in
conjunction with the above activities.

To define the principles of development and integration for the construction
sector, it is important to transfer awareness of design techniques and priorities to
other industries. The method to design based on this core principle is a method-
ology to help design decisions that have been used and has demonstrated its par-
ticipation to reduced values, waste reduction, and system performance. The actual
content of the DFMA applications is ambiguous; however, its cost analysis does not
provide a good image of the costs of the application which are below their benefits.
This, in turn, leaves tool users and methods used in case studies a potential danger.
Moreover, this definition has mostly been written by developers in the literature
studied in the DFMA field and explicitly enables the use of compatible resources,
regardless of how different the sector is. The principles and guidelines used in other
industries when implementing DFM, DFA, and DFMA methods are to be used in a
varying production environment and represent a different set that is appropriate in
construction. The selection of design processes and goals is therefore focused on
their implementation and purpose. The selection is based on data collected from the
fan selected on the Web site. A selection role takes a lot of experience and expertise
in the subject, as there are many things to think about and many decisions to take.
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As a result, the DFMA principles can be implemented in several various ways
based on how each doctor involved in creating such construction methods perceives
them. In addition, the principles and guidelines are not so relevant that they can be
taken into account when designing and installing bridge pieces. For example, where
the additional testing needed for the performance of the elements does not sub-
stantially affect the actual site meeting and lessens the effect on other assembly
metrics directly relevant to construction plans relative to the types of materials and
components or the number of elements used in assembly.

The complexity in focusing on a project process when designing such a con-
struction program as DFMA spans the project execution cycle (from construction to
convergence) is another barrier to implementing DFMA programs. It is a difficult
task to harmonize construction processes with DFMA programs, although this
construction process includes often physically separated tasks that impede the
normal replication of the execution of DFMA programs. Reconsideration of pro-
cesses only seems feasible between building projects when carrying out particular
learning activities. Better and cheaper methods between development and incor-
poration of building materials can be difficult within the same project [10]. With
respect to the use of construction methods in the construction industry, many
considerations do need to be addressed. Problems like procurement processes that
affect the degree of participation of the professionals and the ability of customers/
projects may be one of the primary sectors where attention is required.
Nevertheless, we should speak briefly in which they pose important issues which
require existing procurement systems.

7 Conclusion

The emphasis on direct cost savings and timeliness has become popular in the
construction industry, through rigorous assessment of conference activities.
Different approaches to resolving these needs should be taken when contemplating
other sustainable problems, e.g., minimizing human activity, FRP design, and
structural analysis of the glass fiber. In this report, another aspect of resource
utilization and cost reduction in the use of DFMA methods was explored. While
considerable initial investment is needed, the DFMA significantly facilitates the
implementation of the predetermined goals of organizations and companies oper-
ating according to sustainability objectives.

It is clear that such industrial thought and advanced design techniques as
assembly methods and the principle of DFMA play a role in representing new
priorities and concepts in a range of building activities. We may also assume that
the DFMA definition guides designers to do something right rather than right, since
the system-supported method makes it easier for stakeholders to understand, so
problems of all product development levels can be taken into consideration in the
reconstruction process. For this reason, employees in the industry will be able to
enjoy opportunities to explore, select, and develop best practices in all available
“practical” ways.
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Synthesis, Structural and Magnetic
Properties of Gadolinium-Doped Ni–Zn
Ferrites Synthesized by Sol–Gel
Auto-Combustion Route

D. L. Chaudhari, A. M. Shahare, A. K. Nandanwar, D. S. Choudhary,
and K. G. Rewatkar

1 Introduction

Nickel–zinc ferrites are technologically important class of soft magnetic materials
for their widespread industrial applications, ranging from microwave to radio fre-
quencies such as microwave devices, computer memories and magnetic recording
[1]. Spinel ferrites including Ni–Zn compositions are of great interest due to their
potential applications in microelectronics, magneto-optics and as microwave device
components [2, 3]. The properties of ferrite materials are known to be strongly
influenced by their composition and microstructure that in turn are sensitive to the
processing methods used to synthesize them. In an attempt to prepare
high-performance ferrites with reproducible stoichiometric compositions and
desired microstructure, the present work aimed at preparing Ni–Zn ferrites using the
sol–gel combustion method. The sol–gel combustion techniques for ferrite syn-
thesis have been proved to be more convenient, since the ferrite powders with
nano-sized particles can be formed directly from combustion of dried in air [4]. In
the present study, we prepared Ni0.65Zn0.35GdxFe2-xO4 (x = 0.0, 0.05, 0.10, 0.15,
0.20 and 0.25) nanoferrites using sol–gel technique. XRD, FE-SEM and VSM were
employed to study the structure, microstructure and magnetic behaviours of the
Gd-doped Ni–Zn samples. The detailed investigation of the Gd3+ effects on the
structural and magnetic properties was studied from theoretical and experimental
point of view.
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2 Experimental Procedure

Gadolinium-doped Ni–Zn ferrite powders with compositions of
Ni0.65Zn0.35GdxFe2-xO4 (x = 0.0, 0.05, 0.10, 0.15, 0.20 and 0.25) were synthesized
by sol–gel auto-combustion method. The analytical grade Fe(NO3)3�9H2O, Zn
(NO3)2�6H2O, Ni(NO3)2�6H2O, Gd(NO3)3�6H2O and citric acid (C6H8O7�H2O)
were used as raw materials. The appropriate amount of nitrates and citric acid is first
dissolved into de-ionized water to form a mixed solution with molar ratio of nitrates
to citric acid 1:1. The pH value of solution was adjusted to about 7 using ammonia.
Then, the mixed solution was poured into a bicker and heated at 80 °C under
constant stirring to transform into a dried gel. Being ignited, the dried gel was burnt
in a self-propagating combustion way to form loose powder. The solutions were
evaporated by continuous heating at 100 °C with agitation until the formation of
viscous gel [5]. The samples were dried, and the dried powders were annealed in air
furnace at 700 °C for 7 h., then slowly cooled to the room temperature. Finally, the
annealed powder was grounded using the mortar and pestle. The equation used for
calculating the stoichiometric values of the metal nitrates is as follows:

0:65 Ni NO3ð Þ2�6H2O
� �þ 0:35 Zn NO3ð Þ2�6H2O

� �þ x Gd NO3ð Þ3�6H2O
� �

þ 2� x Fe NO3ð Þ3�6H2O
� � ¼ Ni0:65Zn0:35GdxFe2�xO4 þH2Oþ volatile

The microstructure and the chemical composition of the samples were investi-
gated by X-ray diffraction using Cu–Ka (k = 1.5406 Å), scanning electron
microscopy and transmission electron microscopy. The values of the coercive
fields, saturation and remanent magnetizations were obtained from the hysteresis
loops obtained from a vibrating sample magnetometer (VSM).

3 Result and Discussion

3.1 XRD Analysis

The XRD pattern of the samples under investigation is shown in Fig. 1a. Higher
intensity peaks in pattern show the peaks which were indexed corresponding to
(220), (311), (222), (400), (422), (511) and (440). All XRD patterns show the
single-phase structure of the Ni–Zn–Gd spinel nanoferrites. These spectra were
confirmed from ICDD standard JCPDS card no.’s 008-0234. Table 1 show the
different parameter calculated from the XRD patterns of Ni0.65Zn0.35GdxFe2-xO4

(x = 0.0, 0.05, 0.10, 0.15, 0.20 and 0.25) nanoferrites. The broadness of the
maximum intensity peak shows the nano-sized Ni–Zn–Gd ferrites [6]. The crys-
tallite size was calculated using the Debye’s Scherrer formula [7–9].

480 D. L. Chaudhari et al.



0

10

20

30

0 0.2 0.4

C
ry

st
al

lit
e 

si
ze

(n
m

)

Gd concentration

0.44
0.46
0.48
0.5

0 0.2 0.4

Po
ro

si
ty

Gd concentration (x) 

8.4
8.5
8.6

0 0.5L
at

tic
e 

C
on

st
an

t (
a)

Gd concentration 

(a) (b)

(c) (d)

Fig. 1 a XRD pattern of Ni0.65Zn0.35GdxFe2-xO4. b Variation of crystallite size with Gd.
c Variation of lattice constant with Gd concentration. d Variation of porosity with Gd
concentration

Table 1 Effect of Gd3+ ion concentration on structural parameters

x a (Å) Crystallite size (nm) Grain size (nm) qx (gm/cm3) Porosity

0.0 8.410 18.09 31.40 5.20 0.4940

0.05 8.451 19.44 42.36 5.64 0.4692

0.10 8.474 17.55 51.33 5.94 0.4641

0.15 8.478 14.64 58.80 6.45 0.4641

0.20 8.489 19.61 63.78 6.85 0.4562

0.25 8.50 26.50 71.88 7.25 0.4504
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The X-ray density of the samples was calculated by relation

qx ¼
8M
Na3

ð1Þ

where M is the molecular weight of the sample, N is the Avogadro’s number and a3

the volume of the cubic unit cell.
The bulk density was calculated by using relation,

qm ¼ M
pr2t

ð2Þ

where M is the mass, r is the radius and t be the thickness of the pellet.
Porosity (P) of the ferrite samples was determined by using the following

relation

P ¼ qx � qm
qx

� 100 ð3Þ

where qx is the X-ray density and qm be the bulk density in (gm/cm3).
Induced strain in the Ni–Zn–Gd ferrites for different concentrations of Gd was

calculated from Williamson–Hall method [10].

b cos h ¼ 4 2 sin hþ k=D ð4Þ

where D is crystallite size, k is wavelength of X-ray, b is FWHM measure in radian,
2 is the induced strain and h is Bragg angle. A strain occurs due to negative
pressure imposed due to replacement of Fe3+ ions by Gd3+ ions [10]. It was found
that induced lattice strain increases systematically with increase of Gd doping in
Ni–Zn Spinel ferrites. Table 1 shows the values of the crystallite size ranging from
14.64 to 26.5 nm. Figure 1b, c and d shows the variations of crystallite size, lattice
parameter and porosity of Ni0.65Zn0.35GdxFe2-xO4 (x = 0.0, 0.05, 0.10, 0.15, 0.20
and 0.25) nanoferrites. It is clear from Table 1 that the crystallite size increases with
the concentration of the Gd. The lattice parameter of the nanoferrites increases with
increasing Gd contents. This behaviour of lattice parameter with Gd contents is
described on the basis of difference in ionic radii of Fe3+ (0.6459 Å) and Gd3+

(0.938 Å) ions. The values of the lattice parameter demonstrated an almost linear
dependence; therefore, it obeys Vegard’s law [9, 11]. Similar results of the lattice
parameter of the spinel ferrite were reported by other researchers [12]. Porosity of
the ferrite slightly decreases with increase in Gd concentration which shows that
resistivity may be decreased with increase in concentration of Gd and conductivity
may be increased as observed by the researchers [11, 12]. In nickel–zinc ferrite,
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the site occupancy of the Ni, Zn and Fe ions has certain preferences in the spinel
structure. Ni ions might prefer to occupy B site, and Zn ions occupy A site, whereas
Fe ions are equally distributed among A and B sites [13].

3.2 FE-SEM Analysis

The microstructure of the studied ferrite samples was analysed using SEM
micrographs as shown in Fig. 2a. The micrographs show the agglomerated grainy
structure [14] and observed that the grain size increases with increase in Gd content.
The grain size derived from SEM micrographs is found to be larger than that
estimated from XRD data. This indicates that every grain is formed by aggregation
of a large number of crystallites or particles. This result is consistent with other
studies about Gd nanoparticles [15]. Also, SEM images revealed that the grains
have an almost regular shape and homogeneous distribution in the range 31.4–
71.88 nm as shown by histogram plot in Fig. 2b and c.

The elemental composition of the samples with varying Gd dopant was con-
firmed through the EDX technique. Thus, the present research reveals the extent of
purity of the nanoparticles prepared via the sol–gel route. Also, the EDX analysis of
gadolinium substituted Ni–Zn sample clearly shows that the stoichiometric Fe3+ ion
content decreases with growing concentration of Gd3+ ions as shown in Fig. 2d and
e.

3.3 HR-TEM

It is evident from Fig. 3a that the particles are single crystalline in nature, with clear
lattice fringes that can be observed on the entire region. Majority of particles were
found to be dominantly faceted in to crystallites. Atomic planes for the lattice
system are clearly visible with ‘d’ spacing of about 0.25–0.29 nm. This ‘d’ value
has good agreement with XRD data.

Also, the crystallographic interpretations of the prepared sample were done in
the reciprocal space by recording the selected area electron diffraction patterns
(SAED) of the Ni–Zn–Gd ferrite. Figure 3b shows a SAED pattern of
gadolinium-doped Ni–Zn ferrite from an aggregate of nanoparticles. A set of
important Debye rings corresponding to (h k l) planes (2 2 0) d = 0.3178 Å, (3 1 1)
d = 0.2636 Å, (4 0 0) d = 0.2086 Å, (4 2 2) d = 0.1857 Å, (5 1 1) d = 0.1681 Å
and (4 4 0) d = 0.1432 Å of the basic Ni–Zn ferrite cubic crystal structure (Space
Group Fd3m, a = 8.41 Å) are marked. These Debey rings appeared to be contin-
uous and are diffused. No other rings except for the preferred plane are found in the
pattern. The observed crystallographic interplaner spacing ‘d’ values agree well
with those obtained from XRD analysis.
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Fig. 2 a SEM micrograph of the samples with x = 0.0, 0.05, 0.01, 0.15, 0.20, 0.25. b Histogram
plot of Ni0.65Zn0.35Gd0.15Fe0.85O4. c Histogram plot of Ni0.65Zn0.35Gd0.25Fe1.75O4. d EDX Spectra
of Ni0.65Zn0.35Gd0.15Fe0.85O4. e EDX Spectra of Ni0.65Zn0.35Gd0.25Fe1.75O4
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3.4 Magnetic Properties

Room temperature hysteresis loops of Ni0.65Zn0.35GdxFe2-xO4 nanoferrites at
(x = 0.0, 0.05, 0.10, 0.15, 0.20 and 0.25) were recorded under the maximum
applied field of 1500 Gauss. The magnetic loops are shown in Fig. 4a. Table 2
depicts the magnetic parameters which were calculated from M-H loops. The sat-
uration magnetization and magnetic remanence decrease with the Gd substitution,
and also, the coercivity decreased accordingly [15]. It is noticed that the magnetic
parameters were influenced by the extrinsic factors such as porosity, homogeneity,
morphology, density and distribution of cations at lattice sites [11, 16, 17].
Figure 4b and c shows the variation of magnetic saturation (Ms) and remanence
(Mr) and coercivity (Hc) and their ratio with Gd concentration. The Bohr magneton,
magneto-crystalline anisotropy constant (K) and initial permeability were calculated
using the following relations [18].

Anisotropy constant Kð Þ ¼ Hc �Ms

0:96
ð5Þ

Initial Permeability lið Þ ¼ M2
s �

D
K

ð6Þ

Bohr magneton ðlBÞ ¼
M �Ms

5585
ð7Þ

where Ms is the saturation magnetization, M is the molecular weight of the samples,
D is the grain size and Hc is the coercivity. From Eq. 5, it is clear that anisotropy
constant is directly proportional to saturation magnetization and coercivity. The
decrease in saturation magnetization and Bohr magneton is noticed with increasing
Gd3+ ion concentration. The observed variations can be understood on the basis of
super exchange interactions among the tetrahedral (A) and octahedral (B) site ions
in the spinel lattice [19]. Saturation magnetization depends on the type and the
number of ions located at the tetrahedral (A) and octahedral (B) sites in the spinel

Fig. 3 a TEM image of Ni0.65Zn0.35Gd0.25Fe1.75O4. b SAED Pattern
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Fig. 4 a Compositional variation of saturation magnetization of Ni0.65Zn0.35GdxFe2xO4.
b Variation of squareness ratio (SQR) and coercivity with Gd. c Variation of saturation
magnetization and remanence with Gd

Table 2 Magnetic parameters of Ni0.65Zn0.35GdxFe2-xO4 ferrites

x Mr

(emu/
g)

Ms

(emu/
g)

Mr/Ms Bohr
Magneton
(µB)

Hc

(Oe)
Anisotropy
constant
(erg/Oe)

Initial
Permeability
(µi)

0.0 6.119 42.98 0.1423 1.821 168.62 7549.25 4.426

0.05 6.397 51.75 0.1236 2.376 159.16 8579.71 6.067

0.10 4.711 29.83 0.1579 1.468 144.94 4503.70 3.467

0.15 3.776 25.29 0.1493 1.340 163.48 4306.67 2.174

0.20 2.475 16.89 0.1465 0.955 136.19 2396.94 2.335

0.25 3.336 21.40 0.1559 1.286 120.67 2690.43 4.512
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structure because this distribution affects the magnetizations, MA and MB of the A
and B sublattices, respectively.

The saturation magnetization initially falls rapidly at lower doping of gadolinium
and decreases slightly at higher concentrations. Figure 4a can be understood on the
basis of the Neel model [19] in which A–B exchange interaction in ferrites is
stronger and more effective than B–B and A–A super-exchange interactions. The
net magnetic moment of the ferrite lattice as a whole is equal to the difference
between the magnetic moments of A and B sublattices, i.e. M = MB − MA [20].

Ferromagnetic gadolinium (7 µB) has its preference for A sites only, and an
improvement in A site magnetic moment is expected as it replaces tetrahedral iron
ion having less magnetic moment (5 µB). Thus, the difference in the net magneti-
zation decreases with increasing gadolinium concentration and is reflected in
magnetization measurements [21, 22]. If ferromagnetic gadolinium prefers to
occupy only B-sublattices, increase in saturation magnetization is expected with the
replacement of octahedral Fe3+ ion [22]. The gadolinium at B-sites at lower con-
centrations may be expected as the available octahedral site radius in the order of
the substituent ion, and the observed decrease in magnetization might be attributed
to some factors other than the magnetic moments of the ions and the
super-exchange interactions among them. Continuous increase of gadolinium
content might be a responsible factor for the observed decrease in the saturation
magnetization [23] which have been reported similar observations with rare-earth
ion substitution in Ni–Zn ferrites.

4 Conclusions

Ni0.65Zn0.35GdxFe2-xO4 nanoferrite samples were prepared using sol–gel method.
XRD, FE-SEM, TEM and VSM measure the structure, morphology and magnetic
properties of NiGdZn nanoferrites, respectively. XRD, SEM and TEM micrographs
confirmed that the incorporation of Gd in the crystal lattice results in higher
crystallinity, crystallite size, lattice constant and the lower porosity. The entry of
gadolinium into B-sites has affected Fe-RE interactions by distorting the ferrite
lattice and is evident from the large reduction in magnetization. Magnetic satura-
tion, coercivity, remanence, Bohr magneton, magneto-crystalline anisotropy con-
stant (K) and initial permeability values revealed the use of these NiGdZn
nanoferrites for magnetic storage and microwave absorption applications.
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Numerical Investigation on the Friction
Factor Estimation for Laminar
and Turbulent Flow in Smooth Pipe

S. A. Mashalkar and S. P. Nagdewe

Abstract Fluid flow through pipes is a commonly used application in industries.
The fluid is enforced by a fan or pump to flow through the pipe. The pressure loss
or head loss during the flow is related to friction between fluid and pipe wall.
Pumping power required to transport the fluid in pipe is calculated from the
pressure loss. Hence, the friction factor plays an essential role in the transport of
fluid in industries. Loss in pressure through steady pipe flow is calculated by using
the Darcy–Weisbach equation, which includes Darcy friction factor (f). In the
current work, numerically calculated friction factor for the laminar and turbulent
pipe flow is compared with the Blasius equation, Swamee–Jain equation and
experiment data for different Reynolds numbers. A pipe can say to be smooth when
the flow relies only on the Reynolds number (Re) and not on the roughness
(roughness is minimal). In the present study, a 2D smooth pipe is considered.
Commonly used turbulence models, such as k-omega SST and k-eps realizable
models, are considered to evaluate the friction factor. Steady-state Navier–Stokes
equations are determined with the second-order accuracy. Friction factors are cal-
culated from the numerical simulation for different Re numbers and compared well
with the theoretical data and experiment data of Oregon and Princeton for the
laminar and turbulent flow. CFD modeling results are verified by comparing them
with available data in the literature. The model results show the best correlation.

Keywords Turbulent flow � Computational fluid dynamics (CFD) � Friction factor
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1 Introduction

In the field of heat transfer and fluid dynamics, turbulent flow with rough surfaces
has been an interesting topic. This flow notices in various engineering applications
like wind tunnel, heat exchangers, fluid catalytic cracking, nuclear reactor, air foil,
and turbine blade. A study in pipe flow observes the sound outcome of Reynolds
number on velocity distribution, and friction factor has been performed by
Bradshaw [1].

Understanding the fluid mechanics of turbulent flow in rough pipes is contro-
versy because mathematically demanding approaches are not recognized and the-
oretical concepts must rest on the clarifications of the data. The problem considered
in this paper is linked to how flows in rough pipes link to flows which are virtually
smooth in the same rough pipe.

1.1 K-Omega Model

The k-omega (k − x) turbulence model [2] is frequently used models. It fits into the
Reynolds-averaged Navier–Stokes (RANS) family of turbulence models.

It is a 2D model, along with the conservation equations. It explains two transport
equations, which consider for the antiquity effects as diffusion and convection of
turbulent energy. x is also mentioned as the measure of turbulence.

The standard k − x model applied with small Reynolds number and the
boundary layer has comparatively dense and viscous sublayer. Thus, the stan-
dard k − x model is best for near-wall treatment. It includes a composite boundary
layer flow with superior performance beneath separations and contrary pressure
gradients. On the other hand, this model also shows to expect extreme and primary
separations.

In k-omega SST model, SST views as Shear Stress Transport. The k − x
SST model offers an improved assessment of flow parting than RANS model and
considers its good behavior in contrary pressure gradients. It accounts for the trans-
portation of the major shear stress in boundary layers with contrary pressure gradient.
It gives high accuracy to expenditure ratio, so most regularly used in the industry.

1.2 K-Epsilon Model

It is the standard turbulence model [3], while it does not execute well in case of big
contrary pressure gradients. It is a 2D model, which includes two different transport
equations to signify the turbulence characteristics of the flow. It permits a
two-equation model to consider for the past effects like diffusion and convection of
turbulence energy.

490 S. A. Mashalkar and S. P. Nagdewe



The k-epsilon model [4] is advantageous for free-shear level flows with small
pressure gradients. For internal flows and wall-bounded, this model provides good
outcomes only where average pressure gradient is small. In the realizable k-epsilon
model, realizable implies the model which satisfies certain mathematical restraints
on the normal stresses, reliable with the behavior of turbulent flows.

Turbulent data appropriate for correlations is found from the book of Barenblatt
(2003) [5]. The correlation for friction factors in turbulent liquid flow is investi-
gated by Garcia (2003, 2005) [6].

This study aims to frame a model of computational fluid dynamics that can
demonstrate the entirely turbulent flow in the pipe by a higher Reynolds number.
Moreover, an extreme Reynolds number predicts a fully developed flow for the
existing pipe length at the outlet and has 20 mm pipe diameter and zero relative
roughness. This paper demonstrates inlet velocity and the sound effects of Reynolds
number on a friction factor. The predicted friction factor is compared with the
experimental values to authenticate the results. Figure 1 shows the schematic pipe
applied in this study.

2 Mathematical Modeling

2.1 Blasius Equation

The Blasius equation [7] is used for solving Darcy friction factor, and it is effective
only for smooth pipes. However, the Blasius equation is occasionally applicable in
rough pipes for its easiness. The Blasius equation is useful up to Reynolds number
105. The Blasius equation is

f ¼ 0:316
Re0:25

where f = Darcy friction factor; Re = Reynolds number.

2.2 Swamee–Jain Equation

Swamee and Jain [8] have advanced the Blasius equation, and they customized the
following equation for Darcy friction factor. This equation can be used both for

Fig. 1 Schematic layout of
fluid flow
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smooth and rough pipes because he has commenced the roughness factor, which
indicates the rough pipe, and for smooth pipe, the value of emay be zero or very small.

f ¼ 0:25 log
e
D

3:7
þ 5:74

Re0:9

� �� ��2

f = Darcy friction factor; e = roughness for the pipe; D = inner dia. of the pipe,
e/D is named as the relative roughness and the equation calculates the Reynolds
number;

Re ¼ U � D
t

3 Simulation Setup and Numerical Discretization

One of the intentions of this paper is to evaluate the performance of two-equation
models (k − ε and k − x) as implemented in the Finite Element Package ANSYS
FLUENTTM [9].

The computational domain consists of a short segment of the pipe, bounded by
the wall. Since we are investigating a fully developed flow, we are not interested in
any temporal behavior, so that the steady Navier–Stokes equations are used.

Figure 2 displays the configuration of the pipe. Total pipe length is 1 m with a
diameter of 0.02 m. The water enters a pipe with a particular velocity. ANSYS
FLUENTTM software is used to create the 2D pipe and makes use of hexahedral
grids throughout (nodes are 17,280 and elements are 13,717) as shown in Fig. 2.
The water density is 1000 kg/m3 and viscosity about 1.8e-5 kg/ms. The water
velocity at the inlet varies from 2, 5, 14, 20, 25, 30, 35 m/s. Incompressible Navier–
Stokes steady state is considered in this analysis.

In steady-state results, several Reynolds numbers have been united by 1000
iterations.

Re ¼ density � velocity � diameter
Viscosity

Fig. 2 Computational framework of 2D pipe
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The Darcy–Weisbach equation [10] narrates the head loss, or pressure loss by
friction beside a given pipe length to the mean velocity since an incompressible
fluid flow.

Dp
L

¼ f
0:5 � q � V2

2 � D
The loss per length (Δp/L) and fluid density (q), length of the pipe (L), the

hydraulic pipe diameter (D), mean flow velocity (V), and the dimensional friction
factor (f) indicate in the above equation.

4 Results

In this case study, simulation is performed and compared the Reynolds numbers
effect on turbulence intensity and friction factor [11]. Moreover, the extreme
Reynolds number is determined also to achieve a fully established turbulent flow.

Table 1 shows the friction factor by the Blasius equation and numerical simu-
lation for different readings of the Reynolds number. In this, we have provided only
some values for friction factor and Re. Figure 3 depicts that the friction factor by
Blasius equation for greater than 20 � 103 Re values is precisely coincident with
the numerical friction factor values. So, the correlation is nearby one.

Fig. 3 Numerical results compared with the theoretical data
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Table 2 shows the friction factor by the Swamee–Jain equation and numerical
simulation for different readings of the Reynolds number. In this, we have provided
only some values for friction factor and Re. So, Fig. 4 concludes that the friction
factor from the theoretical equation is closely matching with the numerical friction
factor values.

Table 3 shows the numerical friction factor calculated from simulation for the
laminar and turbulent pipe flow experiment data (McKeon) [12] of Oregon and
Princeton for different Reynolds numbers. And Fig. 5 depicts that the experimental
and numerical values of friction factor give the correlation nearly coinciding.

The above graph shows Reynolds number versus friction factor numerical results
compared well with the experimental and theoretical data for laminar and turbulent
stream. The above graphs illustrate the effect of different Reynolds numbers on the
friction factor. The Reynolds number rises as the friction factor decreases, which is
companionable by the friction factor calculated from co-relation stated in the lit-
erature [13].

Table 1 Friction factor values for Blasius equation and numerical data

Dia. of pipe Velocity Re f (Blasius equation) Re f (Numerical)

0.02 2 2222.222 0.04602462 2222.22 0.0605

0.02 2.2 2444.444 0.044940928 5555.56 0.0408

0.02 2.4 2666.667 0.043973891 16,666.67 0.0299

Fig. 4 Numerical results compared with the theoretical data
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5 Conclusions

The difference in the co-relation values and numerical results is minor. We can
operate the numerical results obtained from the CFD model to regulate the other
fluid characteristics efficiently. To summarize, we get that as friction factor is
decreasing, Reynolds number increases gradually, and finally, the values smooth
out at a stable value in case of more Reynolds number. CFD investigation is
embedded to study the hydrodynamics of a problem precisely at more Reynolds
number.

Table 2 Friction factor values for Swamee–Jain equation and numerical data

Dia. of
pipe

Velocity Re f (Swamee–Jain
equation)

Re f (Numerical)

0.02 2 2222.222 0.049242687 2222.22 0.0605

0.02 2.2 2444.444 0.047653881 5555.56 0.0408

0.02 2.4 2666.667 0.046269613 16,666.67 0.0299

Table 3 Friction factor values for experimental (Oregon, Princeton) and numerical data

Re Oregon data Re Princeton data Re f (Numerical)

3264 0.0426 31,310 0.02364 2222.22 0.0605

8162 0.03364 41,440 0.02216 5555.56 0.0408

10,900 0.03088 56,360 0.02061 16,666.67 0.0299

Fig. 5 Numerical results compared with the experimental data
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Two most noticeable representatives of turbulence models to be used: the k − ε

and the k − x models. These simulations represent that twain models perform
soundly acceptable in the case of pipe flow, with a small advantage of the k − ε

model over the k − x model at low Reynolds numbers (104 < Re < 105). Also, it
represents that the theoretical, experimental and simulation results are closely
produced.
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Performance of SoilTech MK III
Polymer and Fly Ash on Problematic
Soil

Taranpreet Kaur, Pardeep Singh, and Heena Malhotra

Abstract Roads are considered the best mode of transportation, and after USA,
Indian road network is the world’s second largest road network in the world.
According to the Ministry of Road Transport and Highways, March 2019, India had
about 142,126 km (88,313 mi) of national highway and expressways and
176,166 km (109,464 mi) of state highways (Rajput and Yadav in Int. J. Innov.
Res. Sci. Technol. 2(3):9–13, 2015). Road’s thickness depends upon its geotech-
nical properties and the load applied to it. Good pavement should follow some
guidelines like it should be safe, economical, and comfortable. This research
describes the impact of SoilTech MK III Polymer and Fly Ash as stabilizer on black
cotton soil and on clay and the positive impact on the pavement as well as on the
cost of the pavement. For this research, 20% Fly Ash and 0.2, 0.4, 0.6, and 0.8%
SoilTech MK III Polymer were used. With the addition of Fly Ash and
SoilTech MK III Polymer, the OMC value increases and the value of MDD
decreases. CBR value also increases with the combination of these two materials.
The optimum mix obtained to improve the construction of pavements with poor
strength was 79.2:20:0.8 (Sample: Fly Ash: SoilTech MK III Polymer). Because of
these stabilizers, the cost of pavement reduces up to 20–30%.

Keywords Black cotton soil (BCS) � Clay � SoilTech MK III Polymer � Fly Ash �
California bearing ratio (CBR)

1 Introduction

It is always a challenge for highway engineer to improve the geotechnical prop-
erties of the problematic soil at that time. Stabilization is one of the best methods
adopted by the engineers. Chemical stabilization [1], mechanical stabilization, and
biological [2] are such methods which are implemented on weak soil to improve its
properties so that the service life of the pavement can be increased [3, 4]. Various
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types of the stabilizer are being used by different researchers where they use waste,
or any chemical [5]. However, the selection of any stabilizer depends upon the soil
and the availability of stabilizers and funds. Like BCS, clay is considered prob-
lematic soil because of its shrinkage and swelling effects on the pavements. These
soils provide strength until it is dry but when it is wet, it loses strength. Many
studies have been done in past using marble powder [6, 7], crushed glass and
coconut coir fiber [8, 9], and Fly Ash [ 5, 10], RBI 81 stabilizer in BCS [11]. The
result of all these studies concludes that the engineering properties of soil improve
and soil gains its strength. BCS for this research was collected from Jamnagar M.
P. and clay from Pamal village near Ludhiana, Punjab.

2 Material Properties and Methodology

2.1 SoilTech MK III Polymers

MK III Polymer which is a third-generation polymer is used by the US Military in
Afghanistan, South Africa, Australia, Middle East, and Indian Projects. India
Polyroads Private Limited (IPPL) (2010) [12] explains that polymers are materials
made up of a long shapeless chain of repeated molecules units which provides a
plastic atmospheric structure that provides good strength and toughness. With
mechanical compaction, it provides the best results as the strength increases, the life
cycle, and load taking capacity of the pavements increases at a very high level. This
polymer uses water as a carrier that moisturizes the fine particles at the molecular
level that interconnect after compaction. After providing more compaction, the
stabilization becomes stronger because the water present inside the soil vaporizes
out and leaves a thin layer or film on the soil which prevents water admittance. CBR
increases with repelling water, and production of carbon also reduces. As per
reports, 1 km of cement stabilized road which is 7 m wide produces 50,449 tons of
carbon in the air, whereas roads with SoilTech MK III Polymer produce 1217 tons
of carbon [12]. SoilTech MK III Polymer reduces the construction cost of roads by
20–30% as well as construction time reduces up to 30%. Properties of MK III
Polymer are displayed in Table 1.

2.1.1 Preparation of MK III Polymer Sample

For this research, 0.2, 0.4, 0.6, and 0.8% percentages are used for compaction tests.
For example, to prepare the sample 0.2%, 2 ml of the SoilTech MK III Polymer is
mixed into 1 L of water and then mixed thoroughly [13] and then this solution is
added in the soil to perform different tests.
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2.2 Fly Ash

Pulverized fuel is another name for Fly Ash. It is obtained when coal explodes into
flames and the particles discharged out from the boiler with the fuel gases and the
ash which settled down to the base of the boiler is known as bottom ash. According
to the Environmental Protection Agency (EPA), Fly Ash is considered the most
toxic waste for the environment as it contains acidic, toxic, radioactive matter, lead,
arsenic, mercury, cadmium, and uranium [14–16]. For this research, I collected Fly
Ash from Ludhiana in a fine form.

3 Method of Testing

3.1 Experimental Methodology

Different tests were performed on the plain BCS and clay included: Atterberg’s
limit, Proctor, and CBR [4]. To determine the effect of the stabilizer on BCS and
clay with percentages of Polymer and 20% Fly Ash, respectively, used and mixed
with the soil (Fig. 1 and Table 2).

4 Results and Discussions

4.1 OMC Value

With the addition of 0.2, 0.4, 0.6, and 0.8% of SoilTech MK III Polymer to the clay,
OMC changes from 16% to 16.2, 16.4, 16.6, and 18% and for BCS, OMC changes
from 27.5% to 28.2, 28.5, 28.9, and 29.5%, respectively. When 20% of the Fly Ash
and 0.2, 0.4, 0.6, and 0.8% of SoilTech MK III Polymer combination mixed to the
clay OMC changes to 16.3, 16.7, 17.1, and 18.3% and in the case of BCS, OMC

Table 1 Properties of
SoilTech MK III Polymer

Property Description

Color Black/gray liquid

Odor Pungent smell

pH 8.0–9.0

Boiling point Approx 100 °C

Specific gravity >1.0

Vapor pressure As per water

Flammability N/A
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Fig. 1 Plan of the experimental work to be carried out

Table 2 Geotechnical
properties of BCS, clay, and
Fly Ash

Characteristics BCS Clay F.A.

SG 2.5 2.6 1.6

LL (%) 59.8 43.5 33.2

PL (%) 29.5 18 –

PI (%) 30.3 25.5 –

MDD (g/cc) 1.76 1.55 1.032

OMC (%) 27.5 16 28.6

CBR (%) 1.48 1.52 –

500 T. Kaur et al.



increases to 27.9, 28.4, 28.7, and 29.3%, respectively. The combination of Fly Ash
and SoilTech MK III Polymer changes the OMC, as the particles of Fly Ash
have got more surface area, which requires more water hence, OMC increases
(Figs. 2 and 3).

4.2 MDD Value

The MDD value of raw clay was 1.55 g/cc which reduced to 1.57, 1.56, 1.55, and
1.54 g/cc and BCS was 1.76 g/cc which reduces to 1.78, 1.77, 1.76, and 1.75 g/cc
with the addition of 0.2, 0.4, 0.6, and 0.8% of SoilTech MK III Polymer. The MDD
value of raw clay reduces to 1.56 g/cc and BCS reduce to 1.71 g/cc with the

Fig. 2 OMC of Clay; a OMC of Clay + MK III Polymer, b OMC of Clay + MK III
Polymer + F.A.

Fig. 3 OMC of BCS; a OMC of BCS + MK III Polymer, b OMC of BCS + MK III
Polymer + F.A.
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addition of Fly Ash at 20%. This reduction of MDD occurs due to negative charge
particle of soil combine with the charges of cations resulting in [17] a fluctuating
structure which is light in weight and having a high [17] amount of voids ratio. As
Fly Ash and SoilTech MK III Polymer consist of less amount of specific gravity
than the raw soil, the MDD decreases (Fig. 4).

4.3 California Bearing Ratio Test

The design for a pavement depends upon the CBR value of subgrade soil. The CBR
value of raw clay increased from 1.52% to 3.92, 5.55, 6.44, and 9.62% corre-
sponding to the addition of 0.2, 0.4, 0.6, and 0.8% of SoilTech MK III Polymer.
After the addition of 20% of Fly Ash to the clay with 0.2, 0.4, 0.6, and 0.8% of
polymer, the CBR changes to 4.66, 5.92, 7.03, and 9.62%. Similarly, the CBR
value after adding polymer into the BCS changes from 1.52% to 3.33, 5.18, 5.92,
and 9.25% and after the addition of Fly Ash at 20% with different percentages of
polymer, CBR changes to 3.703, 4.81, 6.29, and 8.14%. This change in CBR
represents that the strength of the sample increases and a strong bond occurs with
the combination of Fly Ash and SoilTech MK III Polymer as a stabilizers. An
optimum mix of BCS: Fly Ash: SoilTech MK III Polymer and Clay: Fly Ash:
SoilTech MK III Polymer was obtained at 79.2:20:0.8 (Fig. 5).

Fig. 4 a MDD of Clay + MK III Polymer + F.A., b MDD of BCS + MK III Polymer + F.A.
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5 Conclusions

1. After the addition of 20% of Fly Ash and SoilTech MK III Polymer at different
percentages, the OMC value was observed on increasing whereas the value of
MDD decreases after this addition.

2. With 20% of Fly Ash and 0.8% of SoilTech MK III Polymer, an optimum mix is
obtained after the addition of this in BCS, and clay CBR value increases. After
performing laboratory tests, with a ratio of 79.2:20:0.8 (Sample: Fly Ash:
SoilTech MK III Polymer), the optimum mix can be used for the construction of
pavements with poor strength.

3. SoilTech MKIII polymer is a chemical stabilizer, which is used as a potential
stabilizer for expansive soils or weak soils.

4. The CBR values of BCS and clay increases with SoilTech MK III Polymer as
compared to the untreated BCS and clay.

5. SoilTech MK III polymer is an ecofriendly stabilizer and reduces 92% of CO2;
hence it is an effective soil stabilizer as compared to others.

6. It is a cost-effective stabilizer. And if Fly Ash is also used as stabilization then
this stabilizer will not become only effective and reduce the cost but the waste
Fly Ash is also being used without harming the environment.
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Equal Channel Angular Pressing
(ECAP) with Al Alloy—A Review

Nani Gopal Roy, Debayan Mondal, Partha Pratim Dey,
and Manojit Ghosh

Abstract Modern days are driven by advanced technology which put forward the
challenges of invention related to advanced engineering materials and advanced
manufacturing process in order to cope up with burning global demand for new
item or alternative product in more complicated and competitive atmosphere. While
choosing an engineering material or any manufacturing process, researcher has to
consider not only utility, application, feasibility, effectiveness but also
bio-compatibility with a rational chronological priority, based on their immediate as
well as long-term impact and sustainability. The rigorous study and research is
needed for development of an alternative manufacturing process or material or both
for commercialization. ECAP is commonly employed for severe plastic deforma-
tion (SPD) techniques to form ultra-fine-grained (UFG) microstructure. Excellent
past research work on rolled Al alloy Al7075 with ECAP confirmed high strength
associated with maximum value of elongation at failure of 322% at 300 °C with
rate of strain as 10−3 s−1. Mechanical properties with precipitation kinetics of
Al7000 series alloy through ECAP have been already studied in the previous
research. ECAP with Al7075 at different temperature in one of the researches is
carried at recent past. The objective of present researcher is to find out the future
scope of work among existing researches. The introduction of suitable back pres-
sure which may improve the workability of the specimen by removing dead zones
through filling outer corner needs to be studied. The future attempt may be made in
finding the optimum process parameters or complex combination of all parameters
for best mechanical properties and through achieving maximum strengthening
effect.
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1 Introduction

The present technology advancing toward micro- and nanolevels, lightweight but
high strength domestic and industrial application of metal and alloys is increasing
drastically. Manufacturing professional concentrated upon strengthening processes
of the existing engineering materials. ECAP is found to be the most effective
method of producing nanocrystalline (NC) and ultra-fine-grain (UFG) materials
among various strengthening mechanisms. From past decade, equal channel angular
pressing (ECAP) became familiar with an effective process to produce
ultra-fine-grained and nanocrystalline (NC) material. Many researches have been
carried out on these particular field with various metal and alloys to prove ECAP as
commercially one of the best methods for superior mechanical properties. Process
of SPD was introduced first in the USA by extensive work of Bridgman. Present
concentration of the research on the plastic behavior of the materials rather than its
elastic zones developed various strengthening mechanisms through the process of
SPD. The objective of the process is to improve the mechanical properties of the
metal and alloys through deformability by introducing high pressure (up to
0.2 Gpa) through the concept of high-pressure torsion (HPT) [1, 2], directional
forging [1], cyclic extrusion compression [1], constrained groove pressing
(CGP) [1], accumulative roll bonding (ARB) [1], and submerged friction stir pro-
cessing (SFSP) [1], considering crystal structure, geometry along with the process
of microstructures having grain size ranging from 70 to 50 nm approx.

Out of various procedures, ECAP [1, 3, 4] is found to be unique because of
several reasons. Primarily, ECAP can be implemented preferably to large billets so
that there is a possibility for converting substances, that possibly further utilized in a
broad spectrum of structural applications and can be executed on a wide range of
metal and alloys. Observation has been pointed toward advancement of new and
various approaches that may be utilized to produce ultra-fine-grained materials of
grain sizes in the sub-micrometer and nanometer level. In order to understand
above-mentioned review, it is required to define a formal definition of UFG [1, 3].
The characteristics of polycrystalline UFG materials are known as polycrystals with
appreciably small grains of average grain size in order of less than 1 µm. For bulk
UFG materials, there are secondary requirement of fairly homogeneous along
with sufficiently equiaxed microstructures and with a majority of grain boundaries
with high angles of misorientation. Among the different procedures in use for the
production of nanostructured materials, only SPD technique implemented for
producing large samples, suitable for industrial utility. In order to create nano- or
ultra-fine-grained structure at low homologous temperature (typically below 0.3 of
the melting temperature) SPD is the best process. In order to obtain the smallest
microstructure, plastic strains of more than 600–800% are necessary. Such high
degrees of plastic deformation are possible because one sample can be subjected
several times to SPD in order to accumulate the total amount of plastic strain.
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2 Principle Involved in ECAP

The basic principle involved in ECAP process is based on the Hall–Petch equation
which provides the correlation between the strength, more specifically the yield
point strength (ry) and the size of grain of the particle as per relation furnished as
follows.

ry ¼ r0 þ kyd
�1
2 ð1Þ

where r0 is the friction stress, “d” is the grain size, and ky is a constant of yielding.
The strength maybe drastically improved by reducing grain size.

3 Literature Review

Valiev’s et al. [1] investigation and detailed study tell us very significant infor-
mation related to equal channel angular pressing (ECAP) process.

Zhao et al. [3] investigated combine effect of ECAP processed UFG along with
precipitation hardening for 7000 series Al alloy with key objective for investigation
on the effect ECAP processing for the study of precipitation kinetics with associated
mechanical properties of the Al–Zn–Mg–Cu 7075 alloy. The ECAP processed alloy
was further immediately treated with solution treatment to form UFG structure, and
naturally aged at ambient temperature for one month. During non-isothermal
annealing the microstructure, mechanical properties of aged UFG 7075 Al were
investigated. He concluded that ECAP processing can enhance the precipitation
kinetics and addition of significant strengthening effect to the precipitation hard-
ening in the 7075 Al alloy. He has pointed out that, the strength of Al 7000 alloys
can be improved significantly, by making them more useful and effective in high
strength structural applications. The microstructure and mechanical properties have
been investigated for coarse-grained (CG) and ultra-fine-grained (UFG) 7075 Al
alloys during annealing. Zhao et al. [3] further established that after the same
natural aging, the tensile yield strength, ultimate strength (UTS), and microhardness
of the UFG samples were 103, 35, and 48% higher, respective than those of the CG
samples due to high density of Guinier–Preston (G–P) zones.

Mohammad Mahdieh and Ramzan Mahdavinejad investigated EDM on UFG Al
2017 alloy sample and hence measure the stored energy before and after the EDM
process, which contribute remarkably in recent past research work.

Extensive work of Cepeda-Jimenez on rolled Al7075 with ECAP is able to
provide high strength at maximum elongation to failure approximately 322% at
300 °C along with a high strength rate of 10−3 s−1, which has remarkable appli-
cation in aeronautical field. However, Al7075 alloy has only limited form-ability by
conventional forging process at elevated temperature.
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Investigation reveals that the enhancement of ductility is highly depended upon
no. of passes (ECAP process parameter). However, super-plastic behavior is lost
above 350 °C due to abnormal grain growth and deformation mechanism change.
The preliminary objective is to examine the intermediate high temperature and
hence to study the conditions for super-plastic behavior.

Sabbaghianrad and Terence Langedon investigated combine effect of ECAP
followed by HPT on Al 7075 alloy converting into super-plastic deformation at
elevated temperature. They concluded that HPT is more efficient than ECAP in
producing material with small grain size. Sabbaghianrad reported that HPT pro-
cessing after ECAP produces additional grain size refinement and hence increases
hardness with saturated grain size. The combine effect of ECAP and HPT able to
manage superplasicity with elongation approximately 800% and grain size was
refined to 310 nm approx in the center of the sample.

Shaeri investigated the effect of ECAP at different temperature (ambient tem-
perature, 120, 150, and 180 °C) on Al7075 alloy and concluded that ECAP process
with Al 7075 at 120° is optimum process parameter [1, 5] for achieving better
mechanical properties due to grain refinement strengthening, [5] precipitation
strengthening [5], and dislocation strengthening [5]. The dislocation density of
ECAP specimen decreases drastically by increasing ECAP temperature, and the
maximum dislocation density of ECAP specimen at room temperature is about 2
times greater than that of ECAP specimen at 180 °C.

Dileep et al. have done excellent experimental research work on the study of
microstructure [6] along with associated mechanical properties [6] of Al 7075 with
nickel-reinforced composites through ECAP [1, 3, 4, 6] and without ECAP [1, 3, 4,
6] sample and the effects were studied and enumerated through measuring the
hardness (BHN) and energy dispersive X-ray spectroscopy (EDS) method and
scanning elector microscope (SEM). Curve was plotted considering percentage
reinforcement (Ni) versus porosity levels and percentage reinforcement of
(Ni) versus hardness (BHN).

Hussein Naser Radhi has reviewed the current trends of research on ECAP
process at different conditions and influence of tribological and mechanical prop-
erties of Al and Brass alloys. Researcher reported that the mechanical properties of
fully annealed Al alloy (like 1100, 6061, 7075) may be enhanced in the first pass of
ECAP 0.80–90% of their yield strength (may be attained after one pass of ECAP).
It is further added that the dislocation density through (ECAP) plays a vital role in
improving the strengthening effect, while the rate of precipitation did play the same
role in subsequent aging process .
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Table 1 Highlight of the different research work in present days

Sl.
no.

Investigation Year of
publication

Relevant future scope of
work

References

1 The effect of strengthening
for 7000 series Al alloy under
combined effect of ECAP
along with precipitation
hardening

2004 Commercial 7075 Al alloy
CG sample and ECAPed
sample immediately after
solution treatment with
varying die angle u and
corner angle w combination
need to be experimented

[3]

2 ECAP process detail along
with effect of process
parameters

2006 Scaling up mechanical
properties microstructure and
hot work ability on Al7075
alloy

[1]

3 Study of mechanical
properties and precipitation
kinetics of Al7000 series
alloys due to ECAP process

2006 Thermal analysis Al7075
alloys

[3]

4 Enhancement of ductility
depends on influence of
number of pass (ECAP
process parameter)

2011 Introduction of back pressure
on ECAP process

[7]

5 Exceptionally small grain
sizes are produced efficiently
by HPT

2014 Calculation of stored energy
with Al7075 ECAP followed
by HPT sample

[2]

6 Al 2017 alloys ECAP and
followed by EDM process

2016 The investigation of ECAP
with Al7075, application of
with back pressure and
without the application of
back pressure followed by
EDM need to be investigated

[4]

7 The effect of ECAP at
various temperature

2016 Investigation of ECAP on
Al7075 with u and w values
of 135° and 20°, respectively,
with different temperature
(like room temperature, 120,
150, 180 °C) needs to be
studied. ECAP at different
temperature and combination
with thermomechanical
treatment of Al7075 alloy
may be taken as new research
challenges

[5]

8 The coefficient of friction and
specific wear rate of AA7075
alloy

2017 Fracture, toughness and wear
resistance may be
investigated

[8]

(continued)
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4 Conclusion

Recent trends of research are not limited to a particular field of study. Most of the
research work needs specialized knowledge and desired skills as well as knowledge
of interdisciplinary as a prerequisite. Owing to the fact that present work of the
researcher is to find out the future scope of work on ECAP with Al alloy. Among
various engineering materials, the reason for choosing Al alloy is due to high value
of strength-to-weight ratio, low specific weight, associated minimum cost, fatigue
performance, low elastic modulus, high specific strength, and excellent corrosion
resistance properties. Chosen field of research is excellent for application point of
view because of aerospace and automobile application as concern. Though number
of researches has already done in this field, still there is wide scope of work in this
particular field.

Extensive and rigorous research work can only establish the alternative manu-
facturing process to commercialize it for the betterment of mankind.

Conclusion is made in finding the optimum process parameters or complex
combinations of all process parameters where all four types of strengthening
(namely solid solution, precipitation, grain refinement, and dislocation) will be in a
additive mode and a compromising state so that the net effect of strengthening has
reached the maximum value and obtain best mechanical properties [10, 11].

5 Future Scope of Work

The study of scaling up of mechanical properties, microstructure, and hot worka-
bility on Al7075 alloy with 100 mm diameter may be investigated [1].

Table 1 (continued)

Sl.
no.

Investigation Year of
publication

Relevant future scope of
work

References

9 Investigation of
microstructure with
associated mechanical
properties of Al 7075 alloy,
reinforced with nickel
through ECAP process by
liquid metallurgy technique

2018 Corrosion and wear may be
investigated while changing
various weight percentage of
nickel

[6]

10 Tribological along with
associated mechanical
properties of Al and Brass
alloy with the variation of
different ECAP process
conditions

2020 Corrosion and wear
resistance properties of
ECAPed Al7075 alloy need
to be studied

[9]
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The study on mechanics of metal flow and its behavior along with microstruc-
tural evaluation may be used as key tool for further development [1].

The following area may be considered as future scope of work on ECAP with
Al7000 series alloy relevant or extended research work of Zhao et al. [3] in his
journal titled “Micro structure and mechanical properties of ultra-fine-grained 7075
Al alloy processed by ECAP and their evaluations during annealing” [3]. In thermal
analysis, Zhao et al. [3] investigated the precipitation kinematics of Al7075 alloy
with two distinct values of heating rates 5 and 10 °C per minute. Thermal analysis
may be performed altering holding time other than 5 h with different heating rate,
hence microstructure and mechanical properties may be investigated [3].

The impact of holding temperature on UFG as well as coarse grain (CG) sample
more than 480 °C during annealing process may be studied with different cooling
rate other than as mentioned in his work [3]. The ECAP process parameters, such as
number of passes, may be increased along with different process routes and the
impact of different values of channel angles and corner angles combination (u and
W) may be investigated [3]. The influence of furnace cooling need to be studied,
ensuring different cooling rates [3]. Investigation of combine effect of ECAP and
electrical discharge machining (EDM) [4] of Al7075 may be carried out with the
application of back pressure and without the application of same [4]. The effect of
back pressure and presence of a viscous-ductile medium at the exit point of channel
may be investigated [7]. The same ECAP process may be investigated attaining
ECAP pressing at slow speed (less than 5 mm per minute) [7]. Introduction of
microchannel within the die geometry for rapid cooling rate of die may be inves-
tigated [7]. Introducing a secondary punch with a pressure (P2) and the effect of
material flow pattern during the process may be investigated [2]. The combine
ECAP and high-pressure torsion sample may be future processed with EDM and
the change in the mechanics of material removal may be studied and investigated
[2]. In Al 7075 ECAP + HPT sample, stored energy [4] may be calculated from the
experimental data [2]. The variation of dislocation density [5] with the variation of
sample size may be investigated. Study of stored energy [4] in ultra-fine-grained [1–
3, 5] aluminum alloy Al7075 at 120 °C with processing speed of 0.5 mm s−1

through Bc process route and sample size of 7 � 7 � 50 mm3 [5] with u = 90° and
w = 20°, respectively, may be investigated .

Table 2 Proposed application areas with future manufacturing challenges

Sr. no. Proposed application areas

1 Aviation, aerospace, and aircraft industries

2 Connecting rod and crank shaft of automobiles

3 Marine propulsion system

4 Production of chemical plant and process plant equipment

5 Parts of reciprocating compressor

6 Parts of radial engines
(continued)
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6 Difficulty Level to Carry Out Tensile, Bending,
and Impact Testing with Microsamples

As there is no sufficient infrastructural facilities to carry out tensile, bending, and
impact testing with microsamples in the Eastern Part of India, the researcher from
this area needs to face difficulties in testing of microsample as the provision for
destructive test of microsample is very limited. Unwanted delay is unavoidable in
the research on this particular area.
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Comparative Analysis of the Payback
Period for Different Types of Solar
Energy Systems Used in India

Abhishek Dhiman and Gulshan Sachdeva

Abstract Due to the geographical location of India, solar energy is sufficient to
fulfill the continuously rising energy demand. Under different operating conditions
(solar intensity, ambient temperature, energy demand), solar energy systems could
be more economically efficient as compared to conventional systems (LPG stove,
induction cooker, electric geyser, gas geyser, etc.). But it is necessary to know the
economic feasibility of the solar energy systems before use. In this study, the
payback period (PBP) of different solar energy systems is calculated in terms of
energy saving over conventional systems. For SK14 solar cooker, PBP in terms of
years is shorter when the substituted conventional system is an induction cooker
and PBP is higher when the substituted conventional system is an LPG stove.
Similarly, the PBP of the solar water heater (SWH) is about 2.5 years when the
substituted conventional system is an electric geyser and about 6.5 years when the
substituted conventional system is a gas geyser. PBP of the photovoltaic solar
system is about 5.5 years. The findings of the present study would motivate the end
user for the use of solar energy systems for different applications.

Keywords Payback period � Solar energy systems � Solar cooker �
Solar water heater

1 Introduction

To fulfill the rapid increase in energy demand has become a crucial concern in the
last few decades. And the use of conventional sources causes climate change and
global warming. According to WHO, 1.6 lakh people die due to the direct and
indirect effect of climate change [1]. Moreover, natural disasters such as floods and
drought are the consequences of climate change. Hence, to minimize the negative
effect on the environment, the conventional sources must be replaced with
environment-friendly substitutes.
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There are many substitutes such as solar energy, wind energy, tidal energy, and
geothermal energy. Solar energy is one of the best substitutes as it is free, clean, and
available in abundance at most of the places. The deficiency of fossil fuel has
increased the demand of solar energy [2]. Although solar energy covers a very
small portion of energy demand, it has great future potential.

Solar energy is divided into radiant energy and heat energy. Radiant energy
easily converts into electricity with the help of a PV panel. Heat energy is utilized
by using a different type of concentrators and collectors. For cooking applications
box-type collectors, Scheffler reflectors, and parabolic dish collectors are mainly
used [3]. Steam generation for industrial and domestic applications is done with the
help of concentrators having a high concentration ratio [4]. Evacuated tube solar
heat collector has also been utilized for the regeneration process of the LDAC
system by various researchers [5–7].

Solar systems become more popular if they are economically feasible. To
evaluate the economic feasibility of the system, the payback period of that system is
calculated. The payback period is the number of years to return the fund invested.

Payback period ðPBPÞ ¼ Initial investment=saving per year ð1Þ

2 Solar Cookers

Food is the basic need of all human beings. Different types of cookers, stoves, and
chulhas are used to cook food. Most of the population in urban areas use the LPG
gas stove and the population in villages uses traditional chulhas. Cow dung cake or
dry wood is used in chulhas which causes a lot of pollution and many diseases like
Asthma. A solar cooker is the best alternate of these stoves and chulhas as it is free
of cost and available in abundance.

A wide range of solar cookers is available in the market. These solar cookers are
classified as the non-concentrating-type and concentrating-type solar cookers based
on the concentration ratio. Further solar cookers can be classified as direct- and
indirect-type solar cookers according to the position of the cooking pot. If the
cooking pot is directly placed at the focus of the concentrator, then the cooker is a
direct type solar cooker. In indirect-type solar cooker, first steam is generated and
which is used for cooking inside the kitchen. Evacuated tube collectors have also
been used for cooking purposes [8]. Box-type solar cooker and SK14 solar cooker
are suitable for domestic cooking. SK14 solar cooker can be used for both low
temperature and medium temperature cooking, whereas a box-type solar cooker can
be used only for low-temperature cooking. Therefore, cost analysis of SK14 solar
cooker is done because it is a medium-temperature solar cooker (Fig. 1 and Table 1).

The approximate cost of the LPG stove, induction cooker, and SK14 solar
cooker is taken. To calculate cost per MJ of energy, the price of a subsidized LPG
cylinder is taken and the cost of 1 kWh energy is assumed to be 5 Indian rupees
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(INR). Also, the overall efficiency of the LPG stove and induction cooker is about
68 and 90%, respectively [11, 12]. The calorific value of LPG is about 46 MJ per
kg [13]. Per day energy required for cooking food in a family of 4 persons is
approximately 14.5 MJ [14]. Solar energy is only available in the daytime so it is
impossible to completely depend on solar energy. So, it is assumed that 5 MJ of
energy is taken from SK14 solar cooker and the remaining energy is taken from the
LPG stove (Fig. 2).

From the graph, it is observed that the PBP of SK14 solar cooker is about
2 years. Hence, it is very helpful to reduce monthly expenditure on LPG or elec-
tricity bills. But the use of SK14 solar cooker is not convenient for the user because
it has to be tracked with time.

a b

Fig. 1 a Represents the pictorial view of the box-type solar cooker; b represents the pictorial view
of SK14 solar cooker

Table 1 Initial cost and running cost of different types of cookers

S. no. Type of cooker Price (INR) Cost per MJ of energy (INR)

1 LPG stove 5000 1.15

2 Induction cooker 2500 [9] 1.54

3 SK14 solar cooker 9500 [10] Negligible

Fig. 2 Cost analysis of different cooking appliances
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3 Solar Water Heater (SWH)

Hot water is required in the daily activities of every household and many industrial
processes, especially in low-temperature regions. In household, hot water is mainly
required for bath and to maintain the hygiene standards of the kitchen. Many
industries like food, chemical, leather, clothes, laundry, etc., use hot water for
different processes.

There are different equipment available for heating water like LPG geyser,
electric geyser, SWH, kerosene stove, traditional chulha. Two types of SWH are
available in the market. The first one is a flat plate-type water heater (FWH) and the
second is an evacuated tube-type water heater (EWH). In FWH, copper tube is
mounted in different patterns inside a flat plate collector. A collector consists of a
metal box that is painted black from inside to absorb maximum radiation and a
glass cover to prevent the escape of long-wavelength radiation from the box.
In EWH, evacuated tubes are used for heating water. Evacuated tube consists of two
concentric glass tube and vacuum is created between these tubes (Fig. 3).

The approximate price and cost of heating 1 L of water for the different water
heater is listed in Table 2. The cost of heating 1 L of water is 0.075 INR for
subsidized LPG gas cylinder, whereas 0.141 INR for unsubsidized LPG gas
cylinder. The approximate cost of 100 L capacity EWH is taken in Table 2.

To calculate the PBP of SWH, the graph is plotted between the yearly expen-
diture of different water collector and time. The approximate cost of different water
heaters is taken to calculate yearly expenditure. The charge of 1 kWh unit elec-
tricity is taken 5 INR. It is assumed that a small family requires 80 L of hot water
per day. Also, there are 280 clear sky days per year where the SWH is installed and
an LPG gas geyser is used in the rest of the days for heating water. A subsidized
LPG gas cylinder is used in gas geyser for heating water (Fig. 4).

SWF is economically feasible for domestic as well as industrial applications. It is
observed that the PBP of SWH is approximately 2.5 years when used instead of an
electric geyser and 6.5 years when used instead of a gas geyser.

a b

Fig. 3 a Represents the pictorial view of EWH; b represents the pictorial view of FWH
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4 Solar Photovoltaic System

Electric energy is the most useful form of energy because it is high-grade energy
and easily transformable. Most of the domestic and industrial machines are working
with the help of electric energy. Electric energy is produced in power plants like
hydropower plants, thermal power plants, and nuclear power plants. The installation
of PV panels is an alternate method to produce electricity. PV panels work on the
principle of photovoltaic effect and it converts directly solar energy into electric
energy.

The initial installation cost for a large solar PV power plant is quite high but its
running cost is negligible. If we do not store energy for off sunshine hours, the
electricity generation cost with the help of solar PV panels is almost zero. The cost
of batteries will be added if we store energy for an off sunshine hour (Table 3).

The installation cost of the PV panel is about 40,000 INR per kW for the on-grid
system and 60,000 INR per kW for the off-grid system. The charges for 1 kWh
energy vary from Rs 2.75 to Rs 6.25 depending upon the amount of electricity used
(Fig. 5).

From the graph, it is observed that the PBP of the on-grid PV system is less than
one year if it is used in the remote area where the diesel generator is used to fulfill
electricity demand. The PBP of this system is about 5.5 years with respect to the
conventional power supply.

Table 2 Initial cost and running cost of different types of water heating systems

S. No. Equipment Initial cost (INR) Cost of heating 1 L of water (INR)

1 LPG Geyser 4500 [15] 0.075–0.141 [16]

2 Electric Geyser 7000 [17] 0.145 [16]

3 SWH 15,000 [18] Negligible

Fig. 4 Cost analysis of the different types of water heating systems
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5 Conclusions

In this study, the payback period of different solar systems is observed. The study
gives the payback period of different solar systems under specific conditions. The
conditions like the price of solar systems, electricity, LPG are different for different
places. Also, the solar intensity and atmospheric temperature depend upon the
geographical location which greatly affects the performance of the system. Specific
findings obtained in the cost analysis of the solar system:

• The use of SK14 solar cooker is very economical as its PBP is less than 2 years.
Also, its maintenance is negligible. But still, its use is very limited because of
difficult tracking. SK14 solar cooker is a very useful product in villages where
people use traditional chulhas as it does not produce any smoke.

• It is observed that the PBP of SWH is 2.5 years and 6 years for electric geyser
and gas geyser, respectively. SWH is very easy to use as it does not require any
kind of tracking.

• PBP is depended on the solar intensity and the number of clear sky days in the
year at that location where the solar system has been installed. PBP is higher for
the location having a higher number of clear sky days and vice versa.

• PBP of the on-grid PV system is about 5.5 years for conventional power supply
and less than one year for a diesel generator. PBP of the on-grid PV system
mainly depends upon the cost of one kWh of energy at that location.

Table 3 Initial cost and cost per kWh for different sources of electricity

S. no. Sources of electricity Initial cost
(INR) per (kW)

Cost of one kWh
energy (INR)

1 Conventional power supply 2000–10,000 2.75–6.25

2 Generator 5000–20,000 [19] 20

3 Solar photovoltaic system 50,000 [20] Negligible

Fig. 5 Cost analysis of different sources of electricity
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Three-Wheeler (Loading
Auto-Rickshaw) Suspension by FEA

Rajat Yadav and Kamal Sharma

Abstract The paper manages pressure test of helical spiral spring, placed in
three-wheel automatic rickshaws on medium intersection of an Indian car display.
The elastic properties and fatigue resistance in the plan of this form of spring must
both be viewed as important aspects. This paper contains a helical bow spring that
supports load and determines shear stress. Nonetheless, the investigative work
needed to minimize the weight of an element running the production facility allows
these springs to face high work stress. The structural integrity of helical spiral must
be ensured. In order to determine exact stress distribution of spring, a static stress
analysis with the finite element method was performed.

Keywords Fatigue strength � Finite element analysis � Helical coil compression
spring

1 Introduction

Three-wheeled auto-rickshaws (TWA) are a key accessible vehicle for India’s
working class urban population. TWA are still utilized in open cars and in freight
transport worldwide, with the exception of India [1]. The suspension system is bad
for three wheels, since it is concerned with the driving consolation of the driver.
The lack of a rear pit differential was labelled roll-over and pitching supporters,
which moderately increased the amount of gravity. This improves comfort of
traveller. Few distributions test the daily show of TWA for mass transportation [2,
3]. The company pattern is now decreasing weight in each portion and more springs
are not depleted. The tension feeling in the springs is increasing through the wide
open streets, where these TWA usually transport freight. The helical coil pressure
springs are a fundamental part of this suspension system and are therefore extre-
mely important for full spring pressure study. When such sources encounter gov-
ernment fluctuations, the weariness of the counterpart should be identified to the
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greatest degree possible [4]. The mechanical spring is a versatile body, which is
essential to diversify and twist under loads when the heap is expelled. First stage of
spring scheme is to define heaps and avoidances suitable on the basis of stacking for
a specific spring application [5]. The material must nevertheless be calculated
temporarily. With a broadest helical spring planning technique, the spring wire may
be the most concerned with direct shear and torsional shear pressure [6]. There is a
very easy technology designed to structure hypothesis of eBB’s direct shear and
flow for hydration of spinning water for tiny spikes [7]. The theory that helical
spiral component is pivotal functions as direct bar in turn. If p is spring edge, d is
gap between spring wires, d averages width of belt and then power in spiral is
provided, with direct pivot power P. The power supply is supplied with
part. Anxieties induced by bending of latter are first considered and then are
superimposed on concerns by immediate shear [8]. On inner side of the spindle,
however, highest shear pressure occurs and can exceed a rudimentary assumption
of a number depending on list of springs. The goal is as illustrated in Fig. 1a and b
shows that elemental section of helical coil compression spring, to have a small
fibre within this roll. This allows the inner fibre to experience considerably greater
pressure and shear stress than the outer muscle of the fibre if the band and spiral
areas swing around the spring centre via one edge. In the same way, the shear
problem on the inner side of the belt was caused by direct pivotal load P. Then the
pressure within the belt is typically much higher than elsewhere and in this place,

Fig. 1 a and b Elemental section of helical coil compression spring

524 R. Yadav and K. Sharma



therefore, disappointment of fatigue often begins. This is why the spiral’s shear is
most intense.

smax ¼ 8PD
pd3

K ð1Þ

where

K ¼ 4C � 1ð Þ
4Cþ 1ð Þ þ 0:615

C

� �
ð2Þ

C ¼ D=d

The unmistakably spring file’s composition directly influences the pressure
circulation. K is Wahl’s factor as ebb and flow effect product and C is recognized
for consideration of pressure remedy as a spring record. These formulas can be
checked with the limited part technique to better understand pressure propagation.
A formula is used to measure deflection.

d ¼ Gd4

8D3N
ð3Þ

where G is material shear module and N is a number of active turns of helical spring
[1].

2 ANSYS Analysis of Helical Spring

2.1 Finite Element Analysis

An significant incentive to be included FEA in configuration of coil spring is their
willingness to minimize mistakes improving conditions, in particular regarding the
timing edge. A FEA-based software begins by determining type of component,
nature of model, the reliability and pace of running of the model. The most precise
FEA outcomes can be achieved by making a 3D spinner section and the seats
tracked by cross section with a powerful 3D portion.

A stronger cross-area with higher demand components produces more consistent
performance. In either case, a higher number of components and nonlinearity could
take either time-out to inspect due to the interaction between a spindle spring and its
seats or between the spindle and itself. The measurement duration for consolidating
FEA into a whirling strategy must be sensitive, while precision and accuracy of
outcomes are important. In order to make the measurement time in strong model,
revolver and seats are always shown as 3D shaft part. A seat as an inflexible body’s
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material characteristic is quite defined as it is insignificant and cannot be taken into
account when a seat is failing under pressure. Bending components or non-bending
components are described by the interaction between spindle or seat or spindle.

2.2 Geometry and Material Properties

Table 1 is indicated by viable spring point by point. This spring is used in
three-wheeler front suspension. Spring is composed of ASTM A227 material,
square and placed on floor. Table 2 displays the characteristics of the material. In
this spring, the process of extinction of oil was improved and pressures of 395 lC
were mitigated over 25 min. After a while, a decent finish on the surface took with
ball size of 2 mm.

In this study, the effects of residual stresses were ignored. Pro-E Wildfire 4 was
programmed, as shown in Fig. 2a generates simple models of strong spring. This
research does not model spring seats and is regarded as a rigid body for interaction
of the seats with the spring surface.

2.3 Criteria by ANSYS on Mesh Convergence
and Element Type

ANSYS 15.0 is product before and after preparation. This spring is compatible with
various helical spring factors and cross sections, along with relative controls to
detect assembly laws. From the beginning, the source had been fitted with
SOLID197. This feature is a 10-hub part of a higher request that is
three-dimensional. This is an ideal for showing periodic cross sections (like the
ones supplied by many cad/cam structures). SOLID197 has quadratic de rooting
behaviour. This segment consists of 10 hubs, each of which gives a three grad
chance: x, y and z nodal perceptions. It uses the segment Tet-Meshing. The second

Table 1 Helical spring
specifications

Spring parameter Value Unit

Wire diameter, d 8.5 mm

Outer diameter, Do 53.0 mm

Inner diameter, Di 36.5 mm

Mean diameter, Dm or D 45.0 mm

No. of active turns, Na 9.0

No. of total turns, Nt 11.0

Free length, l0 192.0 mm

Solid length, ls 95.0 mm

Spring index, C 5.75
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case shows the SOLID95/SOLID196 portion. For 3D displays in powerful designs,
twenty jackets are used. Without loss of accuracy, it can withstand irregular shapes.
The components of SOLID196 are well-shaped and bendable. There are three
degrees of chance in any hub perception in eight hubs of x, y and z nodal headings.
This section is used for hex cross section. Working testing in the FE model is
conducted with the goal of making sure that the precision of the measured result
(CPU time) is assured by sufficiently fine steps. The shear pressure is chosen and its
assembly is simultaneously checked and evaluated as the preset variable in the field.
Depending on estimate, model geography, investigational objectives, portion of
best are crossing methods. Tetrahedral coincidence allows high-quality designs for
solids display models from most CAD frames to be imported. Following individual
measurements of different component sizes using the specifications SOLID197 and
SOLID196, the smaller work size was shown to enhance pressure estimate.
SOLID197 segment with test mesh is shown in Fig. 2b. However, the littler
component size less than 2 mm for two types of components has not been achieved
because component produces a large number of hubs and needs almost unnecessary
computational capacities of PC. Consider the exact layout and time required at that
time for different grid alternatives for the equivalent. In comparing the hypothetical

Table 2 Material specifications of ASTM A227 steel spring

Material properties Value Unit

Modulus of elasticity, E 192.575 GPa

Poisson’s ratio, µ 0.250

Shear modulus, G 75.45 GPa

Fig. 2 Solid model (a) and finite element analysis by ANSYS (b) with Tet-Mesh (SOLID 197)
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measurement of the highest shear pressure contest and using Wahl’s equation, the
best FEM model was obtained. In relation to heap of approx. 474.08 N/mm2 and
the distinct pieces are seen at Fig. 3a hypothetical loan pressure counter of
approximately 167 kg or 1637.27 N shows. The most combined model of hypo-
thetical accuracy is Tet-Mesh (SOLID197). Part size 2 mm and refined at level one
within the spiral.

3 Results

3.1 Applied Weight on Helical Spring

For exploration in both static conditions and strong conditions heap followed by
spring in real development is essential since hubs are used in front suspension. The
vehicle normally weighs around. The COG gathers 405 kg with one passenger and

Fig. 3 a Various meshing-type material. b Graph between load versus shear stress
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500 kg on a safer side on a motorcycle. It is expected that this weight will be split
into two rear springs and an early spring. On the front suspension spring, there is
around 167 kg of load. This heap is seen in the analysis using the mass variable.
Consequently, unbending bodily touch conditions will be applied between this part
and the spring’s upper surface components.

3.2 Static Stress Analysis of Helical Coil Spring

The anxiety results from the model of a limited variable were calculated during the
straight static test. This work uses a straight isotropic flexible material. For the
direct flexible material model, the decision is fundamentally regulated. The models
are stacked according to the mechanical load used to illustrate the heap control and
load control. The study indicates the biggest problems on the inner side of helical
spool spring. Spring’s maximum shear pressures. The result is that 467.664 N/mm2

has the most serious shear worries. In xy-plane hubs were held on the inside of each
mm spin. Figure 3b shows the effects of burden on FEM shear strain.

3.3 Fatigue Analysis of Helical Spring

Helical spring exhaustion is ANSYS measured and spring life is calculated. This
method can calculate total and lateral deformation. At this point, the broken colour
shows the spring and the fixed point brake unexpectedly. The fatigue life of the
spring is illustrated by Fig. 4.

Fig. 4 Graph of fatigue inspection

Three-Wheeler (Loading Auto-Rickshaw) Suspension by FEA 529



4 Conclusions

The flexibility tests of the springs used for the three front suspension wheelers are
introduced and discussed in this article. The findings of a complete 3D FEM
analysis also illustrate the hindrance of the old spring model when measuring these
springs. In relation to applied weight on helical spring and values obtained from
using the basic scientific model in the reading material, relative error at the majority
of shear pressure varies from 1.5 to 4%. The pressure circulation shows unmis-
takably that shear pressure on inside side of each spin is most soothing. Each
spindle has a comparative pressure transmittance. Therefore, except for sweeps at
the top, there is the same risk of spring deception in every spindle. There may be
major problems in each spindle in this scenario which affect disappointment.
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3D-Printed Orthosis: A Review
on Design Process and Material
Selection for Fused Deposition Modeling
Process

Ravi Kumar and Saroj Kumar Sarangi

Abstract Physical impairments and functional limitations have become a serious
concern for people in under-developed countries affecting their socio, physio, and
financial life. The high-cost orthosis is the major barrier to access assistive devices
for rehabilitation. The conventional orthosis casts are bulky and poorly ventilated
causing uneasiness and various skin problems. 3D-printed orthosis give better
alternatives to replace this conventional cast. Customized product, design flexibil-
ity, controls over porosity make it more popular over conventional orthosis. For
diabetes patients with a risk of foot ulcers, custom-made 3D-printed insoles result in
better for offloading their foot pressure as compared with prefabricated insoles
made by the conventional method. The current review paper focuses on discussing
design processes for fabrication orthosis insoles and also highlights the technolo-
gies barrier in the fabrication of conventional insole. Advancement in materials
available for FDM technology such as polymer and their composites is also
reviewed in detail. In the concluding remarks, future strategies for the betterment
are suggested.

Keywords 3D-printing � Orthosis � FDM � Polymers � Composite

1 Introduction

The number of persons with physical or functional disabilities is increasing rapidly
in recent years due to an increase in population, change in lifestyle, and aging
peoples. There are rapidly increasing cases of accidents, muscular, and skeletal
conditions [1], non-communicable diseases like diabetes [2–4], and stroke [5, 6]
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causing disabilities like a fracture, misalignment, foot ulcer, etc., which need to be
rehabilitated. It is estimated that an average of 0.5% of the world population would
require prosthetics and orthotics devices globally of which more people will need
orthosis for rehabilitation [7].

An orthosis is an externally wearable mechanism developed for supporting or
correcting the weakened muscles of the spine, arms, foot, and legs. Orthosis enables
people with disabilities to live healthily and independently. Each orthosis has
specific purposes, such as maintaining or correcting the positioning of a body
segment, improving its mobility, and relieving pain. The orthosis is classified
according to the joint and the limb into three categories, i.e., upper limb orthosis,
spinal orthosis, and lower-limb orthosis. The classification for most commonly used
orthosis aids is explained in Table 1 [8].

The orthosis can be fabricated either by using the traditional method or
custom-made using additive manufacturing methods. The traditional method uses
plaster casts for orthotic treatment which are bulky, breathless, and fixed. Many
times, the casts create problems that may include different skin diseases, joint, and
ligament problems [9]. For patients having diabetes and at risk for foot ulcers,
custom-made insoles result in better for offloading their foot pressure as compared
with prefabricated insoles made by the traditional method [10]. The use of 3D
printing technology for optimization and stress analysis on the materials showed
that the device effectively decreases the production cost and also fulfills the
requirements to modify the patient’s gait [11].

The current review paper focuses on discussing design processes for fabrication
orthosis insoles and also highlights the technologies barrier in the fabrication of
conventional insole. Advancement in materials available for FDM technology such
as polymer and their composites is also reviewed in detail. In the concluding
remarks, future strategies for the betterment are suggested.

2 Design Methods

The traditional method of insole fabrication is costly and time consuming. They do
not fulfill functional requirements. The important advantage of the design process is
the possibility of design insole based on the foot scans, without requiring prepa-
ration of individual mold for every consumer. Caravaggi et al. [12] compared the

Table 1 Orthosis nomenclature [8]

Upper-limb orthosis Lower-limb orthosis Spinal orthosis

WO Wrist orthosis AFO Ankle-foot orthosis CO Cervical orthosis

LO Lumbar orthosis

WHO Wrist Hand orthosis FO Foot orthosis TO Thoracic orthosis

EO Elbow orthosis IO Insole orthosis SIO Sacroiliac orthosis
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custom made insoles with traditional pre-fabricated and off-the-shelf insoles. In his
case study, seventeen workers were selected and their feet were 3D scanned,
concerning their plantar view, and these images were used to design 34 insoles. The
study suggested that customized insoles are an effective solution for decreasing
overloading and redistributing plantar pressure in workers’ feet for different
working activities. Khodaei et al. [13] selected 19 flatfeet persons between 18 and
45 for their case study. CAD-CAM foot orthoses and conventional prefabricated
foot orthosis were made. Plantar pressure, force, and contact area of both types of
insoles were measured using pedar®-x in-shoe system. Repeated measures
ANOVA model with posthoc, Bonferroni comparison were used to test differences.
They found increased forces at hallux and lateral toes in prefabricated foot orthoses
as compare to CAD-CAM foot orthoses [13]. CAD modeling overcomes these
limitations with freedom of design and customized insole. Surmen et al. (n.d.)
created the 3D model of foot insole by taking multiple pictures from various angles
and uploading these data to photogrammetry software technology. He next, trans-
ferred the 3D scan data to a CAD package and the model was altered for repre-
senting the geometric parameters of the subject’s foot appropriately ready to 3D
print [14]. Algar and Guldberg [15] proposed a system in which the 3D scanning of
the foot was performed using Microsoft Kinect 3D sensors using three different
views. The Kinect 3D range data were taken to a general reference mechanism
taking marker data and aligned with RGB images. These data are then converted to
a polygon mesh representation using Delaunay triangulation. The last foot model
was generated by merging meshes as well as coloring mesh faces with RGB image
colors [15]. The paper of Davia et al. [16] designed the framework for the imple-
mentation of the CAD-based platform for customized shoe design. The proposed
system framework (KB system, foot pressure viewer, last designer, and foot-last
validation tool) worked as a single tool combining the foot acquired geometrical
data and the plantar foot pressure map having advantages over the traditional
method [16]. Wang et al. developed turnkey-based User Interface (UI) to detect the
dimensions as well as the plantar pressure distribution of the foot pair instantly
which consume less time as compared to the traditional method [17]. Ranganathan
et al. developed the design method of manually masking the plantar pressure region
into various anatomical zones with one outer zone. They split into zones for
assigning different material parameters for printing customized split insole using 3D
printing [18]. Anggoro et al. [19] used the Handy SCANN 700TM scanner for
capturing digital data image and communication of medicine (DICOM) images of
the patient’s foot. The DICOM images available are then modified into stere-
olithography (STL) file format. STL data file was edited and corrected using the
color map developed by VX Element and Geomagic package and prepared for 3D
print the insole. Hale et al. scanned the patient’s head using the ‘Artec EVA’, a
handheld scanner, with the software Artec Studio 12 Professional. The scan data
was imported into the Houdini software to keep simple geometry over interesting
areas and feedback given regarding geometry placement relating to the 3D scan.
This geometry is fitted and relaxed from the 3D scan surface for improving patient
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comfort. Energy of deformation is mapped to surface through design optimization
to generate a porous pattern. Finally, orthosis is 3D printed using Stratasys Fortus
380 mc [20].

3 Fused Deposition Modeling (FDM)

The 3D printing technologies commonly used for orthosis fabrication are SLS,
SLA, and FDM.

In SLA (stereolithography), high-intensity light beam, i.e., laser is used to
harden a soft resin in the desired dimension. The materials used in SLA are pho-
tosensitive resin in a liquid form. SLA technique print product of high resolution
and smooth surface finish. However, objects made are not strong enough.

Selective Laser Sintering (SLA) uses a high-powered CO2 laser to sintered
powdered particles together to form 3D objects without support structures need.
SLS-printed parts have isotropic properties. However, grainy surface finish, high
equipment cost, and high porosity between fused powder particles are some of the
limitations of SLS technology.

Fused deposition modeling (FDM) is cheap and is the generally used 3D printing
technique. The polymer filaments are extruded through the nozzle in a
layer-by-layer manner to print the 3D objects. The layer height, wall thickness, infill
density, and printing orientation of filaments are principal processing specifications
affecting the mechanical properties of the object [21]. One unique advantage of this
FDM technology is that the infill density of the object can be altered which greatly
reduces the weight when compared to other 3D printing technologies. Low cost,
low weight, and simplicity are important benefits of the FDM process over other 3D
printing technologies. Anisotropic behavior, layered appearance, poor surface
quality [22] high manufacturing time, and limited varieties of thermoplastics are the
main limitations of FDM [23]. FDM printers are capable of making plastics objects
that have good but not great resolution. The layer thickness in FDM printing can be
as low as 100 l per layer so the object will strong but not have a good surface
finish.

Zheng et al. used FDM technology to produce a porous structure with varying
porosity that reduces the contact stress between the foot and insole, which is a
critical factor for ulcer development. Other 3D printing technologies lack this
property [24]. Hale et al. performed a case study of a patient with a neurological
disorder. They used fused deposition modeling (FDM) with anisotropic structural
property, for more correct simulation and orientated deposited materials being
optimized as per the loading directions. The porous pattern is developed for
improved ventilation and reduced material cost as well as the weight of the final
orthosis which is missing in other 3D printing technologies [20]. Palousek et al.
conducted the pilot study of hand orthosis using FDM technology with ABS plastic
and found that the orthosis was better flexible and resistant to bending stress. The
connection hooks for the metal clips are not prone to cracking or breaking [25].
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Abreu de Souza et al. presented a case study based on a volunteer who needs an
immobilization orthosis, and found that orthosis made through FDM technology
has a mass of 53 g, having a material cost having U$2.40. This took 45 min to get
printed by the basic 3D printing model Graber i3 [26].

4 Materials for Orthosis Fabrication

The selection of the right material for the fabrication of orthosis is very important
for its success. The materials should be biocompatible, durable, and economical.
Physical properties of these orthotic materials are elasticity, hardness, density,
flexibility, compressibility, resilience, etc. [27].

FDM printer is compatible with most of the thermoplastic polymers. Polylactic
acid (PLA), acrylonitrile butadiene styrene (ABS), polyamide (PA), thermoplastic
polyurethane (TPU), and polyethylene terephthalate glycol-modified (PETG) are
commonly available polymer of which ABS and PLA are the most popular and
stable materials. Abreu de Souza et al. [28] used PLA-based material for the fab-
rication of custom-made wrist orthosis as the material is biodegradable, commer-
cially available, and cheap. Dal Maso et al. [29] AFO-printed ankle-foot orthosis
using PLA material and suggested it have high tensile strength and Young’s
modulus value, though the material is anisotropic having lower toughness value.
Models and prototypes are generally printed using PLA materials. ABS is usually
preferred over PLA because of higher temperature resistance and higher toughness
value. The orthosis made of ABS is more flexible and more resistant to bending
stress. As per Palousek et al. [12], ABS filaments have good tensile and bending
strength and suggest that the material properties are sufficient for the fabrication of
wrist orthosis. Cotoros et al. [30] used ABS material for the rapid prototyping of
corrective insole. There is a certain limitation of using ABS material as orthosis
fabrication. ABS is not biocompatible material and is a toxic smell that is not good
for medical applications. Wang et al. [31] suggested PETG filament instead of PLA
and ABS because of like moisture-bearing and more mechanical strength for cus-
tomized insole fabrication. In his second experiment, Salles et al. [32] conducted
the test using TPU material and suggested that the use and variability of their
geometries favored the modification of shock-absorption properties of the person-
alized insoles. Mogan et al. [33] printed the specimens by varying infill pattern
percentages in TPU materials of two different make Filaflex and Ninjaflex.
Hardness, tensile, and flexure test were performed on these specimens. They
observed that tensile strength and hardness for infill pattern of Filaflex are higher
compared to the Ninjaflex and based on result suggested that infill percentage of
material could affect the hardness, tensile as well as flexural property. TPU mate-
rials can be suggested for applications in fabrication of orthotics insoles where
flexibility and shock-absorbing are the desired properties.

From the literature review of polymers, it is observed that not a single polymer
fulfills the desired mechanical properties for orthosis fabrication which includes
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properties like biocompatibility, flexibility, and good tensile and bending strength
and there is a need to developed composite filaments by adding certain materials
into a polymer matrix, as they offer desired mechanical properties. Tao et al. [34]
prepared the TPU/PLA composite to compare with PLA filament. They found that
the composite with 25% TPU exhibited better toughness value than PLA filament
without compromising the tensile strength. The insole was printed with TPU/PLA
composite with the same tensile strength and better flexibility. Tekinalp et al. [35]
prepared a composite by reinforcing the 3.5 mm carbon fiber by 10, 20, 30, and
40% weight in ABS polymer matrix and observed that there is an increase in the
tensile strength (up to 115%) and modulus (up to 700%) in the composite. Another
experiment was carried out by Dul et al. [36] on the ABS matrix reinforced with
graphene for 2, 4, and 8% weight fraction. Graphene-reinforced composites have
increased the value of elastic modulus and dynamic storage modulus; however, the
maximum tensile strength and elongation at break have decreased. Rimasauskas
et al. [37] embedded 6.6 volume % continuous carbon fiber (CF) and 6.1 volume %
jute fiber in the PLA polymer matrix and studied the reinforcement effect. PLA
matrix reinforcement with 9.5 weight % continuous aramid fiber (8.6 volume %)
has improved strength and modulus [38].

5 Important Conclusions

A comprehensive review of design methods and selection of materials for orthosis
fabrication was carried out in this article. Different design methods for the 3D
model of orthosis are reviewed. 3D scanning of the patient’s affected part in
transferring scan data to design modeler software, simulation, and optimization all
are discussed in detail. However, the studies clearly showed that there is a need for
single modeling software that should incorporate all designing steps starting from
scanning to simulation and preparing for printing the model. Therefore, research
should be carried out in this area. Materials available for the FDM technique are
studied in this paper. Polymers available for fabrication of orthosis have limitations
and therefore, further studies are needed to develop the polymers with desired
properties suitable for an orthosis. Polymer matrix composite showed better
mechanical properties. Further research should be carried out for developing
environment-friendly composite filaments, such as jute fiber, pineapple extract, and
animal extract which could be assessed for a sustainable future.
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Experimental Investigation During
Machining of P20 Tool Steel Using EDM

Manoj Kumar , Ankit D. Oza , Mehul Prajapati ,
and Gaurang Joshi

Abstract Machining hard material demands precision, which is the main reason
for the EDM process suitability for such applications. The EDM process is most
flexible in its operation with significant control over the machined surface that is the
prime need of engineering components. This article presents the machining per-
formance of P20 tool steel, studied by commercially available EDM machine. The
hybrid Taguchi-ANOVA technique is used during planning and analyzing the
experimental results. The machining characteristics like MRR and EWR are studied
using changing the input factors such as discharge current, pulse-on and pulse-off
time. The experiments conclude that the higher tool wear was observed at higher
current and pulse-off-timings. The current is the significant parameter for the
response factor contributing 65.58% and 92.12% for MRR and EWR, respectively.
Moreover, an attempt was made to investigate the prospect of forecasting the MRR
and EWR for machining of P20 tool steel to establish a pragmatic relationship
among input factors. The optimized set of input parameters for MRR and TWR are
A3B2C2 and A1B1C2, respectively.
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1 Introduction

In recent times, EDM and its variants emerge as a practical, cost-effective solution
to machine hard-to-machine materials. Electric discharge machining is an advanced
machining technique utilized to machine mainly electrically active material
regardless of its melting point, strength, etc. It can machine almost all types of a
conductive materials such as metals, alloys, superalloys and composites. Steel is
one of the most common engineering materials used in industries. Higher-strength
and hardened steel processing such as P20 tool steel to be useful industrial products
have a significant challenge. Several techniques are available to machine P20 tool
steel material [1–3].

P20 tool steel has better working properties than the conventional steel material
as it has compositional elements like chromium and molybdenum. P20 tool steel
material is extensively utilized in the precise die and molding applications [4, 5].
Few researchers studied various machining parameters such as discharge current
(Ip), applied voltage, pulse-on-time (T-on) and pulse-off-time (T-off), for machining
performance. For EN31 tool steel, the machining parameters were identified with
the L27 OA (as per Taguchi orthogonal array) and observed that Ip played a vital
role on material removal rate (MRR) and noticed that with increases in Ip and T-off
parameters, MRR increases [6]. The integrated approach for simulation and mod-
eling and the FEM and artificial neural network (ANN) has been carried for P20
tool steel, reduced the crater size and tool wear rate and improved the MRR [7].
Another fruitful study for 40CrMnNiMo864 tool steel (AISI P20) through EDM
was conducted and analyzed the surface quality and machining nature. With
increasing Ip and Ton, the surface roughness increases. Further, electrode wear was
observed during the process [8]. The machining stability performance analyzed for
AISI P20 material. It concludes that minimum surface roughness was observed with
the negative polarity of the used tool due to the dissimilar material melting per-
formance of the anode and cathode for a particular discharge [9].

The performance of P20 steel is enhanced through boronizing by increasing the
resistance to corrosion, cracks and fatigue during operations by increasing its
hardness [10]. The P20 tool material is an essential clad material. Chen et al. [11]
studied the residual stress in laser cladding on pre-hardened wrought P20 substrate
with P20 tool steel material. The study concludes the martensite formation with
retained austenite and refined dendritic structure. Vardhan et al. [12] improved the
process governing factors during conventional CNC milling operation of P20 steel
with response surface methodology and Taguchi methodology. For MRR response,
the cutting depth has a maximum contribution among all input parameters. Zelmann
et al. [13] investigated the machining performance during the drilling of AISI P20
steel using carbide tools subjected to reduce cutting fluid conditions. The problem
of chip removal is observed during drilling leads to a high chip-packing factor.
Mukoti et al. [14] optimized machining parameters for CNC milling of P20 steel
using the NSGA-II technique. The influence of deep cryo-action considerably
improves the tool (WC) life by reducing the tool wear rate.
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In the literature as mentioned above, various optimization approaches are
highlighted. Few investigations have been carried out for AISI P20 material, but
limited work is available on MRR and tool wear rate. Therefore, in the proposed
study, the Taguchi orthogonal array is used to identify the machining parameters for
improving the process performance.

2 Materials and Method

The P20 tool steel is purchased from Purohit Steel India Pvt. Ltd. Thane, India. The
P20 tool steel material is used as workpiece material owing to its carbon content. It
is widely used in various engineering applications such as precision molds, dies and
wears strip. The copper electrode was selected as tool material due to its better
sparking capabilities under potential difference. The Ipol Spark erosion oil 350 was
used as a dielectric medium during experiments. The detailed properties and
composition are presented in Tables 1 and 2, respectively [11].

The experiments were conducted on the commercially available double-headed
EDM as presented in Fig. 1. Before performing the experiments, the tool and
fixture positioning is adjusted with a dial indicator to ensure the experiments free
from any error(s). Firstly, the machinability of tool steel is checked with pilot
experiments. Based on the trial experiments and machine constraints, the governing
factors discharge current, pulse-on-time and pulse-off time were selected for the
study. The details of the input parameters are shown in Table 3, with level values.

The experiments were conducted using an L9 orthogonal array and ANOVA
tables using a MINITAB-17 software package [15–17]. The L9 OA is adopted
following three input parameters selected for the study. In this method, only nine
experiments have to perform instead of 27 experiments to examine the experimental
data. The MRR and electrode wear rate (EWR) are selected as response parameters.
The values chosen for current were 4, 5 and 6 (Amp), and based on the CNC
program, the corresponding pulse-on and pulse-off durations are also selected. The
reason for choosing a range of 4–6 (Amp) for current is that because it contains 6
(Amp) for roughing and 4 (Amp) for finishing, which is the ideal and most common
setting. Based on these signal levels, the parameters’ values were divided into nine
readings based on array arrangement.

Table 1 Properties of P20
tool steel

Properties Metric

Density 7861 kg/m3

Hardness, Brinell (typical) 300

Tensile strength, yield 827–862 MPa

Elastic modulus 190–210 GPa

Thermal conductivity 41.5 W/m/°K

Thermal expansion 12.8 � 10−6/°C at 20–425 °C

Experimental Investigation During Machining of P20 Tool Steel … 541



The MRR is evaluated using the weight change method, as shown in Eq. (1)
[18]. The weight of samples was taken before and after machining utilizing a digital
weighing instrument having the accuracy of 0.1 mg. Similarly, electrode wear rate
is calculated using Eq. (2) [19].

MRR ¼ Wb �Wa

d � t
ð1Þ

where Wb—P20 steel weight afore machining (g); Wa—P20 steel weight after
machining (g); d—density of P20 Tool steel (g/cc); t—machining duration (mins).

EWR ¼ Eb � Ea

d � t
ð2Þ

where Eb—electrode weight afore machining (g); Ea—electrode weight after
machining (g); d—density of electrode (g/cc); t—machining duration (mins).

Table 2 Chemical composition of P20 tool steel

Element C Mn Si Cr Mo Fe

Percentage 0.28–0.40 0.60–1.00 0.20–0.80 1.40–2.00 0.30–0.55 Balance

Fig. 1 Experimental setup of EDM machine

Table 3 Readings of each
parameter based on signal
values

Input parameters Level 1 Level 2 Level 3

Discharge current (I) A 4 5 6

Pulse-on-time (T-on) B 80 100 120

Pulse-off-time (T-off) C 40 50 60
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3 Results and Discussion

The Taguchi L9 experiments were conducted considering three input factors at
three levels, as presented in Table 4. The S/N ratio was calculated considering
different desirability criteria for both output factors. For MRR, higher is better, and
for surface roughness, lower is better was selected. The S/N ratio is evaluated using
Eq. (3). The S/N ratio value after calculation for the L9 orthogonal array is pre-
sented in Table 4.

ðS=NÞ ¼ �10� log ðmean square deviationÞ ð3Þ

The ANOVA table is generated to evaluate individual input factors’ influence on
output parameters, i.e., MRR and EWR using a 95% confidence interval, as shown
in Tables 5 and 6. From Tables 5 and 6, it is clear that the material removal for both
MRR and EWR is greatly affected by the discharge current. In contrast, T-off has a
minimum effect on material removal rate among all input parameters.

The material removal is evaluated by Eq. (1). The material removal rate highly
depends on the discharge energy transferred to workpiece material during
machining. The energy transferred is directly related to the current applied across
the electrode and the duration (T-on) to which spark occurs. Figure 2 depicts that
with an increase in current, the MRR also increases as higher current and T-on
enhances the transferred energy responsible for material removal. However,
material removal is considerably inversely varying with T-off time, i.e., duration to
which the spark is not active across the electrode, as shown in Fig. 2 [20–22].

The tool wear rate is evaluated by Eq. (2). The tool wears due to intense heat
generation across the tool electrode’s tip due to the rapid flow of electrons caused
by the immense potential difference across electrodes. The potential difference is
influenced by current and T-on duration, as both increases the tool wear rate. From
Fig. 3, it is evident that with an increase in current and T-on duration, the TWR also

Table 4 Response values of MRR and EWR

Exp. no. Current
(I)

Pulse-on
time
(Ton)

Pulse-off
time
(Toff)

MRR S/
N ratio

EWR S/N ratio

1 4 80 40 2.11 6.4856 2.05 −6.2351

2 4 100 50 2.72 8.6914 2.64 −8.4321

3 4 120 60 3.24 10.2109 3.13 −9.9109

4 5 80 50 4.50 13.0643 4.85 −13.7148

5 5 100 60 5.18 14.2866 5.58 −14.9327

6 5 120 40 2.92 9.3077 9.13 −19.2094

7 6 80 60 3.22 10.1571 11.16 −20.9533

8 6 100 40 9.60 19.6454 8.58 −18.6697

9 6 120 50 6.66 16.4695 10.30 −20.2567
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increases. However, with an increase in T-off time, the EWR is first slightly
decreased, after that increases as initially sufficient time is required to proper
flushing, which lowers the temperature across the machining zone [23–25].

Table 5 ANOVA table for MRR

Source DOF Adj SS Adj MS F-value % age contribution

I 2 22.005 11.0024 1.81 65.58

T-on 2 9.963 4.9817 0.82 29.71

T-off 2 1.613 0.8067 0.13 4.71

Error 2 12.146 6.0728

Total 8 45.727 100

Table 6 ANOVA table for EWR

Source DF Adj SS Adj MS F-value % age contribution

I 2 82.3763 41.1881 10.99 92.12

T-on 2 6.1128 3.0564 0.82 6.87

T-off 2 0.9133 0.4566 0.12 1.01

Error 2 7.4949 3.7474

Total 8 96.8972 100
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4 Conclusion

In the present study, the machining characteristics of P20 tool steel are studied
using commercially available EDM. The discharge current, pulse-on, and pulse-off
duration factors were utilized to investigate the MRR and EWR. The hybrid
Taguchi-ANOVA approach is being used in designing and analyzing experimental
data. The following observations were made based on experimentations.

1. The copper tool can effectively machine the P20 tool steel material.
2. High input energy available across the electrodes, mainly accountable for

material removal from both the electrodes, i.e., tool and workpiece material.
3. High MRR is obtained when higher-end parameters are used for machining. The

circuit current is mainly accountable for material removal from a workpiece with
a 65% contribution followed by T-on and T-off time.

4. Lower tool wear rate is obtained when lower-end parameters were selected. The
circuit current is mainly accountable for material removal from a workpiece with
a 92% contribution followed by T-on and T-off time.

5. The optimized set of input factors for MRR and TWR are A3B2C2 and
A1B1C2, respectively.

6. The hard-to-machine P20 tool steel can be machined with the EDM process by
suitably selecting the combination of input parameters for lower TWR and
higher MRR.
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Techno Economic and Life Cycle
Assessment of 1 MW Solar Parabolic
Trough System for Udaipur Zone

Neelam Rathore and Vijayendra Singh Sankhla

Abstract Owing to increasing energy demand and population, solar energy has
become prominent solution to fulfill the future energy needs. Solar photovoltaic
(SPV) technology is an efficient option to generate electricity and mitigate climate
change. Building India as worldwide ambassador in generating power using solar
energy is the target of national solar mission. Either solar photovoltaic (SPV) or
solar thermal technology (STE) can be used for transmitting this generated power to
grid. But solar thermal technologies are less studied compared to SPV, especially
their designing, economic analysis, performance analysis and life cycle assessment
(LCA). In spite of huge availability of solar thermal potential, STE are not much
popular due to technical, market and environmental challenges. Therefore, in this
study 1 MW solar parabolic trough system (SPT) is designed along with con-
ducting economic assessment and LCA. Main aim of this study is to determine
environmental impact of designed power plant especially production process, hence
calculating cumulative energy demand, energy payback time and greenhouse gas
emissions. For 25 years of plant life, LCOE, IRR and payback period are deter-
mined. LCOE of the solar power plant at 10% discount rate came out to be Rs 6.47/
kWh. For solar parabolic trough systems, internal rate of return is 28% while the
payback period is 3.91 years of the project. The use of solar energy for meeting the
electricity will eliminate substantial use of fossil fuel and bring 277.16 tons of CO2

emission reduction into the environment. This work on designing, economic
evaluation and LCA will surely help in enhancing the development.
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1 Introduction

As it is known that government is emphasizing more on generating power using
solar energy by putting up a major target of 100 GW electric power from solar
installations [1]. Solar thermal energy (STE) can be implemented in India as solar
resources and large wasteland areas are widely available in the country. As far as
present situation is concerned, the total installed capacity for electricity generation
in the country has increased to 365.96 GW as on 31.12.2019. Of total installed
capacity, thermal power plants contribute about 63.40%, and renewable energy
sources (small hydro projects, biomass gasifiers, biomass power, solar energy and
wind energy) contribute share of about for 21.9%. The country’s solar installed
capacity reached 29 GW as of December 31, 2019 [2].

Solar energy has the highest potential in energy generation among all renewable
technologies [3, 4–6]. Solar technologies can be classified as solar PV and solar
concentrating technologies (CSP). Although SPV is commonly used technology for
harnessing solar energy from both energy security and environmental point of view,
at the same time CSP technologies can contribute more in reducing CO2 emission at
higher pace by supplying bulk electricity in coming years [1]. This CSP technology
can provide vital alternatives in addressing global energy crisis within short span of
time. Indian tropical location indicated India to be an ideal country for operation of
concentrating solar plants (CSP). IEA reported CSP to be cost-effective technology
which will reduce CO2 emissions to half by 2050 and further it also concluded that
CSP could produce 2200 TWh annually by 2050 [7]. From last many years, much
research had been done in utilizing solar energy using concentrating solar power
plants [8] emphasized on finding scope of utilizing solar energy in India, whereas
potential of solar energy utilization was found by [9]. Many studies show that solar
energy has enormous potential to reduce the gap between demand and supply; but
further research is required related to levelized cost of electricity and life cycle
assessment for solar concentrating power plants. Among all CSP technology,
parabolic trough collector (PTC) is well known, cost effective and has been most
developed. India lacks information on costs, environmental assessment and techno
economic analysis of parabolic trough collector technology (PTC). Further research
and mold are necessary for greater exploitation of this technology. One of the city
Udaipur (Rajasthan) being best in India having solar radiation of 6–7 kWh/m2/day
with approximately 300 sunny days per year was selected for installation [10].
Rajasthan receives DNI of 5.69 kWh/m2/day [10]. Therefore, this paper presents
the technical, economic and life cycle analysis of designed 1 MW parabolic trough
collector (PTC) in Rajasthan location.
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2 Methodology and Goals

2.1 Designed SPT System

Parabolic trough collectors concentrate direct normal irradiation on an absorber
tube positioned along their focal line. A steel structure holds parabolic mirrors and
tracking system tracks the sun by rotating them around. Typically, four collector
assemblies are connected to one loop. A complete collector field consists of up to
hundreds of such loops. Therminol is pumped through the individual loops and is
heated as it flows through loop by about 400 °C. Further REC and CDM are also
calculated for assessing reduced emissions.

Designed solar parabolic trough (SPT) system for 1 MW capacity is shown in
Fig. 1 and Table 1. Characteristics of designed 1 MW SPT system are shown in
Table 1 in which Therminol VP-1 is used as heat transfer fluid (HTF) due to its
superior thermal stability [11]. HTF is pumped to steam generator after heating it to
400 °C. This steam generator is connected to steam turbine. High-temperature tank
stores the fluid heated by PTC. This heated fluid is then pumped to heat exchanger
where high-temperature steam is generated. This steam is directed to steam turbine
which generates electrical power. The steam exhausted from turbine is sent to
condenser which is condensed there and is recirculated again for generating steam.
Calculated overall efficiency of designed SPT plant is 22.22%.

Heat transfer fluid (HTF), Therminol, is circulated through linear receiver which
is again returned to heat exchangers. To absorb maximum solar radiation, receiver
is placed at center of reflector. Series of heat exchangers transfer this heat to fluid
(water), where high-pressure superheated steam is generated. Turbine uses this
superheated steam to produce electricity. Like this water is reused and regenerated
in closed loop. PTC uses tracking system to track the sun from east to west.
Properties of Therminol VP-1 are shown in Table 2.

Modification in simple rankine cycle is reheating and superheating rankine cycle
which was employed in designing of 1 MW PTC. In simple rankine cycle, steam is

SOLAR
FIELD

T: 390 0C
P: 17.5 BARG

EXPANSION TANK

T: 240 0C
P: 16.5 BARG

T: 390 0C
P: 17.5 BARG

T: 281 0C
P: 13 BARG

REHEATER

SUPERREHEATER

BOILER

PREHEATER

TURBINE

CONDENSER

T: 371 0C
P: 19.5 BARG

T: 375 0C
P: 112 BARG

T: 105 0C
P: 102 BARG

Fig. 1 Designed solar parabolic trough system
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fed to condenser for condensation, while in reheat rankine cycle for improving
efficiency, two types of turbine (high pressure and low pressure) are used. In this
process, steam after getting expanded (isentropically) in high-pressure turbine is
sent to boiler where it is heated again. This steam is than directed to low-pressure
turbine which is now sent to condenser after attaining condenser pressure. This, in
turn, increases efficiency of cycle, and deterioration of blades is also reduced as
moisture content in the mixture is reduced when it flows through turbine. Technical
specification of designed system is shown in Table 3.

Table 1 Characteristics of the designed solar parabolic trough (SPT) system

Technology type Solar parabolic trough power plant

Installed capacity 1 MW

Technical lifetime 25 years

Monthly average DNI for Udaipur 5.69 kWh/m2/day

Net efficiency 22.22%

Calculated aperture area 7452 m2

Number of solar collector assembly (SCA) loops 4 loops

Number of calculated solar collector assembly 16

Number of solar collector elements 128

Number of receiver tubes 384

Minimum distance between two SCA rows 12 m

Required land for solar field 6.3 acres

Type of HTF (heat transfer fluid) used Therminol VP-1

Steam consumption in turbine 14.15 Ton hour−1

Mass flow rate of HTF 18.13 kg/s

Type of tracking system East–West single axis tracking

Number of actuators required in tracking system 8

Auxiliary consumption 14.10%

Table 2 Properties of Therminol VP-1

Freezing point 13 °C

Upper operating temperature 400 °C

Density at 300 °C 815 kg m−3

Viscosity at 300 °C 0.2 cP

Heat capacity at 300 °C 2.319 kJ kg−1 K

Heat capacity of Therminol VP-1 2.319 kJ kg−1 K

Fluid temperature at the inlet of first SCA in each loop 290 °C

Fluid temperature at the outlet of each loop 391 °C

552 N. Rathore and V. S. Sankhla



2.2 Project Cost of SPT

Table 4 shows capital cost released by Indian Central Electricity Regulatory for
1 MW solar thermal power plant. Direct cost includes cost of solar block, power
block, land and general civil and structural woks, while indirect cost includes
preliminary expenses, contingency, etc.

Operation and maintenance norms released by the Indian Central Electricity
Regulatory Commission: 18.74 lakhs/MW.

Table 3 Technical specifications of designed system

Turbine
Overall efficiency 37.7%

Nominal pressure of output steam 1.2 (abs)

Generator efficiency 96%

Electrical power at generator terminal 1000 kW

Preheater
HTF temperature at inlet of steam generator 390 °C

HTF temperature at outlet of steam generator 281 °C

Reheater
HTF temperature at inlet of reheater 390 °C

HTF temperature at outlet of reheater 240 °C

Table 4 Capital cost norms released by the Indian Central Electricity Regulatory Commission

S. no. Item description Capital Cost Norm for Solar Thermal
(million INR/MW)

1 Direct cost 101.8

2 Solar block 96.0

3 Power block

4 Land 1.8

5 General civil and structural works 4.0

6 Indirect cost 18.2

7 Preliminary and pre-operative expenses

8 Contingency

9 IDC (Interest during construction)

10 Total capital cost 120.0
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2.3 Levelized Cost of Energy

Levelized cost of energy (LCOE) equal to the common fee shoppers would have to
pay to precisely repay the investor for capital, O&M and gasoline expenses with a
fee of return equal to the bargain rate. Thus, LCOE is minimal fee at which strength
has to be offered for an strength venture to smash even

LCOE ¼ FR þOfð Þ
FC

Co

P
þCO&M þ

XCi

g

where

FR = Capital recovery factor (% per annum), Of = Fixed O&M cost (% per
annum),
Fc = Capacity factor, Co = Capital cost (INR), P = Installed capacity (kW),
CO&M = Variable O&M cost (INR), Ci

g
= Cost of inputs/conversion efficiency (INR

kWh−1).

LCOE depends on discount rate, project life and installed cost and changes if
any of these three parameters varies. Variations of LCOE for 25 years and 20 years
life span are shown in Tables 6 and 7.

For the solar thermal power plant, LCOE is Rs 6.47 kWh−1, taking 25 years life
of power plant @ 10% discount rate as shown in Table 5.

2.4 Monthly Energy Yield from Designed System

The designed SPT plant could generate 3.38 GWh/year in the first year of oper-
ation at 38.58% capacity factor.

Techno economic metrics like payback period and internal rate of return
(IRR) were also calculated.

Monthly energy yield for designed system and for aperture area (7450 m2) is
also shown in Table 6.

Table 5 LCOE at different discount rate

Discount rate 6% 7% 8% 9% 10% 11% 12% 15%

Life of plant (years) LCOE (Rs kWh−1)

25 5.34 5.61 5.89 6.18 6.47 6.78 7.09 8.06

20 5.66 5.91 6.18 6.45 6.73 7.02 7.32 8.24
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2.5 Payback Period

The payback length in reality measures the time elapsed between the factor of
preliminary funding and the factor at which amassed savings, and Internet of dif-
ferent amassed fees is enough to offset the preliminary funding outlay.

Xn
n¼0

Bn � Cnð Þ� 0

where Bn and Cn, respectively, represent the cash receipts (benefits) and cash
expanses (costs) associated with the investment at the end of each period n. The
payback period can be obtained by calculating the cumulative net cash flows, based
on the cash flow statement of PTC project investment; that is, payback period is the
time point where the cumulative net cash flows turn from negative value to positive
value.

2.6 Internal Rate of Return

Internal rate of return (IRR) is a widely accepted discounted measure of funding
well worth and is used as an index of profitability for the appraisal of project.
The IRR is described as the price of hobby that equates the current fee of a
sequence of money flows to zero. In different words, it is the pastime fee at which
the NPV of an funding is zero. Mathematically, the internal rate of return is the
interest rate that satisfies the equation

Table 6 Calculation of monthly energy yield for aperture area 7450 m2

S. no. Month Monthly sum of DNI (kWh m−2) Energy yield (kWh)

1 January 214 350,840.16

2 February 190.12 311,755.9

3 March 205 336,085.2

4 April 203 332,806.32

5 May 198 319,690.8

6 June 152 249,194.88

7 July 91 149,189

8 August 84 137,712.96

9 September 146 239,358.24

10 October 190 311,493.6

11 November 198.6 325,592.7

12 December 195 319,690.8

13 Annual avg 172 281,983.68

14 Annual sum 2064 3,383,804.16
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NPV ¼
Xn
t¼0

Bn � Cn

1þ ið Þt ¼ 0

where

Bn = Benefits associated with nth year
Cn = Cost associated with nth year
i = interest rate.

For solar parabolic trough systems, internal rate of return is 28% while the
payback period is 3.91 years of the project.

3 Renewable Energy Certificate and Clean Development
Mechanism

REC benefit and CDM were also calculated as shown below.

3.1 Calculation for REC Benefit

Annual energy yield in first year = 3383 MWh/a.
1 REC = 1 MWh of renewable energy generated.
Total REC earned in first year = 3383.
1 REC worth Rs. 1000.
Total REC benefit in first year = 3383 � 1000 = 33,83,000 = 33.83 lakhs.

3.2 Calculation for CDM Benefit

Annual energy yield in first year = 3383 MWh a−1.
For India, 1 MWh electricity generation is equivalent to 0.82 ton of CO2

emission [12].
Total emission reduction in first year = 3383 � 0.82 = 277.16 ton of CO2

emission reduction.
1 CER = 1 ton of CO2 emission reduction (certified emission reduction).
Total CER earned in first year = 277.16 CERs.
1 CER worth 7 Euro [12].
Total CER benefit = 277.16 � 7 � 75.18 = Rs 145,858.22 (1 Euro = 75.18

INR).

556 N. Rathore and V. S. Sankhla



4 Life Cycle Assessment (LCA)

LCA is a general approach used for assessing environmental impacts related to
renewable technologies. Impact from upstream and downstream activities over
entire life cycle of any plant is included in LCA. Figure 2 shows the phases of life
cycle assessment for any system.

Areas of high impact are identified by evaluating following systems:

• Heat transfer fluid (HTF) system: HTF, header piping and circulation pumps.
• Solar field system: frames, heat collecting elements (HCE), mirrors, tracking,

controls, drive systems, foundations, insulation, heat exchangers.
• Power plant system: power block, turbine, generator set, etc.
• Global warming emissions (GWE): Emissions of individual GWEs from the

CSP plant LC are presented as the sum of each GHG weighted by its 100-year
global warming potential to obtain grams of CO2 equivalents (g CO2 eq/kWh).

4.1 Description of the Assessment

Evaluation of environmental impact and systematic analysis of any kind of power
plant is known as LCA. This assessment is used to describe and assess all flows
entering in system from nature along with flows from system to nature, throughout
life cycle. LCA was carried out using SIMAPRO software.

LCA study consists of the following steps:

• Step first includes energy demand for extracting raw materials and manufac-
turing components of plant.

• Transporting components and raw materials to site.
• The construction activities cover workshop, tower and pipeline.

Fig. 2 Phases of life cycle assessment
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• Operation stage where no fossil fuel is used for transforming solar energy into
electricity. This includes calculation of energy demand for operation of plant.

• Life cycle assessment of all process is involved. LCI was performed using tool
SIMA PRO.

4.2 Life Cycle Inventory of Solar Parabolic Trough Power
Plant: (II) Emissions (g/kWh)

Data required for performing LCA was taken from firms working on SPT plant and
literature. While considering similar materials as used in coal power plant, some
assumptions were also made for carrying out LCA for SPT plant. Basically,
materials whose weight is less than 5% can be neglected in this procedure. Primary
input and output of LCA are shown in Table 7.

4.3 Cumulative Energy Demand in the Life Cycle of Solar
Parabolic Trough Power Plant

Energy demand values for PTC are listed in Table 6. Little fossil fuel is used for
starting generating set, otherwise only self-produced electricity is utilized for the
operation of solar parabolic trough power plant. Table 8 shows that most of energy
demand is required for operation of plant.

Table 7 Primary input and output of LCA

Types Materials
extraction and
production of
equipment

Transport Buildings
construction

Operation Total

Input Steel 11.55 – 0.86 – 12.41

Glass 2.28 – – – 2.28

Concrete – – 2.56 – 2.56

Diesel – 0.0160 – – 0.0160

Gasoline – 0.0686 – – 0.0686

Output CO2 24.93 0.65 3.78 2.21 31.6

SO2 0.0370 – 0.0032 0.0030 0.0432

NOX 0.0051 0.0050 0.0036 0.0011 0.0148

HC – 0.00166 – 1.26*10 − 4 0.0018

CO – 0.0132 – 9.91*10 − 4 0.0142

Powder
and soot

0.0242 6.29*10 − 4 0.0025 0.0021 0.0293
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4.4 Energy Payback Time (EPT)

Furthermore, cumulative energy demand (CED) has been calculated and shown in
Table 8. Based on CED, energy payback time (EPT) has been calculated by the
following formula [4]. EPT is defined as the time it takes for a renewable energy
system to save the same amount of primary energy as is consumed for its pro-
duction, operation and dismantling.

EPT ¼ CED
Enet
g � CED0

� �

where CED is cumulative primary energy demand required for constructing plant,
Enet is net electricity produced annually (MJ/yr), and g is utilization grade of
primary energy source to produce electricity. g is usually taken as 44.28%. CED0 is
annual primary energy demand for operation and maintenance (MJ/yr). As per
calculations, the life cycle inventory of solar thermal power plant on the EPT is
achieved as 1.89 years.

5 Conclusions

Fewer studies are available regarding solar concentrating technologies; therefore
useful information concerning SPT can be gathered by assessing CO2 emissions,
cumulative energy demand and energy payback time. After identification of liter-
ature gaps and environmental issue related to concentrating solar technologies, this
study was carried out in order to provide designing and assessment of 1 MW SPT.
Cumulative energy demand is lower than energy produced and EPT also came out
to be 1.89 years. Self-produced electricity is used for operation of SPT which
reduces CO2 emissions as compared to fossil technologies. Solar field is mainly
responsible for contributing much toward environmental impact. Steel has the
highest impact among all construction materials of PTC followed by glass and
concrete. System reduces the carbon emission as solar is clean and green source of

Table 8 Cumulative energy
demand in life cycle of SPT
Plant

Power plants Energy demand values (MJ/kWh)

Solar field 0.09

Power block 0.0037

Storage system 0.08

Buildings construction 0.006

Transports 0.0035

Operation 2.62

Decommissioning −2.87 E − 04

Total 2.80
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energy. In the existing system (diesel and coal), carbon is emitted through required
power generation and steam generation, since the system is completely green and
clean source of energy which has negligible carbon emission. As per life cycle
assessment, PTC are best option for reducing greenhouse gases and other pollutants
without creating other environmental risks or contamination. The use of solar
energy for meeting the electricity will eliminate substantial use of fossil fuel and
bring 277.16 tons of CO2 emission reduction into the environment. Total REC
benefit for first year came out to be 33.83 lakhs. For the solar parabolic trough
power plant, LCOE is Rs 6.47 kWh−1, taking 25 years life of power plant @ 10%
discount rate. For solar parabolic trough systems, internal rate of return is 28%
while the payback period is 3.91 years of the project.
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Micromechanical Modeling
and Simulation of Natural Fiber
Polymer Composite

Love Kerni, Sarbjeet Singh, and Narinder Kumar

Abstract Fiber-reinforced composite are widely used materials in today’s world.
They have various applications in modern world viz. aircrafts, automobiles, con-
struction industries, etc. Fiber-reinforced composites consist of matrix and fiber.
The mechanical properties of composites depend upon various factors such as type
of fiber, fiber length, and concentration of fiber. In this paper, micromechanical
analysis of natural fiber-reinforced composite is presented. The experimental
analysis of the composites is costly and time consuming. So, numerical analysis of
composites is carried out. The analysis of composites is a tedious job due to the
heterogeneous nature of composites. To overcome this, RVE model-based analysis
is used which models the composite as homogeneous mixture of matrix and rein-
forcement by taking the properties of matrix and fiber as input. This analysis is
carried out using DIGIMAT software and the results obtained are validated using
rule of mixture model. From the results obtained, it is found out that mechanical
properties enhance with the increase in weight concentration of fibers.

Keywords Fiber-reinforced composites � Micromechanical modeling � Rule of
mixtures

1 Introduction

In the last few decades, the demand for composite materials has been rising. This
rise in demand is due to their promising properties viz. high specific strength, good
damping capacity and high specific modulus that makes them suitable for modern
applications [1]. Along with this, the disposal of non-degradable waste is also a big
problem as they causes the damage to environment and leads to various types of
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pollutions. To prevent the environment from this damage, we have to limit the use
of these types of material [2]. Owing to above reasons, natural fiber as reinforce-
ment and biodegradable resins as matrix are preferred over synthetic fibers and
non-biodegradable resins in composite materials [3]. Natural fibers have various
advantages over synthetic fibers and lead to green technology in manufacturing of
composites [4]. Among different natural fibers, sisal fiber has gained importance as
the reinforcement material because of its promising mechanical properties and large
amount of cellulose as compared to other natural fibers [5]. There are various
applications of natural fiber-reinforced composites like aircraft interior structures,
door and window panels, car bumpers, etc. [6]. These composites can grasp
additional benefits of various properties of their components, microstructure, and
interaction between components which in turn improve the mechanical performance
of parts made from them [7]. Mechanical properties of these composites determine
the application of these composites. So, it is required to understand the mechanical
properties of composites. There are various factors that affect the mechanical
properties of composites like content of fibers, their types and fiber orientation, etc.
The effect of these factors on properties of composites can be studied experimen-
tally, analytically, or by numerical simulation [8]. It will be a time consuming and
costly task to understand the properties of composites by experimental method [9].
Therefore, analytical methods and numerical simulation have gained a lot of
importance in determining the properties of composites. Rule of mixtures and the
Hapsin-Tsai equation are analytical methods that provide the mathematical rela-
tionship between properties of composite and microstructural parameters [10].
Numerical simulation of composites involves various methods like finite element
method, mean field homogenization, etc. There are few studies available in liter-
ature about the numerical simulation of composites for determining their properties.
Patnaik et al. [11] have used finite element method for investigation of microme-
chanical and thermal characteristics of glass fiber-reinforced epoxy composite. Ping
et al. [12] have formulated a multi-scale computational method to study the non-
linearity of piezoelectric materials. They have validated their method by investi-
gating various microstructures and found that his method is capable of predicting
the accurate mechanical and nonlinear electrical responses for heterogeneous
materials. Melro et al. [13] have developed different RVEs for investigating the
fracture and inelastic deformation of randomly distributes unidirectional
fiber-reinforced polymer composites. Nayak and Sahu [8] have presented the
experimental and representative volume element based analysis of aluminum alloy
nano composite. There are generally two approaches in numerical simulation of
composites namely micromechanical analysis and macromechanical analysis. In
micromechanical analysis, the composite is analyzed at the fiber and matrix level
whereas in macromechanical analysis composite is treated as a homogeneous
continuum [5]. By performing the micromechanical analysis, we find out the var-
ious mechanical properties of composites which further can be used as input for the
macromechanical analysis [14]. In order to study the linear and nonlinear behavior
of composites as a function of its stress–strain relation and mechanical properties,
micromechanical analysis is an effective tool [15]. The correctness of determination
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of mechanical properties of composites largely depends upon the precision of
defining the components of composites. Microstructure of the components of
composite also plays an important role in deciding the properties of composites.
Representative volume element (RVE) is used to explain the properties of the
complete microstructure [16]. RVE is a small element of material microstructure
comprises of different phases of morphology and is similar to its bulk form [17].
RVE modeling is a powerful technique for simulating the properties of composites
at microscale. RVE forms a link between microscopic and macroscopic scales.

Therefore, this paper presents the details about the constituents of natural
fiber-reinforced composite. Micromechanical analysis of composite is carried out
using DIGIMAT software. For carrying out micromechanical analysis, a RVE of
natural fiber-reinforced composite was developed and microstructure deformation
of composite was evaluated using DIGIMAT.

1.1 Microscale Modeling

Due to anisotropy and heterogeneous nature of reinforced composites, it is difficult
to determine its properties and doing a reliable analysis based on macroscopic
modeling. The traditional method that is used in other materials cannot give reliable
results in case of composites due to its heterogeneity and complexity. So, we have
to look for some other procedures. Microscale modeling is one of such procedures
that can be effectively used for simulating the composites as it models the com-
posites at microlevel. In microscale analysis, the behavior of both fiber and matrix
and its effect on composite properties is taken into consideration. The results
obtained from this analysis enable us to predict the behavior of composite materials
which leads to design of a novel material having modern applications.

1.2 Micromechanical Analysis

Micromechanical analysis is a technique of studying the constituent materials of
composites, effect of their volume fractions on properties of composites and
investigation of bonding between different constituents [18]. The elastic constants
of a composite material can be assessed from known mechanical properties of its
constituents (fiber and matrix) through micromechanical analysis using RVE
modeling approach [7]. We cannot analyze the structural problem at the microlevel.
For analyzing the structural problem, we have to consider the RVE which com-
prises of different microstructure. The results obtained from micromechanical
analysis can be used as a basis for macro-analysis and for solving the structural
problem [19].

Mean-filed homogenization (MFH) and Finite element Homogenization
(FEH) are the two most commonly used approaches for solving the RVE problem.
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There are different semi-analytical models such as Volgt and Reuss model,
Mori-Tanaka and Eshelby’s model that are used in mean filed homogenization
approach for precise and effective prediction of various properties at macroscopic
level [20, 21]. Finite element homogenization is also used for finite element for-
mulations of composites [22, 23]. In DIGIMAT software, DIGIMAT-MF is based
on mean filed homogenization and DIGIMAT-FE is based on finite element
homogenization and both these modules are used for solving the RVE problem
[24]. DIGIMAT-FE is used to develop real RVE model of composite and developed
RVE can be solved by using FEA solver. There are some limitations of
DIGIMAT-FE such as difficulty in producing the mesh of a RVE and more com-
putational time and cost. DIGIMAT-MF module is easy to model and solve the
RVE. DIGIMAT-MF provides the results for constituents of composites at
microscopic level. DIGIMAT-FE predicts the local properties of composites at both
microscopic and macroscopic level.

2 Materials and Methods

DIGIMAT-MF and DIGIMAT-FE are important tools for modeling and solving the
various materials [25]. In this paper, a natural fiber-reinforced composite is ana-
lyzed using DIGIMAT-MF and DIGIMAT-FE. The constituents of this natural
fiber-reinforced composite are epoxy polymer as matrix and Sisal fiber as rein-
forcement. The properties of these constituents are given in Table 1. The con-
stituents, matrix, and reinforcement are modeled as elastic and isotropic material.
The fibers are modeled as continuous fibers which are uniformly distributed in the
matrix. The composite materials can be described on the basis of volume of fraction
of composites. In case of two-phase fiber-reinforced composites, we have to specify
only the volume fraction of fiber (Vf) and by using the formula Vm = 1 − Vf, we can
find out the volume fraction of matrix as sum of two phases must be equal to one. In
this study, the volume fraction of fiber in composite varies and effect of different
volume fraction of fiber on the elastic constants of composites is studied.

After developing the RVE in the DIGIMAT, periodic boundary conditions are
applied to the RVE model of composite. For applying the periodic boundary
conditions to the RVE, we have to impose the continuity criteria to the RVE to
ensure that all the RVEs are connected to form a continuum body. The continuum
criteria are imposed in terms of displacement to ensure the non-separation of
adjacent RVEs [26].

Table 1 Mechanical Properties of constituents of composite

Material Young’s Modulus (MPa) Poisson’s ratio Density (kg/mm3)

Sisal fiber 12,000 0.2 1.6

Epoxy matrix 3760 0.39 1.15
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Then, fibers are again modeled as inclusions which are positioned at certain
positions specified by orientation tensor. Also, fibers are aligned perfectly in
X-direction and aligned at 45° in the X–Z-plane. In Digimat—MF, fibers are
assumed as ellipsoids of revolution. Aspect ratio of inclusion defined as the ratio of
length and diameter of particle of inclusion is fixed at 25 for this analysis.
Orientation of inclusions is defined by orientation tensor and two angles h and U that
determine the alignment of fibers in the composite. Orientation tensor represents the
probability distribution of finding out the fibers in 3D space. 2D orientation tensors
are represented by an ellipse of which the largest and smallest diameters are
eigenvalues of orientation tensor and direction of these axes are the Eigen vectors. In
present work, orientation angles are fixed as h = 90° and U = 0° which means that
fibers are aligned in X plane. In present work, Mechanical loading is applied in the
X direction. Different analyses are carried out by varying the eigenvalues of orien-
tation tensor and stress–strain curves and elastic constants have been obtained.

3 Numerical Results and Discussions

3.1 Effect of Weight Concentration of Fiber on Elastic
Constants of Composite

The elastic constants of natural fiber reinforced composites for different concen-
trations of natural fibers using DIGIMAT has been obtained and given in Table 2.

From Table 2, it is clear that with the increase in weight concentration of fibers
in natural fiber-reinforced composite, the elastic constants of the composite also
increases which is according to the results reported in literatures [19]. As elastic

Table 2 Elastic constants of composite for different weight concentration of fibers obtained from
Digimat

% Weight concentration of
fiber !

5% 10% 15% 20% 25% 30%

Elastic constants #
Axial Young’s Modulus
(MPa)

4066.2 4380.9 4704.2 5036.6 5378.6 5730.4

In plane Young’s Modulus
(MPa)

3933.6 4114.5 4304.2 4504.3 4716.3 4942.3

In plane Shear Modulus
(MPa)

1405 1461.6 1522.7 1589 1661.2 1740

Transverse Shear Modulus
(MPa)

1410.3 1472.5 1539.4 1611.8 1690.2 1775.5

In plane Poisson’s ratio 0.40 0.41 0.41 0.42 0.42 0.42

Transverse Poisson’s ratio 0.38 0.38 0.37 0.36 0.35 0.34

Global Density (g/cm3) 1.17 1.18 1.2 1.22 1.24 1.26
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constant demonstrate the ability of composite to withstand the deformation on the
application of load so, by increasing the weight concentration of fiber in composite
the ability of composites to withstand the load without failure enhances. This is due
to the reason that fibers act as reinforcement in composites which are main load
bearing elements in composites and by increasing their concentration, load bearing
capacity of composites increases.

There are various micromechanical analytical models available such as rule of
mixtures (ROM), Halpin-Tsai, etc., to evaluate and validate the various properties
of natural fiber-reinforced composites [27]. Out of all analytical models, rule of
mixture models is most commonly used. We also use this model to validate the
obtained results from DIGIMAT. Following are the equations of rule of mixtures
that relates the properties of constituents of composites with the properties of
composites.

For calculating the density of composite,

qc ¼
1

Wm
qm

þ Wf
qf

ð1Þ

where, qc = Density of composite.
Wm = Weight fraction of matrix in composite.
Wf = Weight fraction fiber in composite.
qm = Density of matrix.
qf = Density of fiber.

The Young’s modulus of composite can be calculated by using the following
equation,

E ¼ EmVm þEfVf ð2Þ

where E = Young’s Modulus of composite
Em = Young’s Modulus of matrix
Ef = Young’s modulus of fiber
Vm = Volume fraction of matrix = Wm�qc

qm
Vf = Volume fraction of fiber = 1 − Vm.

Following equation is used to determine the Poisson’s ratio on the basis of rule
of mixture,

l ¼ lmVm þ lfVf ð3Þ
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where µ = Poisson’s ratio of composite
µm = Poisson’s ratio of matrix
µf = Poisson’s ratio of fiber.

The validation of results obtained from DIGIMAT using the analytical model
viz. rule of mixture is shown in Fig. 1a, b, and c. Figure 1a, b, and c shows the
comparison between the densities, Poisson’s ratio, and Young’s Modulus respec-
tively for different weight concentration of fibers obtained from DIGIMAT and rule
of mixture. From Fig. 1, it is clear that elastic constants of composite obtained from
DIGIMAT are approximately equal to that of obtained from rule of mixture which
validates these results.

3.2 Effect of Weight Concentration of Fiber on Stress Strain
Curve of Composite

The comparison of stress–strain curve for different weight concentrations of fibers is
shown in Fig. 2. From Fig. 2, it is clear that slope of stress–strain curve increases
with the increase in weight concentration of fibers which signifies that with increase
in content of fiber stiffness of composite to resist the elastic strain improves.

3.3 Effect of Fiber Orientation on the Elastic Constants
of Composite Using Digimat

Table 3 gives the elastic constants of composites for different orientations of fibers.
In this analysis, two orientations of fibers are taken into consideration, i.e., fibers
aligned in X-direction and fibers aligned at 45° in the 1–2 plane. From Table 3, it is
clear that value of Young’ Modulus for the fiber aligned in X-direction is greater
than the fibers aligned at 45° in the X–Z-plane. It is because of the reason that as
load is applied in X-direction and fibers in X-direction provides more stiffness to the
composite in comparison to the other orientations [28]. Density of composite for
both the orientations is same which means that orientation of fibers do not have any
effect on the density of composite.

4 Conclusions

From the above discussion, it can be concluded that composites are potential
candidates for replacing the conventional materials due to their promising proper-
ties like high specific strength, lightweight, and high stiffness. Natural fibers are
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Fig. 1 a Comparison of density for different weight concentrations of fiber. b Poisson’s ratio for
different weight concentrations of fiber. c Young’s Modulus for different weight concentration of
fibers
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used as reinforcement in composites due to their biodegradability and recyclability.
The simulation of sisal fiber-reinforced epoxy composites is carried out using
DIGIMAT software for determining the mechanical properties. The composite is
simulated for different concentrations of fibers and effect of fiber concentration on
properties of composite is analyzed. It has been found out that mechanical prop-
erties of composites improve with the increase in concentration of fibers. The results
obtained by the simulation are validated using the rule of mixtures analytical model.
The effect of different orientations of fibers on the mechanical behavior of com-
posites has also been analyzed. Elastic constants of composites have been deter-
mined for two orientations of fibers, i.e., aligned in X-direction and aligned at 45° in
the X–Z-plane. From this, it is found out that orientation of fibers parallel to the
direction of applied load leads to the more stiffness of composite. Then stress–strain
curve has been obtained for different orientation of fibers in X-direction and found
out that orientation of fiber perfectly in X-direction have the maximum slope of
stress–strain curve whereas fibers oriented in Y-direction have the least slope of this
curve.

Fig. 2 Stress–strain relation for natural fiber reinforced composite for different weight concen-
trations of fiber

Table 3 Elastic constants of composite for different orientation of fibers obtained from Digimat

Fiber orientation ! Perfectly aligned in X direction Aligned at 45° in the
X–Z planeElastic constants #

Axial Young’s Modulus (MPa) 5693.5 4899.4

In plane Young’s Modulus (MPa) 4936.8 4899.4

In plane Shear Modulus (MPa) 1740.4 1799

Transverse Shear Modulus (MPa) 1777.2 1799

In plane Poisson’s ratio 0.42 0.36171

Transverse Poisson’s ratio 0.35 0.36171

Global Density (g/cm3) 1.26 1.26
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